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Abstract 

 

Acanthamoeba is a free-living amoeba, ubiquitously distributed in the natural 

environment including soil and a plethora of water habitats. It is characterised as an 

opportunistic parasite that is able to cause several diseases, including life threating 

granulomatous Acanthamoeba encephalitis and a painful vision-threating keratitis. 

There is a clear and emerging need to understand how to treat infections caused by 

this dangerous pathogen, since pharmaceutical approaches have been considered 

insufficient. The presence and the importance of cell death pathways in unicellular 

organisms including Acanthamoeba is not yet fully understood and its existence is still 

debated. This research study presents a set of key characteristics and findings, 

comprising morphological, biochemical and molecular evidence of Acanthamoeba 

programmed cell death. Distinctive apoptotic features comprising cell shrinkage, 

membrane vesiculation and granules appearance which could be easily described as 

apoptotic like ‘bodies’ formation and nuclear shrinkage, accompanied by large scale 

chromatin condensation in dense clusters, have been primarily observed. 

Additionally, mitochondrial dysfunction, characterized by extended mitochondrial 

outer membrane permeabilization and release of apoptotic factors including 

cytochrome c, was also noted, indicating a mitochondrially mediated cell death 

pathway. During the expansion of the aforementioned apoptotic characteristics 

Acanthamoeba trophozoites were found to maintain their membrane integrity and 

homeostasis, at least at the early stages of the process. In-depth transcriptomic 

analysis based on RNA-sequence analysis revealed a plethora of differentially 

expressed genes between Acanthamoeba undergoing cell death and control 

trophozoites, indicating the correlation of a more defined and conserved signalling 

self-destruct program. These discoveries suggest that Acanthamoeba could undergo 

programmed cell death, which morphologically resembles apoptosis-like cell death, 

under specific stress conditions. Furthermore, similar characteristics are also found in 

cell death processes in higher eukaryotes and other unicellular organisms, indicating 

that biological principles behind this behaviour are widespread and well conserved 

among species. Identification of Acanthamoeba’s cell death signalling pathways might 

provide alternatives not only to microorganism’s refractory infection treatment, but 

also a more extended manipulation might become feasible across other species and 

systems. 
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Lay summary 

 

 The concept of regulated cell death mechanisms in multicellular organisms is 

not new as amongst other things, they confer the ability of development, 

differentiation, maintenance of homeostasis and also a means by which old, non-

functional and malignant cells are discarded. Intriguingly though, forms of regulated 

cell death are not exclusive to multicellular life forms but are also found among 

unicellular eukaryotes including bacteria, fungi and protists. Since the cell death field 

continues to grow constantly and novel mechanisms that orchestrate multiple cell 

death pathways are revealed, a question that arises is whether Acanthamoeba, which 

is a unicellular potentially pathogenic protozoan, possesses such mechanisms, which 

could mediate its own cell death, why such mechanisms might have been conserved 

and what kind advantages this may offer to Acanthamoeba populations.  

The main objectives of the study were to identify apoptotic or any other kind 

of regulated cell death features including firstly morphological, secondly biochemical 

and thirdly molecular characteristics, which might indicate a more complex death 

signalling pathway. Accordingly, the presence of a variety of characteristics 

associated to regulated cell death were evaluated and a potential cell death signalling 

pathway was described and proposed. Methodically, it was shown that a significant 

number of apoptotic characteristics which were used previously to describe apoptosis 

and programmed cell death phenomena in other systems, cells or organisms were 

also notable in Acanthamoeba cell death after treatment with G-418 aminoglycoside. 

Furthermore, RNA-sequence analysis revealed a great variety of differentially 

expressed genes (DEGs) in Acanthamoeba trophozoites undergoing cell death 

compared with control amoebae, rendering feasible the detection of genes and 

proteins that participate in the phenomenon. The great number of DEGs as well as 

the nature of those genes, contributed positively to the conclusion that Acanthamoeba 

cell death, under some circumstances, may be a finely regulated biological procedure. 
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Chapter 1 

 

Introduction 

 

1.1  Amoebae 

 

August Johann Rösel von Rosenhof in 1755 was the first to describe an organism 

resembling Amoeba. The first naturalists referred to amoeboid as “Proteus 

animalcule”, after the name of Proteus, a sea god of Greek mythology who was 

capable of assuming many forms. The final etymology derives from Bory de Saint-

Vincent (1822) and C. G. Ehrenberg (1830) who named the genus, Amiba/Amoeba 

(after the Greek “ἀμοιβή” amoibè), which means change.  

Principally, the term “amoeba” is used to describe a simple eukaryotic organism 

that is capable of altering its shape and simultaneously moves in a crawling fashion. 

Amoebae are also characterized by the lack of a stable cellular form. Cytoplasmic 

extensions, known as pseudopodia, differ in shape and morphology from genus to 

genus, but mainly serve the main purposes of all amoebae including locomotion and 

food-prey capture by phagocytosis (Harvey et al., 2013). This is generally achieved 

by the synchronized action of actin microfilaments.  

Amoebae are one the most well adapted and widely distributed microorganisms 

in our planet, (Bradley and Marciano-Cabral, 1996) as numerous and various genus 

have been isolated, on all continents including Antarctica (Brown et al., 1982), from 

poorly accessible areas and extreme environments to more mild climates. They also 

essentially contribute to ecosystem stability by providing valuable nutrients to plants, 

as a result of their consumption of bacteria (Clarholm, 2002). 

Amoeboid organisms are found in every major ancestry of eukaryotes and do not 

constitute a distinctive genetically determined taxonomic group. Some of them are 

more genetically related to algae, fungi or animals than to other amoeboid groups. 

Although having such a wide and diverse phylogenetic provenance, amoebae share 
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numerous morphological and behavioural features. The classification of these 

organisms has historically relied upon morphological characteristics and locomotion, 

however modern molecular techniques have provided extensive and reliable 

alternatives for a more profound and thorough amoeboid organism classification. 

The numerous amoeboid genera are classified in seven super-groups comprising 

Amoebozoa (Lobosa, Conosa), Rhizaria (Cercozoa, Foraminifera, Radiolaria), 

Excavata (Heterolobosea, Parabasalidea), Heterokonta (Chrysophyceae, 

Xanthophyceae, Labyrinthulomycetes), Alveolata (Dinoflagellata) and Nuclearids 

(Micronuclearia, Nuclearia, Fonticula), (Table 1). Amoebozoa, Excavata and Rhizaria 

compose the most amoebae-rich groups. More precisely, the Amoebozoa group, in 

which is categorized the majority of the amoeboid population, are mainly 

characterized by lobose pseudopods including free-living amoebae like 

Acanthamoeba and Balamuthia mandrillaris, some amoeboflagellates, like 

Phalansterium (Cavalier et al., 2004), Multicilia (Nikolaev et al., 2006) and finally slime 

moulds like dictyostelids (Bapteste et al., 2002; Adl et al., 2005).  

Rhizaria is another large entity of generally unicellular eukaryotes, but the greater 

portion consists of amoebae with filose (Cercozoa; Radiolaria), reticulose 

(Foraminifera), or microtubule-supported pseudopods (McFadden et al., 1994; 

Nikolaev et al., 2004). The Excatvata group includes Vahlkampfiidae, Gruberellidae 

and Parabasalidae, some of which possess the ability to transform between amoeboid 

and flagellate forms and are simultaneously considered by some as the oldest 

members of the family of flagellated organisms. Parasitic amoeboid species 

comprising Rhizocloris, Synchroma, Labyrinthulomycetes and Chrysamoeba are 

found in the group of Heterkonta which is mainly composed of and characterized by 

algae species, ranging from giant multicellular kelp to unicellular diatoms (Hibberd 

1971; Patil et al., 2009). Finally, Nucleariids refer to a group of phagotrophic filose 

amoebae that phenotypically resemble to their distant holozoan relatives more than 

their holomycotan phylogenetic relatives (López-Escardó et al., 2017). 

Like their diversity, amoeboid cell size is quite variable. Some species are of 

comparable sizes to bacteria (2.3 to 3 μm diameter) and others can attain up to 20 

cm in diameter (Gooday, et al., 2004; Mylnikov et al., 2015). The majority of amoeboid 

species are microscopic, but in some cases, observation with the naked eye is also 

feasible.  
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Table 1.1: Major groups and genera of amoeboid super-groups
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1.2   Free-living Amoeba  

 

Free-Living Amoeboid (FLA) are quite widely distributed in the natural environment 

due to food source availability and can be found in soil, water habitats, both fresh or 

marine and man-made aquatic environments respectively, where they interact with other 

micro-organisms including viruses, fungi and bacteria. 

They are characterized as potentially pathogenic protozoa as they can cause several 

diseases to humans and animals (Culbertson et al., 1958), while being simultaneously 

capable of surviving and proliferating without the presence of a valid host. These 

amphizoic amoebae can harbor endosymbionts and other pathogenic agents, offering 

them protection against hostile conditions and immune systems. The most frequently 

studied FLA, due to their potential for developing pathogenic activity, comprise Naegleria 

fowlerii, which causes Primary Amoebic Meningoencephalitis, (Gautam et al., 2012) 

species belonging to the genus of Acanthamoeba that are able to cause Amoebic 

Keratitis (AK) and Amoebic Granulomatous Encephalitis (AGE), Balamuthia mandrillaris, 

which is also considered a causative agent of AGE (Tavares et al., 2006) and Sappinia, 

which also has been reported to cause encephalitis (Gelman et al., 2001; Abdul Majid 

MA et.al. 2017). 

In addition to their pathogenicity, FLA usually serve as environmental reservoirs (King 

et al., 1988; Molmeret, 2005) for pathogenic micro-organisms such as Legionella 

pneumophila (Cirillo et al., 1994), Mycobacterium avium (Miltner and Bermudez 2000; 

Wheat et al., 2014), Burkholderia spp. (Inglis et al., 2000) and Vibrio cholerae (Van der 

Henst et al., 2016), which are capable of surviving and multiplying inside FLA. 

Intracellular growth of those pathogens within an amoeba has revealed a significantly 

increased bacterial resistance to antibiotic substances and simultaneously increased 

bacterial virulence (Cirillo et al., 1997; Cabral et al., 2003). 
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1.3   Acanthamoeba 

 

Acanthamoeba was firstly described in 1930 by Castellani, who observed the 

presence of an amoeba in fungi Cryptococcus pararoseus cultures (Castellani, 1930). 

The amoeboid organisms were later recognized as a new species and named 

Hartmannella castellanii (Douglas, 1930). Volkonsky divided the genus Hartmannella into 

the three independent genera (Hartmannella, Acanthamoeba, Glaeseria) and re-

categorized Hartmannella castellanii as Acanthamoeba castellanii (Volkonsky, 1931). 

The name “Acanthamoeba” was derived from the characteristic spike-like projections that 

it bears called “Acanthopodia”, from the Greek word Acanthus, which means spine-like 

forms.  

Members of the genus of Acanthamoeba are widely distributed in almost all natural 

and man-made environments, including soil and water. Furthermore, the micro-organism 

has been also isolated from AK infected individuals (Zhao et al., 2010; Behera and 

Satpathy, 2016), from contact-lens wearers (Gomez et al., 2016), pharyngeal swabs 

(Brindley et al., 2009), brain and corneal necro-biopsies (Lalitha et al., 1985; Zamora et 

al., 2014). 

Notwithstanding the fact that Acanthamoeba was classified among infectious 

microorganisms from the seventies, only in the later years has there been an increased 

interest in microorganism function and characteristics. This is undoubtedly due to 

infections associated to Acanthamoeba, which have been increased considerably during 

latest years and simultaneously, upon to identification of Acanthamoeba genus 

pathogenicity, as members of the microorganism are responsible of causing numerous 

opportunistic diseases to humans  (Cabral et al., 2003; Thomas et al., 2010; Cardas et 

al., 2012). Moreover, its diverse role and its ability to host other pathogenic agents, 

including viruses, bacteria and fungi, has also lead in that direction. 
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1.3.1 Taxonomy of Acanthamoeba 

 

As a result of uncanonical and unspecified amoeboid cell shape and due to 

polyphyletic origin, taxonomic classification of Acanthamoeba genus presents some 

challenges and varies slightly from author to author (Table 2). Initially, Acanthamoeba 

genus was categorized into 3 different groups I, II and III (Pussard and Pons, 1977) based 

on morphological characteristics, which by the way have been proven to be of a very low 

phylogenetic significance. Anaphorically, mitotic spindle, trophozoites, cyst’s endo- and 

ecto-structures were the main factors used for Acanthamoeba cataloguing (Pussard and 

Pons, 1977). 

 
NCBI ITIS Corsaro 2015 

Super-Kingdom Eukariota Eukariota Eukariota 

Kingdom 
 

Protozoa Protozoa 

Sub-kingdom 
  

Sacromastigota 

Phyllum Amoebozoa 
 

Amoebozoa 

Sub-Phyllum 
 

Sacrodina Lobosa 

Super-Class 
 

Rhizopoda 
 

Class Discosea Lobosa Discosea 

Sub-Class 
  

Longamebia 

Order Longamoeba Amoebida Centralmoebida 

Sub-Order Centramoebida 
  

Family Acanthamoebidae Acanthamoebidae Acanthamoebidae 

Genus Acanthamoeba Acanthamoeba Acanthamoeba 

Table 1.2: Differential taxonomic classification of Acanthamoeba based on National 

Centre for Biotechnology Information NCBI, Integrated Taxonomic Information System 

(ITIS) and Corsaro et al., 2015. 
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 More precisely, group I mainly includes large amoebae with a stellate endocyst 

shape and distinct demarcation between endocyst and ectocyst. A. astronyxis, A. 

comandoni, A. echinulata and A. tubiash are categorized in group I. In the second group 

(Group II) are included amoebae with usually smaller size cysts (mean diameter less than 

18μm) which show dissimilar structures of endocyst, such as polygonal, triangular, round, 

oval and stellate and a crumpled ectocyst. This group comprises a plethora of 

Acanthamoeba genus including A. castellanii, A. mauritaniensis, A. polyphaga, A. 

lugdunensis, A. divionensis, A. paradivionensis, A. griffin, A. triangularis and A. hatchetti. 

Finally, in the third and last group (Group III) are included amoebae with rounded endo- 

and ecto-cyst like A. palestinensis, A. culbertsoni, A. lenticulata, A. jacobsi and A. healyi 

(Pussard and Pons, 1977).  

Iso-enzyme profile comparisons had been also proposed as an additional method for 

Acanthamoeba phylogeny clarification. Proteolytic profile analysis of esterases and acid-

phosphatases along with other enzymes (Jonckheere, 1983; Costas and Griffiths, 1980, 

1985) could have been used in that way, however this procedure was abandoned, as it 

had relatively low phylogenetic value. Later and in the same way De Jonckheere used 

iso-enzymes as a classification method. Acid-phosphatases, glucose phosphatase 

isomerases, phosphogluco-mutases, leucine amino peptidases, alcohol dehydrogenases 

and malate dehydrogenases were analysed in order to indicate a potential physiological 

protein pattern, which in turn could lead in a form of phylogenic clarification (De 

Jonckheere, 1983). Later, Kong suggested that a combination of an iso-enzyme profile 

comparison and a simultaneous mtDNA fingerprint (restriction fragment length 

polymorphism) analysis, could have proven important in Acanthamoeba’s strain 

identification, characterization and differentiation (Kong et al., 1995). 

Nowadays, the most favoured method for classification of Acanthamoeba genotypes 

has been the examination and the assiduous comparison of the small-subunit (SSU) 18S 

ribosomal DNA (rDNA) gene through DNA sequencing. The 18S gene is more than 2kb 

and differs from genus to genus, providing an ideal alternative in species categorization. 

Based on 18S discrepancy, Schroeder recommended the analysis of a smaller diagnostic 

fragment of the 18S gene (ASA.S1 113bp) as a highly trustworthy way of Acanthamoeba 

classification (Shroeder et al., 2001). Notwithstanding the fact that analysis of ASA.S1 
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fragment presented an interesting and quick classification of various strains, the length 

of the full 18S gene is considered essential for precise identification. Smaller gene region 

analysis, such as of ASA.S1 fragments, could be indicative of a lineage but it is not 

particularly decisive as it could be characterized by lack of information, which is only 

obtainable from the full gene sequence (Corsaro, 2015).  

Currently, Acanthamoeba ιs classified into 20 different genotypes (Table 3) T1-T20, 

based on 18S rRNA gene sequence analysis, while the taxonomy is continuously variable 

(Booton et al et., 2002; Hewett et al., 2003; Marciano-Cabral et al., 2003; Hyun Hee Kong 

2009; Corsaro, 2010; Navarro et al., 2015; Siddiqui and Khan, 2012; Corsaro et al., 

2015). Each genotype presents approximately 5% genetic sequence dissimilarity among 

different genotypes and simultaneously, at least 5% difference in the 18S rDNA 

comparisons is required for a new genotype to be defined and identified (Fuerst, 2015). 

The T4 genotype has been described as the most encountered (up to 88%) and is 

associated with many amoebic human infections (Stothard et al., 1998; Walochnik et al., 

2000; Booton et al., 2005). Moreover, it is the genus of Acanthamoeba most frequently 

found in the natural environment (Maciver et al., 2013; Nuprasert et al., 2010).   

While numerous molecular features have been applied for the classification of 

Acanthamoeba species, the identification system could be still upgraded. A partial 

combination of the aforementioned methods could provide the best taxonomy result with 

the most closely related species. For example, sequence analysis of the 18S rDNA with 

simultaneous analysis of the 16S mtDNA sequence could provide additional data to 

subcategorize the strains of the genotype T4, in which the most clinical and 

environmental isolates belong (Kong and Chung, 1996; Kong, 2009). 
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Table 1.3: Different genotypes of Acanthamoeba strains. Acanthamoeba Keratitis (AK) 

and Granulomatous Acanthamoeba Encephalitis (GAE) columns display the strain’s 

reported ability to cause the diseases. Morphological group refers to the morphogroup of 

each strain. 
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1.3.2 Acanthamoeba life cycle 

 

The life-cycle of Acanthamoeba is quite flexible and is separated into two different 

major stages or forms: an active, feeding, vegetative and dividing trophozoite unicellular 

form, ranging from 20 to 40 μm and a dormant resistant double-wall cyst form, ranging 

from 5 to 25 μm (Neff, 1957; Visvesvara et al., 2009), (Figure 1). The decrease in cell 

surface area is approximately 65% and simultaneously the cell volume is lowered around 

80%. This massive transformation is mainly due to dehydration (Lorenzo-Morales et al., 

2013) and excretion of cytoplasmic constituents.  

In the stage of trophozoite, Acanthamoeba enjoys nutrient adequacy and optimal 

external conditions (neutral pH, temperature ~30°C, osmotic pressure around 50-80 

mOsmol). Acanthamoeba trophozoites feed on bacteria, algae and yeast by 

phagocytosis and other organic particles such as small peptides and amino acids by 

pinocytosis (Neff, 1957; Cabral and Cabral, 2003). Furthermore, they reproduce 

mitotically (binary fission and non-sexual) resulting in two genetically identical daughter 

cells under favourable conditions (Martinez and Visvesvara, 1997; Khan, 2006). Despite 

the fact that organisms which reproduced asexually accumulate harmful mutations in an 

irreversible manner, it has been proposed that Acanthamoeba avoids Muller’s ratchet 

effect though polyploidy (Maciver, 2016).  

It appears that in axenic conditions, a microorganism’s growth demonstrates a 

classic exponential growth phase, after an initial lag phase, followed by a post-log phase 

showing a reduction in growth rate and finally a stationery stage is observed (Band and 

Mohrlok, 1973), (Figure 2).  A number of factors such as lack of nutrients and increasing 

waste concentrations could decrease growth and simultaneously increase fractional 

encystation (Neff et al., 1958). 
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Figure 1.1: Simplified life cycle of Acanthamoeba 

 

 

Figure 1.2: Acanthamoeba’s growth diagram in axenic conditions, over time. 
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The differentiation into a mature, resistant and dormant double-wall cyst (Figure 

1), a process widely known as encystation, is encouraged when adverse and 

unfavourable conditions prevail, such as lack of food (Neff et al., 1964), by the presence 

of a variety of chemicals (Kilvington et al., 2008), by wide-ranging fluctuations in 

environmental temperature, pH variations (Brindley et al., 2009), osmolarity deviations 

(Cordingley et al., 1996) and even after infection by bacteria species like Francisella 

tularensis (El-Etr et al., 2009).  

Biochemical differentiation, cell growth termination and numerous morphological 

alterations are some of the characteristics that accompany encystation. Cysts present 

minimal metabolic activity as the cellular levels of proteins, RNA, glycogen and 

triacyglycerides are reduced considerably. Furthermore, RNA levels are reduced by 50%. 

It was reported that one hour after translocation of Acanthamoeba trophozoites to non-

nutrients medium, rRNA reduction reaches 70-80%, compared to Acanthamoeba 

trophozoites that grown in a nutrient media, whereas after 7 hours rRNA synthesis is not 

detectable. Meanwhile, RNA polymerase I, II, III activities remain stable during 

encystation (Schulze and Jantzen, 1982; Steven and Pachler, 1973; Detke and Paule, 

1778a, 1979). Bio-molecular synthesis is essential during encystment since presence of 

RNA and protein synthesis inhibitors such as Cycloheximide or Actinomycin, 

Acanthamoeba failed to form fully mature cysts indicating the importance of protein 

synthesis (Stewart and Weisman, 1972).  

Cyst double-wall formation allows Acanthamoeba’s survival in adverse and 

unfavourable conditions. They are characterized mainly by their high resistance, 

secondly by their minimal metabolic activity (low levels of cellular proteins, RNA and 

glycogen) and finally by maintaining the pathogenicity of pathogenic strains. These 

airborne formations can be viable for more than 25 years (Sriram et al., 2008) and ‘sprout’ 

again under favourable conditions. Moreover, cysts provide protection to amoebae after 

treatment with anti-microbial substances, pharmaceutical factors (Bowers and Korn, 

1969) and simultaneously, are responsible for the high resistance to a host’s immune 

system attack, rendering Acanthamoeba treatment and eradication particularly 

problematic.   
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Throughout the period of encystation, characteristic structures that are called 

ostioles are monitoring the exterior conditions. When these become favourable or are at 

least capable of supporting developmental progression, trophozoites emerge from cysts 

through ostioles, by a process that is widely known as excystation.  

There are two more life stages of Acanthamoeba that are actually included in the 

more general biphasic model. For instance, pre-cysts and immature cysts are two states 

of the Acanthamoeba life cycle that present differences compared to trophozoites and 

mature double wall cysts. This terminology has been used to clarify and highlight different 

morphological characteristics and simultaneously specify the intermediate level of 

encystment, which occurs during the encystation process (Chávez-Munguía et al., 2013). 

Additionally, another state of Acanthamoeba existence is the form of a single-walled 

pseudocyst (Figure 1), which resists immediate insult but lacks rudimentary 

characteristics of the cyst wall layers (Kliescikova et al., 2011a; Kliescikova et al., 2011b). 

DMSO, acetone, methanol and propylene glycol are some solvents that can induce this 

particular formation, which provides a superior resistance to Acanthamoeba against 

cleaning product solutions. As well as morphological dissimilarities, cysts and 

pseudocysts also present great dissimilarities and variability in their gene expression 

profiles (Kliescikova et al., 2011b). 

In 2006, Tice et al. showed that Prostelium pyriformis was basically a genus of 

Acanthamoeba and renamed the species as Acanthamoeba pyriformis. A. pyriformis is 

able of forming a fruiting-like body called sporocarp. The sporocarp is formed by a non-

cellular stalk with a walled spore at the top and fails to form in aquatic habitats. 

Acanthamoeba pyriformis is the first species of Acanthamoeba identified to include 

facultative sporocarps in its life cycle while the existence of sporocarpy in other 

Acanthamoebidae has not yet been reported (Tice et al., 2006). 
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1.3.3   Acanthamoeba morphology and cell biology 

 

Characteristic domains and organelles such as plasma membrane, Golgi 

apparatus, lysosomes, ribosomes, large numbers of dumbbell-shaped and spherical 

mitochondria, nucleus and numerous vacuoles are present in Acanthamoebidae cells as 

in all eukaryotic unicellular organisms (Khan, 2006). More specifically, more than one 

vacuole are typically distinguished and their role includes water expulsion for osmotic 

regulation (contractive vacuoles) and digestive purposes (digestive vacuoles) (Siddiqui 

et al., 2012; Lorenzo-Morales, 2013). 

Acanthamoeba trophozoites are fairly large compared to other protozoa and are 

characterized by the typical formation on their surface of acanthopodia, which are spine-

like projections. Acanthopodia are cytoskeletal structures that extend from the main cell 

body, contributing to the microorganism’s representative shape (Figure 1.3). 

 

 

 

Figure 1.3: Characteristic morphological shapes of Acanthamoeba trophozoites and 

cysts. Acanthopodia (A) and other formations like nucleus, plenty of vacuoles (B) and 

double wall cyst formations are easily distinguished (C, D), 5μm scale bar. 
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The biological role of acanthopodia generally comprises locomotion, adhesion to 

biological surfaces and food engulfment, which are achieved through a combination of 

actin, myosin and other cytoskeletal proteins (Gordon et al., 1976; Baines et al., 1992). 

Plasma membrane is composed of approximately 33% protein, 25% phospholipids, 29% 

lipo-phosphonoglycan and 13% sterols (Khan, 2006). Mannose-binding protein is also 

expressed in Acanthamoeba trophozoites plasma membrane and is crucial to host-cell 

adhesion (Gordon et al., 1993).  

Acanthamoebidae are typically uni-nucleate and polyploid (numerous 

chromosomes from 2.2 x 105 bp to 2 x 106 bp) microorganisms, however multinucleate 

individuals have been also detected. Its genome size is 4.1 Mb (Clarke et al., 2013) and 

encodes 15,455 compact intron-rich genes, of which an important percentage is predicted 

to have originated from inter-kingdom lateral gene transfer. It is estimated that there are 

on average 3 exons per gene in Acanthamoeba, while at the same time, Entamoeba 

histolytica contains approximately 1.3 exons per gene and Dictyostelium discoideum 

around 2.3 exons per gene (Aderson et al., 2005). 

Acanthamoeba cysts are characterized by a dormant resistant double-walled form 

that offers an advantage in microorganism survival, in environmental extreme fluctuations 

and on antimicrobial substances exposure. The size ranges from 15 to 30μm (Martinez 

et al, 1997). Acanthamoeba cysts have a double-layered wall, forming the endo- and the 

ecto-cyst. The ectocyst (the external wall of the cyst) consists mainly of proteins and 

polysaccharides while the endocyst is composed of cellulose (Tomlinson and Jones 

1962; Blanton and Villemez, 1978; Hirukawa et al., 1998). Cellulose accounts for 

approximately 10% of the cyst weight and is not detected in trophozoites. Carbohydrates 

are present in both walls, but ectocyst is reported to have a greater quantity of proteins 

(Dudley et al., 2009). Despite the fact that the cyst’s composition usually differs from one 

species to another, it was first reported that cyst wall components are practically 

composed of 33% proteins, 35% cellulose, 8% ash, 6% lipids and 20% unspecified 

components (Neff and Neff, 1969; Dudley et al., 2009). 

Throughout cell differentiation the carbohydrate content of Acanthamoeba alters. 

Trophozoite carbohydrates are composed mainly of glucose (approximately 98%), 
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whereas Acanthamoeba cysts have lower and equal quantities of glucose and galactose 

(approximately 45% respectively) among carbohydrates (Dudley et al., 2009). Mannose- 

binding protein is not detected in cyst formations, explaining the incapability of cysts to 

bind to any host cells, while cellulose and acid-insoluble protein are not detected in 

trophozoites (Fouque et al., 2012; Neff and Neff, 1969; Tomilson and Jones, 1962). 

Finally, cysts are also characterized by three or four distinctive formations which is called 

ostioles and are organs responsible for environmental variation detection and excystation 

(Bowers and Korn, 1969). 

 

 

1.3.4  Distribution and Ecology  

 

Acanthamoeba species have been isolated from diverse environments, including 

fresh water, seawater, beaches (Lorenzo-Morales et al., 2005), lakes, rivers, ocean 

sediment, chlorinated swimming pools, lakes, tap water (Jeong, 2007; Bagheri et al., 

2010), bottled mineral water (Rivera et al., 1981; Maschio et al., 2014), humidifiers 

(Tyndall et al., 1995), air conditioning system (Astorga et al., 2011), air, sewage (Sawyer 

et al., 1992), soil, compost (Conza et al., 2013), hospitals, dental treatment units, surgical 

instruments (Rezaeian, 2008), animal faeces (Rezaeian et al., 2008), dialysis units, nasal 

cavities, paranasal sinuses (Visversvara, 2013), throats and intestines, as well as from 

infected tissues, skin lesions, including cerebral tissue, skin wounds and corneas (De 

Jonckheere, 1987; Khan, 2006).  

Given the fact that Acanthamoeba is so widely distributed, interaction with humans is 

inevitable. It was reported that more than 85% of individuals possess anti-Acanthamoeba 

antibodies and specifically secretory IgA, regardless of region, nationality and gender 

(Cursons et al., 1980; Chappell et al., 2001; Brindley, 2009). 

Acanthamoeba plays a significant role in bacterial population regulation as it 

consumes bacteria in order to fulfil its nutritional requirements and simultaneously 

contributes to nutrient cycling and to geo-microbial loop conservation. It also preys on 

fungi, algae and other protists through phagocytosis (Weisman and Korn, 1967; Bowers 
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and Olszewski, 1972). Cytoplasmic body formations called phago-lysosomes are 

essential for intracellular digestion of microorganisms and other pathogens. These 

formations are created when the membranes of both phagosomes and lysosome merge 

and hydrolytic enzymes are discharged into the phagosomes, digesting particles that 

have been ingested. Microorganisms are decomposed within phagolysosomes by a 

combination of acidification, oxidative and non-oxidative procedures (Haas, 2007; 

Strassmann and Shu, 2017). After this point the useful derivatives are transferred to the 

microorganism’s cytoplasm for further processing, whereas others are exported by 

exocytosis (Bowers, 1983).  

Soil fertilization is based to a large extent on amoeboid metabolic products, which 

include plant-absorbable nitrogen derivatives (Woods et al., 1982; Bodelier, et al., 1993). 

It was proven that the soil that contained Acanthamoebae and other bacteria showed 

considerably higher mineralization of nitrogen, carbon and phosphorus in comparison to 

soil containing only bacterial populations (Woods et al., 1982; Bodelier, et al., 1993). 

 

 

1.3.4.1 Acanthamoeba-bacteria interactions 

 

Generally, there are 3 different types of interaction, developed among Acanthamoeba 

and bacteria. Some of these relationships are regulated by external factors such as 

temperature, availability of nutrients and ability to infect different adjacent cell 

populations.  A characteristic example is the established interaction among 

Acanthamoeba and L. pneumophila in which, at temperatures around 37°C, L. 

pneumophila acts as a pathogen while at temperatures around 20 °C it is digested by 

Acanthamoeba (Anand et al., 1983).  

The first group principally comprises relationships that benefit amoebae over bacteria. 

Despite the plethora of Gram-positive bacteria, Acanthamoeba shows a preference for 

Gram negatives (Weeker, 1993) such as Escherichia coli and Klebsiella aerogenes, 

although it can actively feed on other species like Agrobacterium tumefaciens, 

Chromatium vinosum, Anacystis nidulans, Gloeocapsa alpicola, Anabaena flos-aquae,  
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Pseudomonas fluorescens, Bacilus subtilis, Serratia marcescens, Bacillus megaterium 

and Micrococcus luteus (Wright et al., 1981; Weeker, 1993).  

The second group includes relationships that benefit bacteria over amoeba such as 

with Bacillus anthracis, Ralstonia picketti, Vibrio cholerae, Helicobacter pylori, Listeria 

monocytogenes, Mycobacterium avium, Parachlamydia acanthamoebae, Chlamydia 

pneuminiae, Burkholderia cepacia, Coxiella burnetii and Pseudomonas aeruginosa 

(Greub and Raoult, 2004; Khan, 2009; Michel and Hauröder, 1997). These bacterial 

pathogens can survive and reproduce inside Acanthamoeba, which acts as bacterial 

transmission vehicle or “Trojan horse” and a biological reservoir; furthermore it provides 

increased resistance to the host’s immune attacks and enhanced resistance to antibiotics 

and biocides (Barker et al., 1995; Walochnik et al., 1999). When the conditions are 

favourable, growing bacterial masses lyse their host amoebae and infect surrounding 

hosts such as animals and humans, causing diseases (Essig et al., 1997; Amann et al., 

1997; Greub and Raoult 2004; Dey et al., 2012). 

 

The third group includes interactions that are beneficial to both amoebae and 

bacteria. Acanthamoeba spp. in the presence of bacteria present a greater virulence than 

those growing axenically (Larkin et al., 1991), while bacteria including Legionella 

pneumophila and Mycobacterium avium can increase their virulence and pathogenicity 

(Cirillo et al., 1997). Furthermore, bacteria grown inside Acanthamoeba can present 

enhanced resistance to antibiotics, increased thermotolerance and improved 

invasiveness (Walochnik et al., 1999).   

 

 

Species Human Disease Location Relationship 
status 

Bacillus anthracis Anthrax Vacuoles Parasitic 

Burkholderia 
cepacian 

Pneumonia Extracellular Symbiotic/ 
Parasitic 

B. pseudomallei Melioidosis Extracellular Symbiotic 
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Candidatus 
Nucleicultrix 
amoebiphila 

 
 

Nucleus 
Symbiotic/ 

Parasitic 

Chlamydia 
pneumoniae 

Pneumonia Vacuoles Symbiotic/ 
Parasitic 

Coxiella burnetti Q Fever Vacuoles Symbiotic 

Escherichia coli Dysentery Vacuoles Symbiotic 

Francisella tularensis Tularemia Vacuoles Symbiotic 

Helicobacter pylori Asymptomatic Vacuoles Symbiotic 

Legionella 
pneumophilla 

Legionnaire's disease Cytoplasm Symbiotic/ 
Parasitic 

Legionella anisa Pontiac fever Cytoplasm Symbiotic/ 
Parasitic 

Listeria 
monocytogenes 

Listeriosis Cytoplasm Symbiotic 

Mycobacterium 
avium 

intracellular 
infection 

Cytoplasm Symbiotic 

Mycobacterium 
leprae 

Leprosy Lysosomes Symbiotic  

M. ulcerans Buruli ulcer Cytoplasm Symbiotic 

Parachlamydia 
acanthamoebae 

Respiratory 
Infections 

Vacuoles Symbiotic/ 
Parasitic 

Pseudomonas 
auruginosa 

Infects human cells Extracellular Symbiotic/ 
Parasitic 

Ralstonia pickettii Several infections Vacuoles Parasitic 

Sarcobium lyticum Respiratory 
infections 

Cytoplasm Parasitic 

Salmonella 
typhimurium 

 

Salmonellosis Vacuoles Symbiotic/ 
Parasitic 

Simkania negevensis Obstructive 
pulmonary disease 

Cytoplasm Parasitic 
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Taylorellae 
equigenitalis 

Unknown Cytoplasm Symbiotic 

Staphyloccocus 
aureus 

Several infections Cytoplasm Symbiotic/ 
Parasitic 

Vibrio cholera 
 

Vibrio 
parahaemoliticus 

Cholera 
 
 

Gastroenteratis 

Cytoplasm 
 
 

Extracellular 

Symbiotic 
 
 

Symbiotic 
  

 

Table 1.4: Summary of Acanthamoeba bacteria interactions 

 

 

1.3.4.2 Acanthamoeba-virus interactions 

  

 

Viruses are enormously diverse and abundant parasites which can infect 

organisms from all three major domains of life and likewise other viruses (Konin et al., 

2006; Bernard La Scola et al., 2008, Desnues et al., 2012). They are also powerful tools 

for gene transfer (Miller and Rosman, 1989) and microbial evolution. Evidence suggests 

that past interactions with viruses and amoebae have left recognizable traces in the DNA 

of the latter, ranging up to several tens of kb and encoding viral proteins (Maumus and 

Blanc, 2016). It is not yet known whether these insertions are a product of an active viral 

activity or have emerged after accidental incorporation of viral DNA floating intracellularly. 

The best-known viruses that use members of amoebae for hosting purposes are the 

Mimivirus, Megavirus and Pandovirus. It has been found that 27 % (or 4,156) of 

Acanthamoeba genes are orphan genes (Clarke et al., 2013), while at the same time a 

large percentage of these genes are not usually shared, even among genetically closely 

related microorganisms. 
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Type Virion type Reference 

Mimivirus Icosahedral Abrahão et al., 2014 

Moumouvirus Icosahedral Yoosuf et al., 2012 

Megavirus chilensis Icosahedral Legendre et al., 2012 

Marseillevirus Icosahedral Colson et al., 2013 

Melbournevirus Icosahedral Doutre et al., 2014 

Cannesvirus Icosahedral Virus host DB 

Tokyovirus Icosahedral Takemura, 2016 

Lausannevirus Icosahedral Thomas et al., 2013 

Port-Miou virus Icosahedral Doutre et al., 2015 

Noumeavirus Icosahedral Fabre et al., 2017 

Insectomime Icosahedral Boughalmi et al., 2013 

Tunisvirus Icosahedral Aherfi et al., 2014 

Brazilian Mvirus Icosahedral Dornas et al., 2014 

Golden mussels Icosahedral Nunez et al., 2016 

P. salinus Amphora Antwerpen et al., 2015 

P. quercus Amphora Legendre et al., 2017 

P. inopinatum Amphora Aherfi et al., 2016 

P. dulcis Amphora Aherfi et al., 2016 

P. neocaledonia Amphora Fabre et al., 2017 

P. macleodensis Amphora Legendre et al., 2017 

P. sibericum Amphora Legendre et al., 2015 

P. massiliensis Amphora Pagnier et al., 2015 

Cedratvirus A11 Amphora Andreani et al., 2016 

C. lausannensis Amphora Bertelli et al., 2015 

Pacmanvirus Icosahedral Andreani et al., 2017 

Mollivirus sibericum Spherical Maumus and Blanc 2017 
 

 

Table 1.5: Integrated Acanthamoeba-virus interactions 
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1.3.4.3 Acanthamoeba and fungi interactions 

 

Although identified relationships among fungi and Acanthamoeba are very rare, 

at least one fungal species has been reported to survive and reproduce inside 

Acanthamoeba. Cryptococcus neoformans presents features that contribute to increased 

mammalian virulence while at the same time promoting fungal survival inside 

Acanthamoeba (Steenbergen et al., 2001). These characteristics may have evolved as 

Cryptococcus neoformans defense mechanisms against amoebae. 

 

 

1.3.5 Diseases and pathogenicity 

 

 

Acanthamoeba trophozoites are the causative agents of at least four different 

types of diseases in humans including Acanthamoeba Keratitis, fatal Granulomatous 

Amoebic Encephalitis, Acanthamoeba rhinosinusitis and cutaneous Acanthamebiasis or 

granulomatous dermatitis. Immunocompromised individuals, including AIDS patients and 

patients who had recently an organ transplant, are particularly vulnerable to 

Acanthamoeba infections (Cabral and Cabral, 2003). Modern therapeutic approaches to 

Acanthamoeba infections have been various and quite challenging due to the 

microorganism’s adaptable life style and resistance to amoebicidal substances. 

Acanthamoeba’s pathogenicity is principally devided into direct and indirect 

factors. The first category includes mechanisms which are directly utilized by the amoeba 

in order to breache host’s cell biological barriers. Acanthamoeba’s adhesion to host’s 

cells, which is achieved by adhesion proteins, such as mannose-binding protein (Garate 

et al., 2004), or Acanthamoeba’s proteolytic activity which is accomplished by a plethora 

of secretory proteases comprising neuroaminidases, elastases and glycosidases are 

categorized into the direct factors of pathgenicity. Phagocytosis is also categorized into 
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the same class. However, factors as trophozoite morphology, phenotypic switching (e.g. 

from trophozoites to cysts or pseudocysts formation), physiological tolerance in 

temperature, pH, osmolarity, chemotaxis and finally drug resistance are also play an 

important but indirect role in microorganism pathogenicity and should be taken under 

serious consideration. 

 

1.3.5.1 Acanthamoeba Keratitis 

 

 Acanthamoeba Keratitis (AK) is a sight-threatening inflammation of the cornea 

and is considered an important ocular microbial infection that can cause partial or 

complete loss of vision. Historically, was firstly described in the United Kingdom in 1974 

(Nagington et al., 1974), but was first reported in a 59-year old Texan farmer who had 

been subjected to perforation of the infected cornea and lens extraction (Jones et al., 

1975) after unsuccessful treatment. 

In AK, Acanthamoeba trophozoites infect the eye, penetrate the epithelial barrier 

and invade the cornea. The variety of proteases produced leads to corneal epithelial 

destruction and corneal stromal matrix dialysis (Clarke and Niederkorn, 2006). AK is 

accompanied by several symptoms, which comprise extreme levels of pain, photophobia, 

blurry vision, eye redness and extensive tear production (Wang et al., 1997; Verani et al., 

2009, Khan, 2006). The most distinguishing clinical feature of AK is the existence of a 

ring-like stromal infiltrate, or perineural infiltrates (Marciano-Cabral and Cabral, 2003; 

Carballo et al., 2012). Clinical features like hyperthermia, lack of discharge and eyelid 

ptosis have been also reported (Niederkorn et al., 1999). Acanthamoeba genotypes that 

have been associated with corneal infections comprise A. castellanii, A. cubertsoni, A. 

polyphaga, A. hatchetti, A. rhysodes, A, lugdunesis, A quina and A. griffini (Siddiqui et 

al., 2012) (Table 3). 

Infection commonly affects individuals with a damaged cornea and contact lens 

wearers (Nagington et al., 1974; Visvesvara, 1975; Moore et al., 1985). This is due to 
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presence of bacterial biofilms (Simmons et al., 1998) and protein particles in contact 

lenses, allowing adhesion, infection and growth of Acanthamoeba. Disease statistics 

have risen considerably over the years due to increased usage of contact lenses, 

cleaning of contact lenses with contaminated water, better diagnostics (Lorenzo-Morales 

et al., 2013) and simultaneously in some cases, reduced personal hygiene.  

Acanthamoeba Keratitis is more prevalent in developed countries due to the 

increased number of contact-lens wearers (Stehr-Green et al., 1989; Lorenzo-Morales et 

al., 2013), however numerous cases of the disease have been reported across the globe. 

AK has also been described in non-contact lenses wearers (Sharma et al., 2000). 

Globally, the prevalence of the disease is estimated to be 1-33 cases per million. More 

precisely, in the United Kingdom 17-21 cases of Acanthamoeba keratitis per million 

contact lens wearers occur. The percentage of the AK occurrence is believed to be higher 

than in other European countries and United States of America due to storage in domestic 

tap water (Radford et al., 2002; Kilvington et al., 2004). Interestingly, an exceptionally 

high rate of 1.49 proven AK cases per 10,000 have been reported in West Scotland (Seal 

et al., 1999). 

The pathogenesis of Acanthamoeba Keratitis is based primarily on factors such 

as trophozoite adhesion to the cornea which is considered an crucial primary step in the 

infectious cascade and is achieved through cornea mannose-specific surface receptors, 

secretion of extracellular proteases, phagocytosis and direct host’s cell death while at the 

same time, factors such as anti-amoebic drug resistance, cell differentiation from 

infectious trophozoite to dormant cyst and physiological variations can contribute 

indirectly to Acanthamoeba pathogenesis (Clarke and Niederkorn, 2006; Lorenzo-

Morales et al., 2015). For instance, pathogenic Acanthamoeba strains have been isolated 

from biocidal solutions for lens care (Russel et al., 1996), while McClellan et al., reported 

that Acanthamoeba cysts are both immunogenic and antigenic (McClellan et al., 2002).  

Acanthamoeba keratitis can be very problematic to diagnose and to treat, since it 

greatly resembles herpes simplex virus keratitis, Pseudomonas aeruginosa keratitis and 

various fungal infections (Lorenzo-Morales et al., 2015). As a consequence, there is often 

a significant delay in forming an appropriate treatment strategy. The most frequently used 
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process for diagnosis is in vivo confocal microscopy (IVCM), as it is non-invasive and 

offers great sensitivity. Furthermore, corneal or tear specimens are routinely used for cell 

culture, in order to identify Acanthamoeba infection. PCR (Ikeda et al., 2012) and 

immunofluorescence are also greatly used (Marciano-Cabral and Cabral, 2003). The 

utilization of combined and different assays for quick and successful diagnosis of AK is 

strongly recommended as molecular techniques alone are reported to be inadequate 

(Scheid and Balczun, 2017). 

There is no standard therapeutic procedure that can guarantee a 100% positive 

outcome. However, recent approaches involve the usage of combined antimicrobials like 

biguanides, diamidines, (Oldenburg et al., 2011; Carvalho et al., 2016) and chlorhexidine 

(Clarke et al., 2012) for treating both trophozoites and cysts with noteworthy outcomes. 

In many cases, corneal transplant (keratoplasty) is the only possibility to reduce the 

parasite load on the cornea and increase recovery chances (Hammersmith, 2006), 

especially in late diagnosis cases. After the completion of the therapy, close observation 

for long periods is warranted, to rule out disease reoccurrence.  

 

 

1.3.5.2  Granulomatous Amoebic Encephalitis (GAE) 

 

Granulomatous Amoebic Encephalitis is a high-fatality rate but rare infection of the 

Central Nervous System (CNS) that is mainly caused by Acanthamoeba spp, while 

Balamuthia mandrillaris (Visvesvara et al.,1990), Sappinia diploidea (Gelman et al., 

2003), Naegleria fowleri and Paravahlkampfia francinae have been also reported as GAE 

causative agents (Guarner et al., 2007; Visvesvara et al., 2009). GAE occurs generally 

but not invariably, in immunocompromised patients, such as HIV patients (Sangruchi et 

al., 1994; Martinez et al., 2000) or pharmaceutical secondarily immunocompromised 

individuals who had recently an organ transplant surgery (Anderlini et al., 1994; Steinberg 

et al., 2002). GAE is lethal subacute cause of meningoencephalitis typically occurring 
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within 2 months of initial symptoms appearance and is rarely identified in patients before 

death.  

The symptomology of GAE can mimic a brain abscess or bacterial meningitis and 

includes fever, headache, seizures, nausea, stiff neck, vomiting, somnolence, 

photophobia, confusion, hemi-paralysis and coma (Visversara, 2007; Crary, 2011). 

Sometimes GAE displays a chronic course with atypical symptoms including seizures, 

headaches, encephalopathy abnormalities and low-grade fever (Meersseman et al., 

2007). The pathologic morphology of an infected brain presents oedema and numerous 

necrotic and hemorrhagic nodules located generally in the cerebral hemispheres, in 

midbrain, in pons, in medulla oblongata and in cerebellum (Pittella, 2013; Yu Yee Ong et 

al., 2017). GAE is responsible for pro-inflammatory responses and physiological cortical 

mutilation. Additionally, granuloma development suggests participation of the host 

immune response composed of CD4+ and CD8+ T cells (Lanocha-Arendarczyk et al., 

2018).  

Nasal passage to lower respiratory tract and skin trauma are the main ways by which 

amoebae gain access to the host. Later, Acanthamoeba can cross the blood brain barrier 

(Martinez, 1991) and infect the brain. The incubational period to disease varies from 

several days to months, however life expectancy drops to days once the infection reaches 

the CNS (Khan, 2006; Zamora et al., 2014). Acanthamoeba genotypes that have been 

associated to GAE comprise A. culbertsoni, A. castellanii, A. lenticulata, A. byersi, A. 

palestiniensis, A. polyphaga, A. healyi and A. triangularis (Table 3). 

The mechanism by which Acanthamoeba traverses the blood-brain barrier has been 

superficially analysed however, experimental data propose the involvement of 

microorganism-characteristic proteins, including mannose-binding protein and serine 

proteases (Siddiqui et al., 2011). The proteolytic action of serine proteases may lead to 

loss of integrity of tight junction proteins ZO-1 and occludin, which in turn could mediate 

increased passage permeability (Pittella, 2013).  

Unfortunately, in most cases identification of GAE is post mortem and includes 

cultivation, microscopic detection of the amoebae morphological forms and PCR 



 
Acanthamoeba Programmed Cell Death  

 

Page | 43  
 

techniques from biopsy samples (Guarner et al., 2007; Visversara, 2013; Zamora et al., 

2014). MRI imaging techniques have also been mobilized without a significant outcome, 

as several diseases such as brain tumours and brain abscesses present similar 

characteristics, rendering GAE initially inconspicuous. When the infection passes through 

the blood brain barrier, it is practically impossible to stop its expansion, as the majority of 

the anti-amoeboid pharmaceutical substances that have been used, including rifampin, 

voriconazole, fluconazole gluconate, cotrimoxazole, miltefosine, amikacin, pentamidine, 

amphotericin B and others, are incapable of passing the blood-brain barrier (Visvesvara, 

2010; Webster et al., 2012; Zamora et al., 2014; Duggal et al., 2017). However, if the 

identification of Acanthamoeba as the infectious agent is verified soon enough, there are 

enhanced possibilities of effective treatment by a combination of four or five amoebicides 

(Martinez et al., 1991, 2000; Slater et al., 1994; Aichenburg et al., 2008). Also, therapy 

completion, close observation is warranted, to rule out disease imminent reoccurrence. 

 

 

1.3.5.3  Acanthamoeba Rhinosinusitis 

 

 

Acanthamoeba Rhinosinusitis is a rare inflammation of the sinuses that mainly 

affects immunocompromised patients and HIV carriers. It is characterized by nasal 

obstruction, headaches, fever, crusting, otorrhea and epistaxis (Dickson et al., 2009; 

Rivera et al., 2002; Commarato, 2015). Furthermore, necrosis of bone and cartilage 

structures in the nasal cavity has also been reported (Dickson et al., 2009). The disease 

diagnosis is problematic as it resembles viral and bacterial rhinosinusitis and until now 

there has been no specific treatment process. In some cases, paranasal sinuses have 

been removed surgically (Teknos et al., 2001) as in all other Acanthamoeba infections, 

rapid identification and aggressive antibiotic combinations are essential to a successful 

treatment. 
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1.3.5.4  Cutaneous Acanthamebiasis 

 

 

Acanthamoeba is able to cause extraordinarily rare cutaneous lesions which are 

described as erythematous polymorphic and intradermal nodules, ranging from 

millimetres to centimetres in diameter (Hunt et al., 1995; Casper et al., 1999). 

Furthermore, papules, plaques, pustules and intramuscular blisters have been described 

(Deluol et al., 1996; Dunand et al., 1997; Paltiel et al., 2004). Lesions have been reported 

to be pruritic (Murakawa et al., 1995) and generally advance through ulceration. In many 

cases a necrotic scar of dead cells develops around the skin lesion.  

Cutaneous lesions tend to be a characteristic feature of immunocompromised 

patients and particularly in GAE poor prognosis cases. These alterations constitute a late 

sign of the infection (Paltiel et al., 2004). Interestingly, in cases where CNS is not 

involved, cutaneous acanthamoebic alterations are acute to subacute and 

simultaneously more easily treatable with an appropriate therapy strategy. 
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Chapter 2 

 

 

Introduction 

 

2.1 Cell Death 

 

For many years, scientists considered cell death to be an imminent consequence 

of cell life, however evidence suggests a more complex set of genetically encoded 

mechanisms for precise cell elimination. From a conceptual standpoint, a cell is 

considered dead when its internal organization collapses or is incapable of maintaining 

essential cellular functions such as respiration or reproduction. Recently the 

Nomenclature Committee on Cell Death (NCCD) has set some criteria according to which 

a cell is considered dead when its membrane integrity has been lost, cell cytoplasm lost 

and its nucleus has experienced breakdown and fragmentation into distinct bodies 

(Kroemer et al., 2009). 

In 2005, Melino categorized the forms of cell death into eleven different types that 

were distinguishable in eukaryotes, according to morphological, enzymological, 

physiological or pathological criteria (Melino et al. 2005). Nowadays, the number of 

different cell death types has increased to 22, based on updated guidelines which were 

proposed and introduced by the NCCD for the description and clarification of cell death, 

based on morphological, biochemical and functional parameters (Galluzzi et al., 2018). 

However, it should be mentioned that many authors tend not to follow this classification 

literally. 

Generally, cell death is divided into two large categories including accidental cell 

death (ACD) and regulated cell death (RCD). Regulated cell death (RCD) is an important 

biological process that promotes the elimination of the undesirable cells (eg. cancerous 

or pathogen infected) and is considered among the most significant areas of cell biology. 

It is associated with two diametrically opposed situations, occuring after intra- or 
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extracellular environment perturbations or in the absence of any exogenous stimulus. On 

the other hand, as its name suggests, ACD occurs naturally after violent alterations or 

physical trauma in cell structure and homeostasis (Galluzzi et al., 2018). 

Three major morphological types of regulated cell death that have been described 

as the most frequently occurring types and include apoptosis, necrosis and autophagy-

dependent cell death. A stable accumulation of evidence proposes that cell death types 

are usually controlled by parallel pathways, engage the same sub cellular regulator 

organelles such as mitochondria and may be also characterized by the same initiator and 

effector molecules (Roach et al., 2000; Baehrecke, 2002).  

 

2.2 Apoptosis 

    

Apoptosis derives from the Greek “ἀπόπτωσις” which means “falling off” and was 

used initially by Kerr, Wyllie and Currie in 1972 to describe a specific subtype of regulated 

cell death, based on morphological and biochemical criteria (Kerr et al., 1972, 2002; 

Kroemer et al., 2009). It is an active, ATP-dependent internal process (Elmore 2007) that 

requires activation of bio-molecular signalling pathways to initiate it. Apoptosis is an 

essential mechanism in organ development and differentiation and also a crucial process 

by which old, non-functional and malignant cells are discarded. Disorders and mutations 

of genes that regulate apoptotic pathways could cause several diseases. In almost 50% 

of all human malignancies, genes involved in apoptosis are suppressed (Ozaki and 

Nakagawara, 2011; Lowe and Lin, 2000; Fernald and Kurokawa, 2013), whereas 

premature or incorrect stimulation of cell death pathways is implicated in many 

neurodegenerative disorders, including Alzheimer’s disease (Laferla et al., 1995) and 

Parkinson’s disease (Mochizuki et al., 1996).  

Apoptosis is initiated by extracellular or intracellular stress signal transduction, 

originating mainly from microenviromental perturbations including endoplasmic reticulum 

stress, DNA damage and ROS overload and occurs normally as a programmed sequence 

of events. It has been broadly studied in metazoans and higher eukaryotes, while it is 

considered to be the natural regulator of tissue homeostasis, growth, differentiation and 
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morphogenesis (Vaux and Korsmeyer 1999; Teng et al., 2011; Suzanne and Steller, 

2013). Furthermore, apoptosis acts also as a natural defense mechanism when cells’ 

physiological integrity is compromised either by disease development or by noxious 

agents (Norbury and Hickson, 2001). Numerous stimuli (extracellular in extrinsic 

apoptosis; intracellular in intrinsic apoptosis) are able to activate the downstream 

apoptotic signalling processes, however the biological response depends to a large 

extent on pathophysiological conditions, type and level of stimuli and finally cell type 

(Elmor, 2007). 

Despite the fact that apoptosis has been related to metazoans and higher 

eukaryotes, forms of apoptosis or apoptosis-like cell death have been identified in several 

unicellular microorganisms including bacteria, yeasts and parasitic protozoans (Lewis 

2000; Madeo et al., 1999; Christensen et al., 1995; Vardi et al., 1999). Morphologically 

and biochemically, apoptosis is characterized by cell shrinkage and decreased 

cytoplasmic volume, rounded up cellular formations, retraction of pseudopods, gradual 

nuclear pyknosis upon to chromatin condensation, karyorrhexis (although in many cases 

this is not required and is not employed as an exclusive characteristic to define 

apoptosis), mitochondrial dysfunction, membrane blebbing and apoptotic-body formation. 

Furthermore, apoptosis as a term and form of regulated cell death is characterized by 

major functional and biochemical heterogeneity. 

The process of apoptosis is genetically controlled and relies on numerous 

intracellular signalling systems. It is usually caspases (cysteine proteases) dependent 

and energy-dependent procedure. Caspases have proteolytic action and are able to 

cleave proteins at aspartic acid residues. Furthermore, different caspases show different 

specificities concerning amino acid identification (Cohen, 1997; Rai et al., 2005). At least 

fourteen different caspases have been identified in mammalian cells and have been 

categorized by their function. Caspases 2, 8, 9 and 10, have long pro-domains, require 

dimerization in order to function and are characterized as signal initiators responsible for 

downstream cascade activation. Caspases 3, 6 and 7 are considered effectors and are 

responsible for cell disassembly by cleavage of cell components. The outcome of their 

precise and selective cleavage is responsible for apoptosis’ special morphological 

features (Fink and Cookson, 2005). Finally, caspases 1, 4, 5, 13 and 14 act as 
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inflammatory caspases. Apoptosis is irreversible once caspases are activated and is 

considered to be a quick process, as all necessary biochemical components, including 

complex protein cascades and the required molecular machinery for downstream signal 

transduction, are already existent in cells. Therefore, there is no need for additional 

protein synthesis (Elmor, 2007). 

Two well studied and known mechanisms of apoptosis include the mitochondria- 

mediated pathway (intrinsic apoptosis) and the transmembrane receptor interaction- 

mediated pathway (extrinsic apoptosis).  

 

2.2.1  Intrinsic or mitochondria-mediated apoptosis 

 

In the case of intrinsic apoptosis, intracellular signals produced by various stress 

conditions and in combination with apoptotic factors that are released from mitochondria 

after outer membrane permeabilization (MOMp), such as cytochrome c (cyt c), 

smac/DIABLO, Apoptosis Induction Factor (AIF) and endonuclease G (Endo G) lead to 

cell death (Peixoto et al., 2011; Elmore, 2007). Permeabilization of MOM is considered 

to be the most critical and irreversible step for intrinsic apoptosis. Cytochrome c and 

smac/DIABLO are considered to be initiators of the caspase-dependent mitochondrial 

pathway, whereas EndoG and AIF can induce caspase-independent apoptotic cell death 

(Cande et al., 2002). More precisely, cytochrome c binds to Apaf-1 (Apoptotic protease 

activating factor 1), forming an apoptosome which in turn is responsible for initiator Cas 

9 activation (Hill et al., 2004). Cas-9 activates caspase effector 3, which has proteolytic 

action and leads to cell death. Whereas cytochrome c activates APAF1 and caspase 9, 

smac binds IAPs, such as XIAP and cIAP proteins, leading to inhibition of their caspase-

binding activity and allows caspase activation of apoptosis (Bai et al., 2014). However, 

reports have implied that even after sufficient caspase inhibition, some of the 

morphological features of apoptosis still remain visible (Chipuk and Green et al., 2005). 

AIF and Endo-G nuclease, on the other hand, translocate into the nucleus and cause 
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chromatin condensation and DNA fragmentation in a caspase-independent manner (Joza 

et al., 2001; Li et al., 2001). 

Apoptosis inducing factor (AIF) is a phylogenetically early mitochondrial 

intermembrane flavoprotein first characterized in mammalian cells, capable of inducing 

chromatin condensation and DNA fragmentation without any caspase activity (Cande et 

al., 2002). Under normal conditions, AIF is located between the inner and outer 

mitochondrial membranes, nevertheless upon apoptosis induction, AIF is released from 

mitochondria and translocates to the cytosol and the nucleus. AIF has been associated 

with numerous mammalian and unicellular organisms’ apoptosis and programmed cell 

death processes, including those in Caenorhabditis elegans (Wang et al., 2002), 

Tetrahymena thermophila (Akematsu and Endoh, 2010) and the slime mould 

Dictyostelium discoideum (Arnout et al., 2001). Observations like these strengthen the 

assumption that AIF-mediated cell death is a phylogenetically multi- and unicellular 

organism conserved form of cell death. 

The members of the Bcl-2 family are evolutionarily-conserved proteins that share 

BH domains (-BH1, -BH2, -BH3, -BH4) and are considered the regulators of 

mitochondrial pro-apoptotic and anti-apoptotic events. These proteins are localized to the 

mitochondrial outer membrane and are reported to form voltage-dependent anion 

channel porins, (Arbel and Shoshan-Barmatz, 2010), which have either an inhibitory 

effect on cell death induction or instead prevent the protective influence of numerous 

apoptotic blockers (Cory and Adams, 2002), by inhibiting or promoting the release of pro-

apoptotic factors respectively. The pro-apoptotic proteins in the BCL-2 family include Bcl-

10, Bax, Bak, Bid, Bad, Bim, Bik and Blk and promote mitochondrial permeabilization 

while the anti-apoptotic proteins include Bcl-2, Bcl-x, Bcl-XL, Bcl-XS, Bcl-w and BAG and 

promote cell survival. Anti-apoptotic members of the Bcl-2 family contain a BH1, a BH2 

and in some cases a BH4 domain, while at the same time pro-apoptotic members of the 

family contain a BH3 domain. BH3-only BCL-2 family proteins are effectors of canonical 

mitochondrial apoptosis (Lomonosova and Chinnadurai, 2009). BH3 only proteins were 

also shown to induce mitochondrial membrane remodelling through MOM regulation. 
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Interestingly, other members of the Bcl-2 family such as Noxa, which is a BH3 

pro-apoptotic protein, are not restricted only to Bax/Bak-mediated cytochrome c release 

and standard mitochondrial downstream caspase cascade, but are involved in numerous 

pathways including mitochondrial dysregulation, endoplasmic stress and activation of 

apoptosis signal-regulating kinase 1 (ASK1) and its effectors c-Jun N-terminal kinase 

pathway and p38 (Chen et al., 2005; Hassan et al., 2008). In conclusion, BH3 domain- 

containing proteins are considered significant regulators of mitochondrial function and 

apparently cell death controllers. 

 

2.2.2  Extrinsic apoptosis pathway  

 

In the second scenario, the apoptotic machinery is directly activated by 

extracellular ligands that bind to transmembrane death receptors such as TNFR1, FasR1, 

DR3, DR4 and DR5 (Peter and Kramer, 1998; Rubio-Moscardo et al., 2005). Tumour 

necrosis factor (TNF) receptors present similar cysteine-rich extracellular domains and 

80-amino acid cytoplasmic domains (Ashkenazi and Dixit, 1998) that are capable of 

transmitting the death signal from the outer cell membrane to the inner cell signalling 

machinery. Caspases play also a crucial role in signal transmission (Kischkel et al., 

1995). 

 

2.3  Necrosis 

 

 Necrosis (from the Greek “νέκρωσις” which means death) is a form of premature 

cell death caused mainly by autolysis and is defined by the absence of specific 

morphological characteristics, compared to apoptotic and autophagy-dependent cell 

death (Galluzzi et al., 2012). Typical features of necrosis include cytoplasmic and 

endoplasmic reticulum swelling, cell membrane rupture and the spread of intracellular 

contents (Marcel and Jäättelä, 2001).  
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For a quite long period, necrosis has been merely thought of as an accidental type 

of cell death and was used as a counterpoint to apoptosis, since their induction 

mechanisms and death morphologies significantly differ. However, there is evidence 

suggesting that necrosis could be a finely regulated process (Festjens et al., 2006; 

Golstein and Kroemer, 2007) and simultaneously, that there might be an overlap between 

these two biological processes (Nikoletopoulou et al., 2013). Furthermore, Denecker et 

al in 2003 proposed that an apoptotic ongoing process could be converted to a necrotic 

process either if the level of ATP diminishes significantly, or the volume and caspase 

availability decrease considerably. Death domain receptors in combination with caspases 

have also been linked to necrosis (Degterev et al., 2005; Kalai et al., 2002) and at the 

same time, extreme alterations in intracellular homeostasis have been reported to lead 

to a necrotic phenotype (Van den Berghe et al., 2014).  

 In general, cell type, nature of the signal, developmental stage of the cell and 

physiologic milieu are some of the basic factors that could determine and define the way 

and the dynamics by which a cell dies (Fiers et al., 1999; Zeiss, 2003).  

 Necrosis is commonly considered to be a fairly diverse, passive and energy- 

independent form of cell death, not defined by the presence of any apoptotic marker or 

common biochemical denominator and mainly used to describe non-apoptotic cell death 

(Elmor, 2007; Kroemer, 2009). In necrotic death, cell membrane integrity is lost in the 

very early stages and numerous factors are released from the cell and are able to trigger 

inflammatory responses. Necrosis is characterized by the large number of cells that are 

usually under that same pathophysiological effect in a small period of time (Galluzzi et 

al., 2012). Characteristic examples of agents that cause necrotic cell death include 

viruses and bacterial infections, radiation, heat, plenty of chemical substances and 

physical trauma caused by external factors (Kroemer, 2007).  
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2.4  Autophagy-dependent cell death 

 

 Autophagy, derived from the Greek ‘αὐτόφαγος’, meaning “to eat oneself”, is an 

evolutionarily conserved, physiological, programmed, catabolic and destructive self-cell 

mechanism which degrades useless long-lived proteins, organelles, dysfunctional cell 

cytoplasmic macromolecules and cell components (Mizushima, 2007; Cuervo 2004; 

Klionsky, 2007). It has a large diversity of physiological and pathophysiological actions 

including anti-aging processes, tumour suppression abilities (Hippert et al., 2006), 

nutrient adjustment (Moriyasu and Ohsumi 1996), protein and organelle lysis (Hara et al. 

2006), development, lysis of pathogens (Tallóczy et al., 2002: Nakagawa et al., 2004), 

regulated cell death (Datan et al., 2012; Yonekawa, 2013) and sometimes even antigen 

presentation capabilities (Mizushima, 2005).  

In many cases, autophagy acts as a pro-survival mechanism, rendering cells able 

to cope with various stress conditions including injuries, starvation, infections and 

intracellular homeostatic alterations in order to preserve energy levels and the 

continuation of bio-anabolic procedures (Lum et al., 2005). Through the plethora of pro-

survival roles, under specific conditions, autophagy can also execute a well-defined 

regulated cell death subtype, known and described as autophagic cell death (Levine et 

al., 2005). The term ‘autophagic cell death’ is regularly used to describe a form of 

regulated cell death that occurs primarily via the activation of the autophagy mechanism 

and is inhibited largely by the suppression of autophagy. Autophagic cell death differs 

morphologically from apoptosis and other forms of regulated cell death and is mainly 

characterized by increased levels of intracellular autophagy, including great vacuole 

assemblage. Simultaneously absence of chromatin condensation or DNA fragmentation 

(Levine et al., 2005) is considered a typical morphological feature of autophagic cell 

death. Furthermore, in case of apoptosis, there is a collapse of the cytoskeletal structure, 

but preservation of intracellular organelles until late in the death process, however in 

autophagic cell death, there is early lysis of intracellular components but conservation of 

the cytoskeletal structure until the late process stages. Numerous pro-apoptotic signals 
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are able to induce autophagic cell death, such as TNF ligands and the 

calcium/calmodulin–regulated ser/thr kinases (Inbal et al., 2002).  

Autophagy has been proposed to protect cells and act conversely to cell death, 

however there are many examples where the autophagic mechanism and machinery are 

required for cell death induction. This phenomenon occurs mainly in developmental and 

cell differentiation processes (Nelson and Baehrecke, 2014). For instance, in the protist 

Acanthamoeba, autophagy plays a crucial role in trophozoite transformation and 

differentiation, from an energetic, vegate and infectious trophozoite to a dormant double-

wall cyst. Typically, the process of encystment begins with autophagy and cell protein 

compartment degradation. In addition, numerous autophagy genes have been also 

associated with Acanthamoeba encystation including Atg3 (Moon et al., 2011), Atg8 

(Moon et al., 2013), Atg12 (Kim et al., 2015) and Atg16 (Song et al., 2012). However, it 

is as yet unclear whether the phenomenon of autophagy could efficaciously lead to a 

regulated autophagic cell death in Acanthamoeba parasites. Interactions among 

autophagy and cell death pathways and how autophagy regulates and is being regulated 

by cell mechanisms are not entirely distinct and require further investigation. 

Nevertheless, crosstalk among these procedures would not be uncommon or 

unexpected.  

 

2.5 Calcium and Cell Death 

 

Calcium (Ca2+) is a universal second messenger, involved in the regulation of an 

extensive variety of physiological and pathophysiological events. Calcium ion signalling 

has been shown to critically impact almost every aspect of cellular life such as 

morphogenesis, cell cycle regulation, gene transcription, cell proliferation, cell survival 

and cell death initiation. A dysfunction of calcium signalling in these processes could 

potentially lead to numerous cancer types and many degenerative diseases. Based on 

this complex signalling ability, Ca2+ often orchestrates conflicting interests within the 

same cell. 
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Numerous studies have revealed that an increase of intracellular calcium 

concentration, which is achieved either by ER stress (Pinton et al., 2001; Kruman et al., 

1998; Choi., 1995) or by Ca2+ activated membrane channels, (Martikainen et al., 1991; 

Tombal et al., 1999) appears to mediate fatal effects in cells, while the magnitude of the 

rise is often indicative of the occurring cell death type. Calcium release from endoplasmic 

reticulum, cell’s calcium repository and increased calcium influx through membrane 

channels have been both considered to be highly apoptogenic (Pinton and Rizzuto, 

2006). Furthermore, calcium signalling has been inextricably associated with all major 

forms and subforms of regulated cell death including apoptosis, autophagic cell death, 

anoikis, programmed cell death, necroptosis and necrosis. 

Contrariwise, cytosolic calcium overload can also lead to many anti-apoptotic, 

differentiation, proliferation and generally survival signals besides kinases positive 

modulation (Figure 2.1). Kinases phosphorylate transcription factors such as NF-kB, 

which are considered to be highly anti-apoptotic agents, or other genes products that 

might positively or negatively regulate apoptotic activity and death induction (Sun and 

Carpenter., 1998; Mattson et al., 2000; Bok et al., 2007). However, in most cases, an 

increased and prolonged intracellular concentration leads to fatal consequences. 

Different concentrations of ER calcium indicate that a variable amount of Ca2+ can 

be released into the cytosol. For instance, a decreased amount of Ca2+ released from ER 

also decreases the amount taken up by the mitochondria (Djebbar et al., 2009; Pinton et 

al., 2001b; Scorrano et al., 2003), which apparently leads to increased survival rates 

(Nakamura et al., 2000; Xu et al., 2001). Conversely, cell viability is greatly reduced when 

the amount of Ca2+ release from ER is significantly increased (Pinton et al., 2008; 

Bastianutto et al., 1995). Consequently, the amount of calcium releasable by ER appears 

to be strongly related to death signal transduction, rather than the [Ca2+]ER itself. 
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Figure 2.1: Representative calcium signalling pathways 

 

 

2.5.1 Mitochondrial role in Calcium cell death signalling   

 

It is widely acknowledged that mitochondria constitute the bio-energetic and 

metabolic centre of all eukaryotic life. Several forms of regulated cell death are 

characterized by mitochondrial damage, which in turn irreversibly leads to mitochondrial 

dysfunction.  

Under physiological conditions, calcium ions circulate between endoplasmic 

reticulum and mitochondria. There is experimental evidence that under resting 

conditions, [Ca2+]c is parallel to [Ca2+]m (Murgia et al., 2009). In order to achieve this, Ca2+ 

ATPases transfer calcium into the ER, whereas IP3R channels release it back into the 

cytosol. In mitochondria, a low-affinity uniporter allows the entry of [Ca2+], while a 

Na+/Ca2+ exchanger is responsible for the [Ca2+]m discharge (Clapham, 2007). Generally, 
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Ca2+ is a regulator of mitochondrial function and viability while concurrently [Ca2+]m 

homeostasis appears to be a key point of cell death signalling. 

Endoplasmic reticulum and mitochondria are in some manner physically and 

biologically bonded. In numerous cases of regulated cell death, ER stress and IP3R have 

been implicated directly in mitochondrial calcium overload (Scorrano et al., 2003). 

Furthermore, IP3R gene knockdown or IP3R inhibition have resulted in a decreased 

[Ca2+]m and simultaneously in decreased cell mortality (Khan et al., 1996; Blackshaw et 

al., 2000). In healthy cells, which are capable of maintaining control of their intracellular 

metabolic activities, fluctuations in [Ca2+]c  pulses, even during cell stimulation signals, 

are easily manageable through the distinctive ability of mitochondria to accumulate 

calcium (RaM rapid calcium uptake mode; Gunter et al., 2004). However under 

pathological and stress conditions, whereas intracellular calcium concentration rises and 

presents a more prolonged and higher pulse, mitochondria fail to manage extensive 

accumulation of calcium intra-mitochondrially, which in turn leads to mitochondrial outer 

membrane permeabilization, mitochondrial swelling and sometimes even mitochondrial 

collapse (Bianchi et al., 2004; Murgia et al., 2009).  

Physiologically, a significant and prolonged [Ca2+]m escalation has many critical 

outcomes, ranging from a foreseeable stimulation of the sensitive calcium-dependent 

dehydrogenases (pyruvate, iso-citrate and α-ketoglutarate), which in turn leads to 

increased ATP production, to unspecific Ca2+ binding to protein scaffolds that are 

responsible of the mitochondrial Permeability Transition Pore (mPTP) regulation (Rizzuto 

et al., 2008; Ichas and Mazat 1998). In addition, mPTP is also greatly affected by the 

dissipation of the transmembrane potential across the inner mitochondrial membrane due 

to calcium accumulation (Dockzi et al., 2010). So conclusively, increased [Ca2+]m  seems 

to favour mPTP opening (Hunter et al., 1979; Brustovetsky et al., 2002;), which is one of 

the basic mechanisms that regulates mitochondrial form and controls the release of 

apoptogenic factors that reside exclusively within this organelle’s membranes.  The 

opening of mPTP causes mitochondrial swelling as a consequence of water influx into 

inner domains of the organelle, which in turn renders the outer mitochondrial membrane 

(OMM) permeable, leading to the release of numerous apoptotic factors into the cytosol 

such as Apoptosis Inducing Factor (AIF), endonuclease G (EndoG), cytochrome c (cyt c) 
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and smac/DIABLO. More precisely, cytochrome c, along with APAF-1 which already 

exists in cytosol, form a large quaternary protein structure called the apoptosome, which 

in turn leads to caspase downstream activation, while AIF and EndoG translocate from 

cytosol to nucleus, where they mediate chromatin condensation and DNA fragmentation 

(Cande et al., 2002, 2004; Dougas et al., 2000). It should be mentioned that mitochondrial 

dysfunction and fragmentation occurs relatively early in apoptotic or mitochondria-

mediated cell death.  

 Mitochondria and MOM integrity play an essential role in regulated cell death and 

are directly associated with both necrotic and apoptotic cell death procedures (Murgia et 

al., 2009). After MOM permeabilization ATP biosynthesis is not simply blocked, but ATP 

hydrolysis is also encouraged, rendering the cell incapable of covering its own energetic 

requirements, a factor that strengthens even more the progression towards cell death. 

Moreover, it has been proposed that mitochondria also define the cell’s response to 

[Ca2+]c and determine which process will be later followed. In principle, a low level of 

calcium uptake by mitochondria might lead to autophagy, while at the same time, 

increased mitochondrial Ca2+ influx could lead to cell death through apoptotic or necrotic 

processes (Bootman et al., 2018) based on additional regulators and co-factors. 
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Figure 2.2: Representation of mitochondrial cell death pathway. 

 

 

2.6  Ras signalling in Cell Death  

 

Ras subfamily proteins are small GTPases that are mainly located in the 

intracellular membranes of all eukaryotes, where they modulate various aspects of cell 

behaviour such as proliferation, differentiation, senescence, survival and cell death 

processes. Ras versatility is facilitated by its capability to bind and trigger a different range 

of effector molecules. Its activation is based on guanine-nucleotide-exchange, factors 

which exchange bound GDP for GTP, while its inactivation depends on GTPase 

activation, when GTP is hydrolysed to GDP.  

Experimental findings have also led to the proposal that Ras proteins, instead of 

being on the cell membrane, could also be located in other endogenous cell membranoid 

organelles such as endoplasmic reticulum (ER), Golgi apparatus, endosomes and even 
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mitochondria, where they might be responsible for induction of apoptosis and other forms 

of regulated cell death (Prior and Hancock, 2012; Howe et al., 2001; Philips et al., 2006). 

More precisely, Ras located on the endoplasmic reticulum has been shown to mediate 

MAPK/ERK activation and cell differentiation (Chiu et al., 2002), indicating that the 

required activation agents are not specifically limited to the cell membranoid area. 

Additionally, it was observed that Akt and Jnk pathway activation was more effective 

when activated by ER-restricted Ras than by any other type of GTPase (Chiu et al., 2002). 

This might depend on variable amounts of regulators and effectors that are localized in 

each organelle and in turn allow diverse ways of downstream signal transduction. 

Nowadays it is commonly accepted that Ras signalling shows compartmentalization, 

which potentially enhances the specificity of signalling cascades. However, the outcomes 

of signalling pathways that are under the control of distinct intracellular Ras locations 

might be highly variable among various cell types and patho-physiological conditions as 

well as signal nature and signal intensity dependent (Chiu et al., 2002). 

Reports of Ras-mediated cell death stimulation, rather than potentiation of cell 

survival, came from experimental procedures in which activated Ras forms were 

ectopically expressed. Over-expression and hyper activation of Ras proteins has been 

shown to enhance pro-apoptotic dynamics, overriding cell growth, proliferation and 

generally survival signals induced by the PI3K effector pathway (Kauffmann et al., 1997). 

The observation that Ras signalling can encourage both proliferation and cell death has 

driven the assumption that the signalling pathways that regulate both these functions 

could be more closely associated than initially assumed. Various representative studies 

have shown that ectopic expression of activated Ras is capable of inducing cell death 

under special conditions (Overmeyer and Maltese, 2011). Simultaneously, endogenous 

Ras activation could be a vital checkpoint in cell death pathway initiation, in response to 

pharmacological or environmental stress insults. 

It is proposed that modest Ras activation tends to promote cell growth and anti-

apoptotic signals while excessive and prolonged activation tends to promote cell death 

and growth arrest (Zhu et al., 1998; Vos et al., 2000). Cangol and Chambar have reported 

that the RAS/RAF/ERK pathway, characterized by a prolonged ERK activation, could be 

considered to be a critical cell death promoter, in response to various stress conditions, 
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in a plethora of different cell types (Cangol and Chambar, 2010). However, the subcellular 

localization in which ERK receives sustained activation plays a crucial role in cell death 

induction. Additionally, the ERK signalling pathway could mediate either apoptotic 

processes by induction of mitochondrial cytochrome c release, or autophagic 

vacuolization (Cangol and Chambar, 2010). 

 

2.7  Regulated cell death in unicellular protozoan parasites 

 

 

For higher eukaryotes and metazoans, the possession of genes directly related 

to cell death is perfectly comprehensible and reasonable, while it is questionable how 

such genes could possibly benefit unicellular organisms. The molecular pathways that 

could potentially orchestrate such processes in unicellular parasites including 

Acanthamoeba have not yet been fully understood and described, however there is 

strong evidence for their existence.   

Theoretically, parasitic unicellular organisms could have developed PCD 

pathways as an altruistic behaviour, in order to preserve their population dynamics 

(Welburn et al., 1997; Lee et al., 2002), to avoid killing the host and consequently 

threatening their existence (Zaggler et al., 2002) and finally to avoid any potential 

infection spread by pathogenic bacteria and viruses that could possibly threaten the 

entirely colony’s survival. Apart from these actions, PCD in protozoa might offer a more 

sophisticated way of genetic selection to optimize biological fitness in the offspring.   

Apoptosis-like programmed cell death has been described in numerous 

unicellular microorganisms, including the protist parasites Plasmodium (Al-Olayan, 2002; 

Arambage, 2009; Sinden and Billingsley, 2001), Leishmania (Das et al., 2001) and 

Trypanosoma (Ameisen et al., 1995; Duszenko, 2006) and it was observed that cell death 

in eukaryotic protozoan parasites shared common features with regulated cell death and 

apoptosis in multicellular organisms. These features included nuclear DNA 

fragmentation, cell shrinkage, chromosomal condensation, mitochondrial dysfunction, 
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accumulation of cytochrome c in the cytoplasm, formation of apoptotic bodies and 

phosphatidylserine externalization (Das et al., 2001; Duszenko, 2006).  

Despite the fact that stress signals that lead to apoptotic cell death are the same 

and comprise a variety of agents such as drugs, radiation, temperature or oxidative 

stress, it would be unwise to assume that in both situations the same protein machinery 

and same pathways exist. For example caspases, which are the key players in metazoan 

apoptotic pathways, are absent from protozoan parasites undergoing regulated cell 

death, suggesting a different machinery. Notwithstanding the fact that protozoan 

genomes do not encode caspases, they encode a biochemically relatively close family of 

orthologuous proteins called metacaspases and are present in protists and plant cells. It 

has been proved that metacaspases are capable of playing roles similar to their close 

caspase relatives and they have been also associated with programmed cell death in 

plants and yeast (Sundström et al., 2009; Reape et al., 2010; Madeo et al., 2002; Gutierez 

et al., 2010).  

The established view of metacaspases in protozoan cell death includes their role 

as effector rather than executioner molecules. E-64 and Z-VAD-fmk cysteine protease 

inhibitors have reported to produce a remarkable decrease in DNA fragmentation 

percentage compared to control populations in induced cell death in Entamoeba (Villalba 

et al., 2007; Ramos et al., 2007). Pre-treatment with metacaspase inhibitors such as 

antipain or TLCK also resulted in decreased apoptotic events in Leishmania donovani 

cell death and at the same time, L. donovani metacaspase anti-sense mRNA produced 

a negative response, repressing the signalling cascade (Chowdury et al., 2014). Cysteine 

protease inhibitors and anti-sense mRNA did not increase viability rates, supporting the 

argument for a secondary role for metacaspases in cell death introduction. Moreover, 

when other metacaspases like TbMCA4 (T. brucei metacaspase 4) were expressed in S. 

cerevisiae, transformed cells showed decreased growth, mitochondrial respiratory 

dysfunction and cell death (Szallies et al., 2002). Metacaspases of T. cruzi TcMCA3 and 

TcMCA5, suggesting a potential role in the apoptosis-like cell death of the parasite, have 

been shown to translocate to the nucleus during the induction of cell death and 

simultaneously their overexpression has been found to increase sensitivity to cell death 

induction (Kosec et al., 2006).  
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In general, metacaspases are not certainly involved in protozoan regulated cell 

death induction. Reports mention their crucial role in cell physiology including variable 

cell functions, like cell cycle and stress signalling pathway regulation (Saheb et al., 2015; 

Tsiatsiani et al., 2011; Helms et al., 2006). In Acanthamoeba a type-I metacaspase 

(Acmcp) was identified and was shown to be expressed during encystment. Additionally, 

Acmcp had a close relationship with contractile vacuole regulation, contractile vacuole 

localization and mediated membrane trafficking (Saheb et al., 2013). Whether Acmcp is 

involved in Acanthamoeba cell death is not clear yet, however a crucial role should not 

be ruled out.  

Autophagic cell death could be a possible cell death modality for parasitic and 

non- protozoans, as the subcellular machinery that is essential for autophagy is 

conserved among protists and simultaneously, evidence of an efficient autophagic 

pathway has been confirmed in Leishmania spp and in trypanosomes (Besteiro et al., 

2008; Williams et al., 2006; Li., et al., 2012; Alvarez, 2008). Originally, autophagic 

pathways are exploited as a cell survival mechanism and and cell remodelling during 

differentiation, though under sustained pro-survival signals and simultaneous inhibition 

of anti-survival signals, theoretically autophagy could result in autophagic cell death 

(Brennanda et al., 2011).  

Nevertheless it should be mentioned that null mutation of autophagy genes may 

inhibit vacuolization but not cell death in an in vitro model of autophagic cell death (Costa 

et al., 2004). That fact renders autophagy as a mechanism neither adequate for nor 

essential to autophagic cell induction (Levine et al., 2005). 
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2.8  Amoebicide drugs 

 

 

In this study, 2 different types of amoebicides were used, in order to induce cell 

death in Acanthamoeba cells. G-418 and Polymyxin b were known to have an impact on 

Acanthamoeba viability as Peng et al. had used concentrations of G-418 for the selection 

of transfected Acanthamoeba trophozoites (Peng et al., 2005), while Polymyxin B had 

previously been used to treat Acanthamoeboid infenctions (Wright et al., 1985; John et 

al., 1990). 

 

 

2.8.1  G-418 aminoglycoside 

 

The aminoglycoside antibiotic G-418 is an analogue of neomycin sulphate and 

has an action mechanism comparable to that of neomycin. It is produced by 

Micromonospora rhodorangea and is reported to be toxic to prokaryotes (Mingeot et al., 

1999), mammalian cells (Bacon et al., 1990) and protists (Gokhale, 2008). It can be used 

either as an infection treatment agent or for selection of genetically engineered cells after 

gene transfection in laboratory research. Vectors containing the G-418 resistance gene 

are usually used for gene transfection in eukaryotes, with selection of transfected cells 

based upon cultivation in the presence of G-418. 

G-418 typically enters the cells by endocytosis, pinocytosis or cationic membrane 

permeation. It inhibits polypeptide synthesis by blocking the elongation stage in both 

prokaryotes and eukaryotes after binding to ribosomes, resulting in cell death and is 

among the most commonly used antibiotics world-wide. Furthermore, in mammals and 

eukaryotes G-418 has been associated with caspase activation, cytochrome c release, 

increase in poisonous ROS levels, activation of c-Jun N-terminal kinases (JNKs) and 

finally, protein cleavage by calpains (Dehne et al., 2002). Additionally, G-418 was shown 
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to rapidly accumulate in ER, where it might mediate ER stress (Jin et al., 2004), which in 

turn could result in intracellular calcium rise or release of unfolded pro-apoptotic proteins 

and subsequent induction of cell death. Furthermore, G-418 has been previously used to 

induce cell death to Entamoeba histolytica (Villalba et al., 2007).  

 

2.8.2 Polymyxin b (PMB) 

 

Polymyxin b (PMB) is a cationic antibiotic commonly used against Gram-negative 

bacteria. It is produced from Bacillus polymyxa bacteria and has a positive action in outer 

cell membrane structure destabilization. PMB alters the outer membrane permeability as 

a consequence of its attachment to the negatively charged site in the lipopolysaccharide 

layer. As a result, water from the extracellular environment enters the cytoplasm, which 

in turn leads to total cell breakage.  

PMB has been used successfully in combination with other antibiotics in 

Acanthamoeba Keratitis patients (John et al., 1990), however its action mechanism has 

not been described in depth. It is furthermore characterized by high neurotoxicity and 

nephrotoxicity (Neiva et al., 2013). PMB has been reported to mediate caspase-

dependent apoptosis in kidney proximal tubular cells (Azad et al., 2013, 2015).  
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2.9  Aims of the study 

 

 

The current antimoebic strategies related to Acanthamoeba infections are mainly 

characterized by multiple and adverse side effects including acute inflammatory 

responses, increased host cell cytotoxicity and incomplete microorganism elimination. 

However, the perspective of a controlled and selective RCD induction in Acanthamoeba 

cells could be considered as extremely beneficial to microorganism-persistent treatment, 

by diminishing undesirable and toxic effects of administered drugs. Simultaneously, 

manipulation of PCD pathways could be considered as the most efficient and targeted 

therapeutic approach not only for Acanthamoeba infections but also for other 

microorganism infections that share common charateristics. 

Although different types of regulated cell death have been extensively studied in 

mammalian cells and higher eukaryotes, only in recent years have RCD mechanisms 

been closely associated and reported in numerous taxa of unicellular organisms, such as 

protists. It has been shown that apoptosis-like mechanisms in protozoa share numerous 

biochemical and morphological characteristics with apoptosis in multicellular organisms. 

Nevertheless, both evolutionary clarification and signaling pathways involved in 

protozoan RCD are poorly understood and identified. 

Manipulation of RCD pathways provides a novel therapy potential that has been 

evaluated in many unicellular protozoa but never in the genus of Acanthamoeba. Taking 

into consideration that other amoebae in the kingdom of protozoan and eukaryotes quite 

similar to Acanthamoeba can undergo programmed cell death (Nuewga et al., 2004; Al-

Olayan et al., 2002) it was easily assumable that amoebae of the genus of Acanthamoeba 

might undergo programmed like cell death procedures likewise. 

The main objective of the study was the detection, identification and 

characterization of any possible evidence that could suggest the existence of a conserved 

apoptotic, or programmed cell death pathway in Acanthamoeba. As was previously 

reported, protozoan programmed cell death shares common features with PCD and 
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apoptosis in multicellular organisms. Consequently, observations of specific 

morphological, biochemical and molecular characteristics such as alterations in the 

cytoskeleton of the amoebae, nuclear changes in chromatin condensation, DNA 

fragmentation, fluctuations in the concentration of intracellular ions and cations, 

mitochondrial dysfunction, release of pro-apoptotic agents into Acanthamoeba cytosol 

and relative overexpression or underexpression of genes associated with programmed 

cell death could verify the hypothesis.  

Identification of apoptotic or any other kind of regulated cell death features, 

including primarily morphological, secondly biochemical and thirdly molecular 

characteristics, might be indicative of a more complex, conserved death-signalling 

pathway. A potential understanding of Acanthamoeba cell death triggering mechanisms 

and pathways will provide the possibility of identifying targets for therapy, not only limited 

to Acanthamoeba infections but also for many other parasitic microorganisms that share 

common programmed cell death mechanisms and characteristics.  
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Chapter 3 

 

Materials and Methods 

 

All chemicals used in experimental procedures were purchased from Sigma, 

except those that are stated differently. 

 

3.1 Culture Media  

 

3.1.1 Neff’s saline Buffer (NSB): 

NaCl 0.01% (w/v), MgSO47H2O 0.0004% (w/v), CaCl2 0.0004% (w/v), Na2HPO4 0.014% 

(w/v), KH2PO4 0.013% (w/v). 

 

3.1.2 AX2 media: 

Tryptone 14.3% (w/v), Yeast extract 0.715% (w/v), Glucose 1.54% (w/v) Na2HPO4 

0.051% (w/v), KH2PO4, 0.0486% (w/v), pH=6.5 

 

3.1.3 Lysogeny broth (LB): 

Prepared as Invitrogen’s Lysogeny Broth Base according to the manufacturer’s 

instructions. 

 

3.2 Bacterial culture 

3.2.1  Escherichia coli  

E. coli was grown overnight in LB media, at 37°C in a shaking incubator.  
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3.2.2  Bacterial cryopreservation 

 

  Bacteria were grown to logarithmic phase and centrifuged. Supernatant was 

discarded and fresh media with 20% glycerol was added to the bacterial pellet, which 

was transferred to cryogenic tubes. Bacteria were stored at -20°C overnight, before being 

transferred to -80°C. 

 

3.3  Acanthamoeba cultures 

  

3.3.1  Acanthamoeba isolation 

 

This technique has been undertaken with special precautions and care, as 

members of the genus of Acanthamoeba are potentially pathogenic to humans. 

First, small quantities of approximately 10g soil samples, from highly organic 

substrates in George Square gardens, University of Edinburgh, Edinburgh, Scotland, 

were collected and dissolved carefully in Neff’s saline buffer, placed on a non-nutrition 

2.0% agar plate (2% agar; 98% sterile Neff’s saline buffer) and left overnight at room 

temperature. Pieces of 2-3 cm3 were removed with the use of a scalpel and placed upside 

down on a second fresh no-nutrient 2.0% agar plate onto which E.coli bacteria had been 

spread and allowed to dry for a few hours. By this means, bacteria, metazoans, 

nematodes and other non-crawling protists were excluded, as they were trapped under 

the pieces of agar while amoebae were free to spread and consume the existing E.coli. 

After a few days of incubation at room temperature, amoebae had grown parametrically 

of the agar block forming a growth ‘’ring’’ that was visible to naked eye. Continuing their 

course to the agar plate edges amoebae consumed the available bacterial substrate and 

gradually formed cysts as a result of desiccation and lack of food.  
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Later, small blocks of 2-3 cm3 were excised, after microscopic examination in 

order to transfer only one kind of cyst and the entire process repeated with a new 2.0% 

no-nutritient and 50μg/mL carbenicillin agar plate, covered by heat-killed E.coli bacteria 

(incubated for 15 minutes at 65℃). After that step the culture was almost clonal, however 

the process was repeated once again for further accuracy. Finally, once amoebae formed 

cysts, they were transferred with the use of an inoculation loop to AX2 media and grown 

axenically presence of 50 μg/mL carbenicillin and 100 μg/mL ampicillin. After 

approximately 6 to 7 days of incubation at room temperature amoebae were cultured 

routinely without any sign of potential contamination. 

 

3.3.2 Axenic Acanthamoeba Cultures 

 

Acanthamoeba trophozoites (ATCC 50492; genotype T4; Neff’s strain and G.S. 

isolate) were routinely cultured in a sterile AX2 medium, at room temperature or at 30ºC. 

T-25, T-75, T- 125 corning flaks, 6, 12, 24 well plates or even sterile Erlenmeyer flasks, 

were used to Acanthamoeba growth. Occasionally, antibiotics were added to 

Acanthamoeba cultures (approx. 50 μg/mL carbenicillin; 100 μg/mL ampicillin). 

 

3.3.3  Acanthamoeba cryopreservation  

 

Acanthamoeba were centrifuged at 500 g for 10 minutes and afterwards 

supernatant was discarded. The pellet was diluted in AX2 media in the presence of 10% 

DMSO and cultures were transferred immediately to sterile cryogenic vials. Initial 2 hours 

room temperature incubation was followed by overnight storage at -20°C. Subsequently, 

Acanthamoeba cells were stored at -80°C for long periods.  

 



 
Acanthamoeba Programmed Cell Death  

 

Page | 70  
 

 

Figure 3.1: Schematic representation of Acanthamoeba isolation. 
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3.4  Acanthamoeba viability curves by Trypan blue exclusion assay 

 

Viability curves of trophozoites were determined in the absence (Untreated: UN) 

or presence of 100, 200 μg/mL G-418 and 10, 100 μg/mL Polymyxin b, by the Trypan 

blue exclusion assay in various buffers and temperatures (0.4 mL TB 0.4%; 0.6 mL cell 

suspension). Nonviable cells with permeable membranes selectively absorb the dye, 

rendering their cytoplasm blue-coloured while at the same time, live cells with intact 

membranes remain uncoloured. Cell viability (%) was measured as: 

 

𝑻𝒐𝒕𝒂𝒍 𝑽𝒊𝒂𝒃𝒍𝒆 𝑪𝒆𝒍𝒍𝒔

𝑻𝒐𝒕𝒂𝒍 𝒏𝒖𝒎𝒃𝒆𝒓 𝒐𝒇𝒄𝒆𝒍𝒍𝒔
×100 

 

Cells were counted in a haemocytometer under bright field in a light microscope. 

Data were expressed as the mean ± SD of three independent experiments. Statistical 

significance analysis between treated and untreated trophozoites was analysed by 

Student’s paired t-test, one tail distribution, P<0.05, (Excel, Microsoft office). 

 

3.5  Microscopy 

 

3.5.1 Optical microscopy 

 

Acanthamoeba cultures and cells were observed and monitored under a Leica 

DM IRB inverted microscope. A Canon EOS 1100D camera was plugged into the Leica 

microscope rendering photographs and video feasible. EOS utility software was used to 

capture, store and analyze the images. 
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3.5.2  Time-lapse video microscopy 

 

Images were taken at pre-regulated fixed manner and time from treated 

Acanthamoeba cells to observe progression of cell death. EOS utility software was used 

to capture, store and analyze the images. 

 

3.5.3  High-contrast quantitative imaging and microscopy 

 

High-contrast microscopy was used to analyze morphological features of 

Acanthamoeba PCD. High-contrast microcopy experiments were completed by 

Livecyte™ which is a system for live cell analysis that enables Kinetic Cytometry. This 

equipment produces quantitative data without the need for cell labelling with at the same 

time the analysis of morphological and kinetic behavior of robotically followed individual 

cells over hours or days. The primary idea behind this function employment is 

ptychography which generates high-contrast, high-fidelity images without halos or 

speckling, which after adequate processing enables direct measurement of the physical 

properties of a cell. Furthermore, the Livecyte system allows a stable regulation of outer 

conditions such as temperature, humidity and CO2 levels, as it is mounted in a special 

incubator. 

Livecyte is a combinatorial system that provides the appropriate hardware and 

software needed for further analysis. Briefly, the system comprises a transmission 

inverted microscope, 4X to 40X objectives, 6 position turret, LED illumination for bright 

field/fluorescence imaging, bright field, ptychographic phase and fluorescence 

modalities, 120mm x75mm travel, sCMOS camera for high sensitivity phase and 

fluorescence. 

Briefly, Acanthamoeba were grown on a 12-well plate to confluency. 75 µg/mL 

(EC90) G-418 was added to half of the wells (treated population) and the other half used 

as controls (untreated population). Later the plate was placed carefully in the incubator 
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and the microscope was set up to take pictures every 20 minutes from every well at a 

predefined region at 10X and 20X magnification. 

Experiments were conducted under the supervision and auspices of 

Phasephocus at the University of York, York, England, U.K. Technical support was also 

provided.  

 

3.5.4 Confocal Microscopy (CM) 

 

Acanthamoeba cells were fixed on slides in order to examine nuclear pyknosis, 

chromatin condensation and DNA alterations. Later, slides were examined under an 

epifluorescence microscope Nikon A1R, standard fluorescence detector wavelength 400-

750 nm; pixel size: max. 4096 x 4096 pixels; A1-DU4 4 detections units; Epi-Filter cube 

DAPI; Excitation⁄Emission (nm):350⁄461 by NIS Elements software. Picture analysis was 

later processed primarily by Image analysis Software Imaris and secondly by ImageJ. 

 

3.6  Fluorescence techniques  

 

 3.6.1  Intracellular [Ca2+]c concentration 

 

Alterations in the intracellular levels of calcium ions [Ca2+]c after induction of cell 

death were monitored by the fluorescent probe Fura-2, a ratiometric dye that binds to free 

Ca2+ (Takahashi et al., 1999). Membrane permeant Fura 2/AM (pentaacetoxymethyl 

ester) which was applied, is Ca2+-insensitive however, when inside the cell, esterases 

cleave the AM group rendering Fura 2 and Ca2+ association possible. Amoebae were 

initially cultured routinely in a 6-well plate. After 0-30-60-90-120-150 minutes of treatment 

accordingly with G-418 75 μg/mL and 10μg/mL Polymyxin b, trophozoites were harvested 

and washed twice in N.S.B. at 500 x g for 5 minutes at room temperature. Later, 
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trophozoite pellets were resuspended in Fura 2/AM loading buffer containing 6μM Fura 

2AM, 116 μM NaCl, 5.4 μM KCl, 0.8 μM MgSO4, 5.5 μM D-glucose, 0.05 M HEPES, 

pH=7.4 for 30 minutes at 37°C with occasional agitation (Chowdhury et al., 2014, Villalba 

et al., 2007). Afterwards trophozoites were centrifuged and washed with 1 mL N.S.B. 

twice to remove extracellular dye. 150 to 180 μL of the final trophozoite suspension were 

transferred to a cuvette already containing 1.850 mL (approx. 5×104 mL-1 cells) 

phosphate saline buffer. Fura 2-loaded trophozoites were excited at 340/380 nm and 510 

nm emission measured in a Perkin-Elmer Fluorimeter. The Ca2+ was determined at room 

temperature based on the following equation.  

 

[𝑪𝒂𝟐+] = 𝑲𝒅 × 𝜷 ×
[𝑹 − 𝑹𝒎𝒊𝒏]

[𝑹𝒎𝒂𝒙 − 𝑹]
 

 

Where, R= sample ratio fluorescence Rmin= zero calcium conditions (EGTA 10μM), Rmax= 

calcium-saturated conditions (CaCl2 10mM + 10μM Ionomycin), β= ratio of Rmin/Rmax at 

380nm, Kd= 224 nM at 30°C. Data were analysed with Biolight Luminescence system BL 

studio 1.04.01 and were expressed as the mean ± SE of three independent experiments. 

 

3.6.2  Intracellular pH measurement (pHi) 

 

Variations in the intracellular pHi are significant parameters in physiological cell 

functions since they affect numerous metabolic processes such as cell growth, 

differentiation, enzymic activity, receptor-mediated signal transduction, ion transport, 

endocytosis and other cellular processes. In order to monitor intracellular pH fluctuations, 

BCECF-AM acetomethyl ester was used (on the same principle as Fura-2AM). BCECF 

is a fluorescent dye that responds to pH alterations and is the most widely used 

fluorescent indicator for measuring cytosolic pH. The excitation spectrum of the dye 

experiences a slight alteration with pH variation, whereas the wavelength of the emission 
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maximum remains unaffected. Generally, at low pH, BCECF has a low fluorescence 

intensity and the fluorescence signal rises with rising pH. 

Briefly, Acanthamoeba were cultured routinely in a 6-well plate. AX2 media was 

removed and replaced with Neff’s saline buffer plus a defined amount of PMB. After 

treatment for 30-60-90 minutes with 10μg/mL Polymyxin b, trophozoites were harvested 

and washed twice in Neff’s saline buffer and centrifuged at 500 x g for 5 minutes at room 

temperature. Later, Acanthamoeba trophozoites were resuspended in BCECF loading 

buffer containing: 10μM BCECF, 14 mM KCl, 10μM CaCl2, 0.05 Μ HEPES, for 30 minutes 

at 37°C. Trophozoites were washed with Neff’s saline buffer twice to remove extracellular 

dye and resuspended in 1mL of fresh Neff’s buffer. Approximately, 5 x104 mL-1 cells in 

2mL NSB Vfinal were used to determine the signal ratio of emission intensity at 535 nm 

when the dye is excited at 490 nm and at 440 nm (Kracke, 1992). More specifically, 

intracellular pH was determined based on the following equation: 

 

 [H+]=Ka (R-RA)/(RB-R)×f 

 

Where, f=facidic440/fbasic440, R = signal ratio of excitation 490 and 440 nm with emission at 

535 nm, Rmin = basic conditions, Rmax= acidic conditions, pKa= 6.97 (Rink et al., 1982; 

Ozkan and Mutharasa 2002). Data were analyzed with a Biolight Luminescence system, 

BL studio 1.04.01 were expressed as the mean ± SE of three independent experiments. 

 

3.6.3  Hoechst staining protocol and Hoechst fluorescence intensity 

 

Hoechst 33342 nucleic acid stain is a common cell-permeant nuclear counterstain 

that emits blue fluorescence when bounds to ds DNA. The fluorescent emits blue-cyan 

fluorescent light around 461 nm when excited with ultraviolet light at 350 nm. It is primarily 

used to detect changes in DNA and chromatin structure during the cell cycle, however 



 
Acanthamoeba Programmed Cell Death  

 

Page | 76  
 

lately it has been used to detect and to characterize nuclei in apoptotic and non-apoptotic 

cells. Hoechst staining is less toxic than DAPI but it is more cell-permeant at the same 

time.  

Hoechst 33258 was first used for this experiment but failed dramatically and 

constantly to bind to Acanthamoeba trophozoite dsDNA despite the numerous 

concentrations, buffers, incubation periods and fixation techniques that have been 

applied. Surprisingly Hoechst 33258 showed greater affinity for the Acanthamoeba 

cytoplasm than Acanthamoeba nucleus.  

Briefly, Acanthamoeba trophozoites were cultured in a 6-well plate to confluency.  

Later they were washed twice with NSB, treated with 75 μg/mL (EC90) G-418 in Neff’s 

saline buffer and incubated at 37ºC for preschedule periods of time (0 to 8 hours). 

Amoebae were removed from plates and centrifuged at 500 g for 5 minutes. Pellets were 

washed once with Neff’s saline buffer and 4% paraformaldehyde (PFA) for 15 minutes at 

room temperature was applied in order to fix Acanthamoeba trophozoites (PFA 10% was 

freshly produced on the day of experiments). Cells were washed again with Neff’s saline 

buffer and centrifuged at 500 g for 5 minutes. 10μM Hoechst 33342 (final concentration) 

was applied and trophozoites incubated at 37°C in dark for 30 minutes. Loaded cells were 

washed once with 1 mL Neff’s saline buffer to remove excess dye. 20-50μL of the final 

suspension were applied to labelled slides with mounting media. Slides were left 

overnight in a dark chamber to dry out and were observed by confocal microscopy the 

next day. The identical Hoechst 33258 staining protocol was followed in order to detect 

changes in chromatin condentation in caffeine treated Acanthamoeba trophozoites with 

the difference that amoebae were treated with 10 μΜ caffeine in NSB at room 

temperature for 24 hours.  

Slides were examined under an epifluorescence microscope (Nikon A1R). 

DAPI filters were applied in order to detect fluorescence. Picture analysis was later made 

primarily by Image analysis Software Imaris and ImageJ. Emission signal intensity of 

Hoechst 33342 was monitored and measured by a LS55 ElmerPerkin luminescence 

spectrometer when excited at 500nm.  Fluorescence data were analysed with Biolight 

Luminescence system BL studio 1.04.01. Experiments were repeated at least 3 times 
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and data expressed as the mean ± SE, student’s paired t-test, one tail distribution, 

P<0.05, (Excel, Microsoft office). 

 

3.6.4  CTC- Formazan accumulation and fluorescence intensity 

 

CTC (5-cyano-2,3-ditolyl tetrazolium chloride) is a permeant, colorless, non-

fluorescent redox dye which has been widely used to determine the respiratory activity of 

microorganisms (Winding et al., 1994; Christensen et al., 1980; Kobayashi et al., 2012; 

Rodriguez et al., 1992; Cook and Garland, 1996, Itturiaga et al., 2001). Generally, CTC 

acts as redox partner instead of the terminal electron acceptor, oxygen (Creach et al., 

2003) and is enzymatically reduced via electron transport process to a detectable, red 

fluorescent, insoluble CTC-formazan derivative (CTF), which accumulates intracellularly. 

CTC-loaded, healthy and respiring Acanthamoeba will reduce CTC to CTF while at the 

same time, dead or mitochondrially inactive cells will show minimal reduction and 

subsequently, diminished fluorescence.  

CTC staining has been (Rodriguez et al., 1992; Itturiaga et al., 2001) reported to 

be toxic to cell therefore, CTF represents an index of respiratory activity for a specific 

period of observation. CTC was dissolved in deionized water to prepare 25 mM stock 

solution. 

 Briefly, trophozoites were grown in a 6-well plate, treated with 75 μg/mL (EC90) G-

418 in Neff’s saline buffer and incubated at 37°C for a prescheduled period of time (0 to 

6 hours). Later amoebae were removed from plates and centrifuged at 500 g for 5 

minutes. Cells were washed again with Neff’s saline buffer, centrifuged at 500 g for 5 

minutes and 5 mM (final concentration) of CTC applied. Cells were incubated at 37°C in 

the dark for 30 minutes and finally washed once again with 1 mL Neff’s saline buffer to 

remove excess dye. Cells were fixed with 4% paraformaldehyde for 20 minutes in the 

dark at room temperature. Finally 20-50μL of the final samples were applied to labelled 

slides with mounting media. Slides were left in the dark overnight to dry out at 4°C and 

observed by confocal microscopy the next day. Slides were examined under an 



 
Acanthamoeba Programmed Cell Death  

 

Page | 78  
 

epifluorescence microscope Nikon A1R; (IMPACT - Image analysis, Multiphoton and 

confocal technologies, CIP, The University of Edinburgh, Scotland, U.K.) Pixel size: max. 

4096 x 4096 pixels; A1-DU4 4 detections units; Epi-Filter rhodamine red; 

Excitation⁄Emission (nm): 480⁄630 by NIS Elements software. For the fluorescence 

spectrophotometric analysis 100μL of the sample were diluted in a cuvette containing 

1900 μL ddH20 (approx. 5 ×104 mL-1 cells). Emission signal intensity was measured in a 

LS55 ElmerPerkins luminesce spectrometer when excited at 480 nm. Fluorescence data 

were analysed with Biolight Luminescence system, BL studio 1.04.01. Experiments were 

repeated at least 3 times and data were expressed as the mean ± SE, student’s paired t-

test, one tail distribution, P<0.05, (Excel, Microsoft office). 

Figure 3.2: CTC reduction to red CTF 

 

 

3.6.5  Plasma membrane permeability  

 

SYTOX Green Nucleic Acid Stain is a bright, high-affinity nucleic acid stain that 

easily penetrates cells with compromised plasma membranes. However, it is incapable 

of crossing intact membranes of live cells. Cells with compromised cell membrane will 
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absorb higher amounts of the dye so analogously will present a higher fluorescence 

signal, while live and healthy cells present minimal fluorescence intensity. 

Briefly, after culture to confluency at room temperature, trophozoites were treated 

with 75 μg/mL G-418 in Neff’s saline buffer and incubated at 37°C for prescheduled 

periods of time (0 to 6 hours). Later amoebae were removed from plates and centrifuged 

at 500 g for 10 minutes. Cells were washed again with Neff’s saline buffer and centrifuged 

at 500 g for 5 minutes and 2μM (final concentration) of SYTOX Green Nucleic Acid Stain 

was applied. Cells were incubated at 37°C in the dark for 30 minutes and finally washed 

twice with 1 mL Neff’s saline buffer to remove excess dye. Positive control of 

compromised cell membranes was created by treatment with 2.5% of Triton X-100 for 1 

minute and gentle agitation. For fluorescence spectrophotometric analysis 100μL of the 

sample were diluted in a cuvette containing 1.9 mL ddH2O (5 ×104 mL-1 cells) and the 

emission signal intensity measured at 523 nm in a LS55 ElmerPerkins luminesce 

spectrometer with excitation at 504 nm. Fluorescence data were analysed with Biolight 

Luminescence system, BL studio 1.04.01. Experiments were repeated at least 3 times 

and data were expressed as the mean ± SE, student’s paired t-test, one tail distribution, 

P<0.05, (Excel, Microsoft office) 

 

3.6.6 Mitochondrial membrane potential ΔΨm 

 

Mitochondrial membrane potential (ΔΨm) was monitored using JC-1 dye, tetra-

ethyl-benzimidazolyl-carbocyanine iodide, a lipophilic cation which accumulates in 

energized mitochondria, to measure the mitochondrial membrane potential. At low 

concentrations and with a low ΔΨm, JC-1 is largely a monomer that emits green 

fluorescence at 530 ± 15 nm. At high concentrations and high ΔΨm, the dye JC-

aggregates yield a red to orange coloured emission at 590 ± 15 nm. Consequently, a 

reduction in the aggregate fluorescence is indicative of depolarization and MOM 

permeabilization, while an upsurge indicates hyperpolarization. 
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As previously described Acanthamoeba trophozoites were treated with 75 μg/mL 

G-418 for predefined periods of time, harvested and washed twice with N.S.B. After 

centrifuging at 500 x g cells were suspended in N.S.B containing 6μM JC1 and left for 20 

minutes at 37ºC in the dark. Later, trophozoites were washed twice in NSB with 

centrifugation for 5 minutes at 500 x g and used immediately for JC-1 measurement. Cells 

were analyzed by fluorescence microscopy using FITC (490-540 nm) and JC-1 (580-610 

nm) emission filters and spectrophotometrically at 488nm nm. The Data are expressed 

as the mean value of three experiments ± SE. The ratio of the reading at 610 nm to the 

reading at 540 nm was considered as the relative ΔΨm value. Data obtained with the JC-

1 spectrophotometer give a relative measure of mitochondrial membrane potential and 

could not be used for absolute measurements of membrane potential in millivolts. 

 

  

Figure 3.3: Mitochondrial membrane potential depolarization based on JC-1 

fluorescence signal. J aggregates emit maximally at 610 nm, while the monomer emits 

maximally around 530 nm. Decreased intensity of J-aggregates signal indicates low ΔΨm 

and MOM permeabilization. 
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3.7 Molecular biology techniques 

 
 
3.7.1 DNA extraction from Acanthamoeba (J. Lorenzo- Morales et al., 2005) 
 

 

DNA extraction from Acanthamoeba was performed following a modified phenol 

chloroform technique. Briefly, amoebae were collected in Eppendorf tubes and 

centrifuged at 500 g for 10 minutes. Supernatant was discarded and cells were re-

suspended and washed once with 1 mL of N.S.B. Supernatant was discarded and 500 μl 

of lysis buffer (30 mM Tris-HCl pH 7.4, 5 mM EDTA, 100 mM NaCl and 1% SDS) were 

added to the pelleted cells in addition to 10 μl of proteinase K (1 mg/ml). The mixture was 

incubated at 60ºC for at least 2 hours with occasional agitation. Later, the mixture was 

heated to 95ºC for 10 minutes to denature protein kinase K.  

 500 μl of buffered phenol, pH7.8, were added into the mixture and mixed gently 

and the sample was centrifuged at 10000 g for 10 minutes at 4ºC.  The aqueous phase 

was transferred to a new tube and an equal volume of phenol pH7.8 was added and 

these steps repeated once. Later, the aqueous phase was transferred carefully to a new 

clean tube and was treated with 500 μl chloroform and mixed gently. The sample was 

centrifuged at 10000 g for 10 minutes at 4ºC and the aqueous phase was transferred to 

a new tube in order to repeat the chloroform step and centrifuged once again. Finally the 

top phase was transferred to a new tube where 500 μl of ice-cold isopropanol and 100 μl 

of 3 M sodium acetate were added. The mixture was mixed gently and left overnight at -

20ºC. The next day, the sample was centrifuged at maximum speed for 30 minutes at 

4ºC, supernatant was discarded and tubes were left to dry out at room temperature. The 

pellet was resuspended in 30μl of ddH20. Lastly, the DNA concentration was determined 

using a NanoDrop 2000 (Thermo Fisher Scientific). 

 

3.7.2  PCR for 18S rDNA amplification 

 For the identification of the newly isolated amoeba (GS isolate), the 18S rDNA 

fragment was amplified by PCR. Two pairs of primers were used (see table 3.1): JDP1 
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and JDP2, specific for the ASA.S1 region and Euk 18S for the whole 18S gene (Corsaro 

et al., 2010; Weekers et al., 1994; Dyková et al., 1999; Schroeder, 2001). 

 

Primer Fragment Species Size 

(bp) 

Sequence 

JDP1 ASA.S1F Acanthamoeba 500 GGCCCAGATCGTTTACCGTGAA 

JDP2 ASA.S1R Acanthamoeba 500 GACTCCCCTAGCAGCTTGTGAG 

Euk18sF 18s rDNA Acanthamoeba 2000 GACTGGTTGATCCTGCCAG 

Euk18sR 18s rDNA Acanthamoeba 2000 TGATCCTTTCGCAGGTTCAC 

 

Table 3.1: 18S rDNA primers information 

The PCR reactions were performed using Promega’s GoTaq Green Master Mix 

containing 20-30 ng of DNA in Vfinal = 50μl or by using components separately (Table 3.2). 

 

Components Final Volume Final Concentration 

Go Taq reaction buffer 10μl 1X (1.5mM MgCl2) 

PCR Nucleotide Mix, 

10mM each 

 

1μl 

 

0.2mM each dNTP 

upstream primer 2μl 1μΜ 

downstream primer 2μl 1μΜ 

GoTaq® DNA Polymerase 

(5u/µl) 

0,25 μl 1.25u 

template DNA Approx. 10 μl 10-20ng 

Nuclease-Free Water to 50μl  

 

Table 3.2: PCR components: final volume and concentration 
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Amplification conditions were as follows: one denaturing initial cycle at 95°C for 5 

minutes, 35 cycles at 95°C for 1 minute, followed by 58°C (annealing) for 1 min, followed 

by 72°C for 2 minutes (extension), finalizing with 7 min of 72°C final elongation. 

 

3.7.3  PCR purification 

 

For better quality and purity, PCR products were purified with QIAquick PCR 

Purification Kit (QIAGEN) and QIA quick Gel Extraction Kit (QIAGEN) following the 

manufacturer’s instructions.  

 

3.7.4  DNA and RNA electrophoresis  

 

DNA and RNA electrophoresis were performed on a BIO-RAD horizontal 

electrophoresis unit, in 0.8%, 1.0%, 1.5%, 1.8%, 2.0% agarose gel at 80 or 90 V with 

TAE buffer in room temperature. RNA electrophoresis was performed in 4℃. Gels were 

stained either before or after electrophoresis with 1X SYBR-Safe (Invitrogen). A Track-it 

100 bp ladder (Invitrogen) was used to determine the size of the fragments. DNA 

fragments were later extracted from agarose gel and purified using QIAquick Gel 

Extraction Kit (QIAGEN) following the manufacturer’s instructions. 

 

3.7.5  18S rDNA Sequencing  

 

Sequencing was performed by Edinburgh Genomics at The University of 

Edinburgh using an ABI 3730 capillary sequencing instrument. The sequencing was 

performed using the original PCR primers which were provided along with the samples.  
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3.7.6 Acanthamoeba RNA extraction 

 

Extraction of Acanthamoeba (GS isolate) RNA was performed using RNeasy Mini 

Kit (QIAGEN) following manufacturer’s instructions. The RNA was extracted under 

diverse treatment conditions depending on the experiment (Table 3.3). Generally, 

amoebae were collected by centrifugation at 500 g for 10 minutes in 1.5 mL sterile tubes. 

Supernatant was discarded and pellet was re-suspended in lysis buffer. Final RNA 

volume was 30 μl from which 5 μl were kept from each sample for quality and quantity 

analysis. Samples were kept at -20°C for a limited period of time before further 

processing.  

 

3.7.7  Acanthamoeba RNA quantification and qualification  

 

Quality analysis was performed after running the samples (approx. 2μl RNA+1μl 

loading dye +2μl ddH20+) in a 1.2% agarose pre-stained gel at 4ºC while the quantity was 

measured with a Qubit 2.0 fluorimeter using a RNA BR assay kit. Briefly, 10 µL standards 

or diluted RNA were mixed with Qubit® Working Solution and incubated for 2 minutes at 

room temperatures. The two standards have 0 ng/µL and 10 ng/µL RNA, respectively. 

The relative fluorescence was plotted against the two concentrations in order to obtain 

the calibration curve. 2μl of each initial sample was diluted in 198 μl of Qubit working 

solution and incubated at room temperature for 2 minutes. Concentration values were 

finally calculated by the fluorimeter built-in software using a simple equation. Each 

sample concentration was given in ng/mL. Recommended concentration per sample was 

set to 37 ng/ml.    
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3.7.8   Illumina RNA sequencing workflow 

 

Illumina RNA sequencing provides accurate, quick and large-scale sequencing in 

a minimum time followed by high accuracy data collection. It is divided into 4 major 

phases including sample preparation, cluster generation or clustering, sequencing and 

data analysis. 

 

 

3.7.8.1 Acanthamoeba cDNA libraries and sample preparation 

 

After RNA isolation, the samples contain many RNA types such as ribosomal RNA 

(rRNA), precursor messenger RNA (pre-mRNA), mRNA, miRNA and numerous types of 

non-coding RNA (ncRNA). Non-removal of the rRNA, which comprises approximately 

90% of the whole RNA, before cDNA library construction will result in limited detection of 

less abundant RNAs and subsequently to weakened detection of expressed genes. 

Taking into consideration the fact that efficient removal of rRNA is a crucial first step for 

a successful transcriptome profile analysis, the downstream process is focused on 

enriching mRNA by selecting poly-adenylated (poly-A) RNAs, before library construction. 

This is mainly achieved by modified poly-T oligos which target the 3’ poly-A tail of mRNA. 

After cDNA synthesis adapters are attached to the DNA fragments. These adapters 

include sequence binding site, indices and regions complementary to flow cell oligos 

(Chaitankar et al., 2016), (Figure: 3.4). 

 

3.7.8.2  Clustering 

 

Clustering is a process were every DNA fragment is isothermally amplified after 

attachment to flow cell’s complementary sequence (Figure 3.4). Briefly, once libraries 
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have been set, hundreds of millions of DNA templates are hybridized to an eight-line flow 

cell that comprises a layer of covalently attached (immobilized) oligonucleotides 

complementary to the oligo-adapters that were introduced in the library cDNA stage 

(Corney et al., 2013; Fedurco et al., 2006; Chaitankar et al., 2016). Afterwards, high-

fidelity DNA polymerases extend primers from 3’-ends while a denaturing stage removes 

the original template, leaving the copies immobilized on the cell surface. Later DNA 

templates are looped to complementary neighbor oligos forming a bridge. DNA 

polymerases replicate the templates from the hybridized oligos, forming dsDNA bridges, 

which are finally denatured to form dsDNA. Bridge amplification is repeated 

approximately 20 to 25 times and results in clusters of DNA replicates in which 50% 

represent the forward and 50% the reverse orientation. Repetition of the process by 

cycles of isothermal amplification and denaturation generate millions of copies, 

comprising approximately 2,000 molecules (Corney et al., 2015). The flow cell encloses 

more than 200 million clusters, with approximately 103 molecules per cluster (Figure 3.4; 

3.5). 

A lower or higher cluster density could result in unexpected reads and 

subsequently in erroneous comparisons and faulty outcomes. Reaching an ideal cluster 

density is therefore crucial, as it will define the number of reads obtained.  Finally, the 

reverse strands are cleaved and removed and only the forward strands are used for 

sequencing. 
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Figure 3.4: cDNA library preparation and illumina adapter’s ligation. 

 

Figure 3.5: Simplified clustering procedure.
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3.7.8.3  Sequencing  

  

During sequencing, solutions of fluorescent labeled and reversible terminated 

nucleotides are added to run across the lanes of the flow cell, allowing their incorporation 

to the new DNA strand composition (Chaitankar et al., 2016). Briefly, a single 

predetermined fluorescent color corresponds to a specific nucleotide which in turn is 

imaged by laser excitation. Later, the fluorescent derivative is cleaved and washed off, 

allowing the incorporation of the next nucleotide. Fluorescence signals are recorded 

constantly by a camera, where powerful processors and programs convert fluorescence 

images to unreadable fastq files that under specific processing could lead later to 

readable DNA sequences. Pair end (PE) sequencing is also feasible in which both ends 

of the DNA template are sequenced resulting in two reads per fragment. This is achieved 

by a second round of bridge amplification where the forward strand is cleaved and 

washed away instead of reverse. This method was followed in this experiment and both 

reads were processed computationally. PE sequencing results in increased map-ability 

for repetitive regions and allows identification of splicing variants and chimeric transcripts.  

 

 

3.7.8.4 Data analysis 

 

Data analysis workflow, which is the final stage of Illumina RNA sequencing 

workflow, are explained thoroughly and methodically in bioinformatics tools and 

methods. 
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Figure 3.6: Illumina sequencing and data processing workflow. 

 

 

3.8  Cytochrome c detection by western blotting 

 

Detection of Acanthamoeba cytochrome c release, was achieved by western 

immunoblotting. Abcam’s Cytochrome c Releasing Apoptosis Assay Kit (ab65311) 

provided an effective way for detecting cytochrome c translocation from mitochondria to 

cytosol during Acanthamoeba cell death. Manufacturers’ instructions were followed. 

Briefly, Acanthamoeba trophozoites were cultured routinely in T-25 flasks for 2 

days at room temperature to confluency. Flasks were washed twice and EC90 G-418 were 
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applied in Neff’s saline buffer. Cells were incubated at 37ºC for a predetermined period 

(0, 1, 3, 6 hours). After treatment Acanthamoeba cells were collected in Eppendorf tubes 

and centrifuged at 500 g for 5 minutes (~ 5 x 105/mL). Cells were washed once with 

N.S.B. and supernatant was removed. 1 mL of 1X Cytosol Extraction Buffer Mix 

containing DTT and Protease Inhibitors was used to re-suspend the pellet and the sample 

was incubated in ice for 10 minutes. Approximately 4-6 cycles of freeze–thaw were 

conducted using dry ice to freeze Acanthamoeba suspension (~4 min) and a tube thermal 

incubator set at 37ºC (~3 min). Cell homogenization was monitored under a microscope 

by applying 2-3μL of cell suspension onto a coverslip.  

Later, the sample mix was centrifuged at 10,000 g for 30 minutes at 4ºC to 

separate the cytosolic and mitochondrial fractions. Supernatant was collected in a new 

Eppendorf tube and labeled as Cytosolic fraction. Pellet was re-suspended in 100 μL 

Mitochondrial Extraction Buffer Mix that contained DTT and protease inhibitors and the 

mixture was vortexed for 10 to 15 seconds and labeled as mitochondrial fraction. All 

samples were stored overnight at -20ºC before further processing.  

 

3.8.1  SDS PAGE  

 

1.0 millimeter, 16% separating and stacking gels were prepared as table 3.4 

indicates. 10% w/v ammonium persulfate was prepared on the day of the experiment. 

Gels were left around 30 to 40 minutes to polymerize. A small amount of ethanol (~1mL) 

was applied on the top of the bottom running gel in order to smooth gel surface, which 

was later rinsed with ddH2O.   

Approximately, 10 μg (Pierce BCA protein assay kit) of each cytosolic and 

mitochondrial fraction isolated from treated and untreated Acanthamoeba trophozoites 

from several time points were mixed with 2X loading buffer consisting of: 10% w/v SDS, 

10 mM dithiothreitol or beta-mercapto-ethanol, 20 % v/v glycerol, 0.2 M Tris-HCl, pH 6.8, 

0.05% w/v bromophenol blue. Later, the mixture was boiled in a boiling water bath for 5 

minutes and loaded on a 15% SDS polyacrylamide gel (Table 3.4a; 3.4b). Electrophoretic 
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separation was carried out in 1X electrode buffer containing 25 mM Tris-HCl, 200 mM 

glycine and 0.1% (w/v) SDS in a BIO-RAD mini protean system, first at 60V and then at 

120 V, at room temperature, until sample tracking dye reached the very bottom of the gel 

(~3 hours), Bio Rad precision plus protein dual colour standard was used to calculate 

protein MW. Finally, gels were stained using Coomassie blue for 45 minutes at room 

temperature and destained gradually with destaining solution (10% v/v acetic acid and 

40% v/v methanol). Coomassie staining was mostly used after protein transfer to examine 

transfer efficiency.  

a) 

Chemicals 15% Separation gel 

Tris buffer (1.5M, pH 8.8) 3.75 mL 

Acrylamide/Bis-acrylamide 

(30%/0.8% w/v) 

8.0 mL 

10% (w/v) SDS  150 μl 

10% (w/v) APS 100 μl 

ddH2O 3.2 mL 

TEMED 10 μl 

Vfinal 15mL 

 

b) 

Chemicals Stacking gel 

Tris buffer (0.5M, pH 6.8) 3.78 mL 

Acrylamide/Bis-acrylamide 

(30%/0.8% w/v) 

2 mL 

10% (w/v) SDS 150 μl 

10% (w/v) APS 75 μl 

ddH2O 9 mL 

TEMED 10 μl 

Vfinal 15 mL 

Table 3.3: Running (a) and stacking (b) gel composition. 



 
Acanthamoeba Programmed Cell Death  

 

Page | 92  
 

3.8.2 Protein transfer 

 

Proteins were transferred from polyacrylamide gel to a 0.4mm PVDF membrane 

by electric current through an orientated scaffold of sponges and filters. More specifically, 

a freshly transfer buffer (Tris-Glycine-Methanol; TGM) was created containing 25 mM 

Tris, 192 mM glycine and 10% methanol and stored at 4ºC. After electrophoresis, gels 

were washed twice in TGM for 5 minutes at room temperature to remove SDS and salts, 

while PVDF membranes were soaked in 100% methanol for 1 minute at RT. The protein 

gel was then placed between PVDF membrane and filters as shown in figure 3.6. Bubbles 

between the gel and the membranes were carefully removed by rolling out, as they result 

in inhibition of protein transfer. The whole construction was moved into a TGM buffered 

tank and transfer carried out at 55V for 1 hour at 4ºC (Figure 3.7). 

After protein electro-transportation, PVDF membranes were stained with 

Ponceau S for 5 minutes at RT and gels were also stained with Coomasie blue to examine 

transportation efficiency. PVDF membranes were later gradually destained with ddH2O 

excess. Membranes were later rinsed with TBS once for 5 minutes and gently agitation 

to remove excess methanol. Membranes were blocked after incubation at room 

temperature and for 60 minutes with 3.5% non-fat dried milk and washed twice with TBS 

+ 0.1% Tween-20.  

Figure 3.7: Protein transfer sandwich and Bio-Rad electrophoresis units for western 

blot. 
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3.8.3 Cytochrome c immuno-detection  

 

Abcam’s polyclonal rabbit anti-cytochrome c antibody (ab90529) was used at a 

final concentration of 2 μg/mL (~1:200) in 3.5% w/v skimmed dried milk, in NSB, Vfinal = 

20 mL. PVDF membranes were incubated at 4℃, overnight with agitation and washed 

twice the next day for 5 minutes with TBS-T (TBS-0.1% Tween-20). Later a secondary 

fluorescent antibody was used to identify rabbit polyclonal anti-cytochrome c. Odyssey 

Goat anti-rabbit IgG IRDye 680 was diluted in 3.5% w/v skimmed dried milk, in NSB to 1 

µg/mL, Vfinal = 20 mL and applied to protein membranes for 1 hour at room temperature, 

in the dark with gentle agitation. After the secondary antibody solution was discarded, 

membranes washed twice for 5 minutes with TBS + 0.1% Tween-20 and left to dry at 

room temperature in the dark.  

 

3.8.4  Visualization   

 

Membranes were observed with a LI-COR Odyssey Classic imager scanner and 

analyzed by win Image studio 5.2 analysis software. 

 

3.9  Bioinformatics  

 

3.9.1  Basic local alignment search tool (BLAST) 

 

Protein and nucleotide BLAST was performed using the NCBI. Results were 

analyzed to identify species, search for homologous genes and compare protein 

sequences (Pearson, 2013). 
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3.9.2 Sequence alignments and phylogeny tree  

 

Nucleotide sequences were obtained by DNA sequencing, GenBank and 

AmoebaDB, while protein sequences were obtained by Uniprot and AmoebaDB 

(Aurrecoechea et al., 2011). MEGA 7 was the main software used to align sequences 

with the Muscle algorithm (Edgar, 2004; Kumar et al., 2016; Hall, 2013). Maximum 

likelihood phylogeny tree construction was also performed by MEGA 7. 

 

No Species and strain 
GenBank accession 

No GENOTYPE 

1 Acanthamoeba castellanii CDC:0981:V006 U07400  T1 

2 Acanthamoeba palestinensis Reich ATCC 30870 U07411 T2 

3 Acanthamoeba griffini S-7  U07412 T3 

4 Acanthamoeba castellanii Neff U07416 T4 

5 Acanthamoeba castellanii Ma U07414 T4 

6 Acanthamoeba divionensis strain AA1 AY351645 T4 

7 Acanthamoeba lugdunensis AF005995 T4 

8 Acanthamoeba sp. KA/E2 AF005998 T4 

9 Acanthamoeba sp. KA/E15 AY148961  T4 

10 Acanthamoeba triangularis  AF316547 T4 

11 Acanthamoeba lenticulata U94741 T5 

12 Acanthamoeba palestinensis  AF019063 T6 

13 Acanthamoeba astronyxis AF019064  T7 

14 Acanthamoeba tubiashi AF019065 T8 

15 Acanthamoeba comandoni AF019066 T9 

16 Acanthamoeba culbertsoni Lilly A-1 AF019067 T10 

17 Acanthamoeba hatchetti BH-2 AF019068 T11 

18 Acanthamoeba healyi AF019070 T12 

19 Acanthamoeba sp. UWC9  AF132134 T13 

20 Acanthamoeba PN15  AF333607 T14 

21 Acanthamoeba jacobsi AY262364 T15 
 

Table 3.4: List of Acanthamoeba genotypes and GenBank accession numbers used for 

the phylogenetic tree construction. 
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3.9.3  mRNA seq bioinformatics tools and workflow 

 

mRNA sequencing was performed to evaluate gene expression in EC90 G-418 

treated amoebae, which presented characteristics of apoptosis and regulated cell death, 

versus untreated Acanthamoeba populations at four different time points (0, 1, 3, 6 hours 

after G-418 treatment) during the cell death process. RNA was isolated as previously 

described. Acanthamoeba trophozoites from the GS isolate, which belongs to genotype 

T4, was used for the experimental procedure. mRNA sequencing was conducted by 

Edinburgh Genomics and resulted in approximately 750 GB of raw data. Several 

bioinformatics tools were used in order to analyze the raw paired reads that were 

produced from the illumina sequencer (Figure 3.8).   

 

3.9.3.1 Quality control of RNA seq raw reads  

 

Modern sequencers can generate thousands or millions of sequences in a single 

run. Before the downstream analysis of the information that is encoded in these 

sequences it is vital to examine the quality of the raw data to ensure that there are no 

issues or biases that can affect the final outcome. Nowadays most sequencers create 

quality reports as part of their analysis but those results are limited. In order to assess 

the raw reads quality, the FastQC tool with a simple command from a Linux terminal was 

used. Each sequencing run ended with two fastq files; one produced from the forward 

read and the other one from the reverse reads.   

Cautious and profound observation of the quality control results of all 96 FASTQ 

files revealed that no further pre-processing of the data was needed. Quality controls 

include per base sequence quality, per tile sequence quality, adaptor presence, 

occurrence of duplicated reads (potential sequencing errors), sequence length 

distribution, GC content, per base N content and overrepresented k-mers. 
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Figure 3.8:  RNA seq data workflow. 

 

 

3.9.3.2  Mapping reads to genome  

 

Alignments were produced by the STAR aligner, resulting in BAM files. STAR is 

a fast and accurate aligner that detects canonical and uncanonical splice junctions and 

chimeric sequences (Haas et al., 2017). Reads were aligned to Acanthamoeba’s 

reference genome (obtained from ENSEMBL Protists) which was previously indexed with 

STAR. The mapping quality was measured during the alignment and at the end of the 

process aggregated. The mapping rate and number of uniquely mapped reads aligned to 

reference genome was monitored using SAM tools. Later, alignments (final BAM files) 

were visualized using the IGV genome browser program to further confirm the quality of 
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the alignment (Robinson et al., 2013). By this method, gene deletions and insertions were 

also identifiable.  

Bias identifications that were taken under consideration at this point were intron 

coverage, intergenic reads and 3’ bias. Abundance of immature transcripts and 

incomplete poly (A) enrichment could result in increased intron coverage, while a high 

percentage of intergenic reads predicts genomic contamination. Finally, 3’ high 

representation regions could indicate potential RNA degradation. IGV was the main 

program by which this evaluation was conducted.  

 

Acanthamoeba’s genome was indexed under the parameters: 

$ STAR –runMode genomeGenerate –genomeDir –genomeFastaFiles 

Acanthamoeba_castellanii_str_neff.Acastellanii.strNEFF_v1.dna.nonchromosomal.fasta

\–sjdbGTFfile Acanthamoeba_castellanii_str_neff.Acastellanii.strNEFF_v1.37.gtf     

While, raw reads were aligned to genome using parameters: 

$ STAR – genomeDir (files directory) –readFilesIn \ 

{RawRead(experimentcondition1a1)_1.fastqRawRead(experimentcondition1a1)_2.fastq

} -- outFilterType BySJout – outFilterMultimapNmax 20 –outSAMunmapped Within\  -- 

outFileNamePrefix Acanth_exp.condition_ --outSAMtype BAM SortedByCoordinate 

 

 

3.9.3.3  Differential Expression analysis 

  

Further analysis of the aligned reads was conducted in Rstudio 1.1.383 

environment using various R-supported libraries and packages including, readr, 

statmode, bplyr, rtracklayer, Rsubread, limma and edgeR, in order to read, process, 

analyze and visualize inserted BAM aligned files. 
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Reads generated from RNA sequencing (BAM files) were quantified by 

featureCounts using Acanthamoeba’s GFF file (Liao et al., 2014). Later, data values were 

normalized using the trimmed median of M values (TMM) which is available in EdgeR 

(Robinson and Oshlack, 2010). By this means, observed count values of each sample 

were adjusted to a common value all across sequencing experiment libraries.  

Differentially expressed (DE) genes were identified by setting standards of a fold 

change (fc _threshold) of < 2 and an FDR threshold of < 0.001 after biological coefficient 

of variation and moderated tagwise dispersion have been estimated. Later, genes of 

interest were selected for further analysis. Limma-voom was used with “makeContrasts” 

and “topTags” functions in order to recognize DE genes (Ritchie et al., 2015). 

During DE analysis, various groups were created in order to categorize the 

aligned reads from the different time points and treatment conditions. Plots were also 

generated in Rstudio 1.1.383 using packages and libraries such as ggplot2, lattice and 

heatmap. Analytical outline of the script used for the analysis can be found in appendix 

1.   
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Chapter 4 

 

Molecular phylogeny of Acanthamoeba 

 

4.1  Introduction 

 

Acanthamoeba spp. are free-living amoebae, evenly distributed in the natural 

environment extending from soil to almost every aquatic habitat (Rodríguez-Zaragoza 

2008). They also play an important central environmental role in bacterial diversity and 

their population regulation. The genus of Acanthamoeba is classified within the phylum 

Amoebozoa, subphylum Lobosa and the order Centramoedida (Cavalier-Smith et al., 

2016).  

Amoeboid microorganisms are phylogenetically fairly diverse, with some being 

more closely genetically related to plants or metazoans than to each other. Historically, 

classification of Acanthamoeba has been relied on morphological features (Pussard and 

Pons, 1977; Jonckheere, 1983, Costas and Griffiths, 1985), however currently, 

Acanthamoeba is classified into 20 different genotypes T1-T20 based exclusively on 

structural analysis of the SSU gene sequence (Corsaro, 2011, 2015).  

Phylogeny refers to the evolutionary history of a taxonomic group of organisms, 

with particular reference to lines of ancestry and relations between an extensive set of 

organisms. The affiliation between taxa is usually demonstrated through molecular 

sequencing data and morphological data matrices.  

Phylogenetic analysis is a process of elucidation of the evolutionary relationship 

among a group of organisms and is represented by a diagrammatic schema composed 

of nodes and branches, widely known as a phylogenetic tree. In modern molecular 

phylogenetic analysis the DNA sequence of a mutual gene or protein is used to evaluate 

the evolutionary relationship of species. Phylogeny is thus essential in understanding 
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biodiversity, genetics and evolution among groups of organisms. More precisely, diversity 

and phylogeny of Acanthamoeba spp. could assist to the development of a more 

congruent, precise and comprehensive classification, which in turn might provide an 

improved understanding of microorganism’s physiology and patho-physiology.   

The main purpose of the isolation and genotype identification, which this chapter 

describes, was initially the evaluation of the catholicity of the G-418 aminoglycoside effect 

on a wild strain, not previously isolated and cultured in axenic conditions. It was reported 

by Köhsler et al., that Acanthamoeba strains that have been cultured in axenic conditions 

for years gradually lose their ability to encyst (Köhsler et al., 2008). Encystment is 

perhaps not the only biological process that could have been lost during continuous 

cultivation and due to this observation, a new wild strain isolate, preferably belonging to 

the T4 genotype, which is the most widely distributed, was required.  

Briefly, Acanthamoeba isolation was performed as previously described in 3.3.1 

and the new axenic strain was labelled as ‘GS strain’, after George Square gardens, 

Edinburgh. Genomic DNA exctraction of the new isolate was conducted (3.7.1) and PCR 

amplification was performed under specific 18S rRNA primers, in order to determine the 

isolate T-type (3.7.2). PCR products were subsequently electrophoresed (3.7.4) and 

purified (3.7.3) before sent to Edinburgh Genomics for DNA sequencing (3.7.5). Later, 

retrieved sequences were aligned against multiple and different Acanthamoeba genotype 

18S rRNA sequences (3.9.2) retrieved from GenBank (Table 3.5), using the MUSCLE 

algorithm. Finally, maximum like-hood phylogeny tree construction was performed by 

MEGA 7 (3.9.2) based on MUSCLE alignment. 

 

 

4.2  Results - Phylogeny 

 

The identification, classification and phylogenetic analysis of the Acanthamoeba 

spp. (GS isolate), which was isolated from George Square gardens, Edinburgh and was 

described analytically in materials and methods (3.4; 3.7), was conducted by 18S rRNA, 
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partial and simultaneously 18S rRNA (SSU) gene amplification (3.7.5) and subsequent 

sequence comparison analysis. Initially, PCR amplification of the ASA.S1 fragment which 

contains the diagnostic fragment ASA.S1, was reproduced by the JDP1 and JDP2 

specific primers (3.7.2) and used successfully to identify the isolate as an Acanthamoeba 

genus.  

Retrieved ASA.S1 sequence and homology search showed 94 – 98% identity to 

Acanthamoeba T4 genotype deposited in Genbank database. The T4 genotype is one of 

the most frequent Acanthamoeba genotypes isolated from all environments and it is 

simultaneously the most common genus associated to human diseases (Maciver et al., 

2013).  

A more precise classification of the isolate was performed by analysing the total 

18S gene (SSU) of the isolated strain by phylogenetic analysis. SSU 18S rDNA gene is 

expected to show variation even among strains of the same species (Nassonova, 2010). 

The GS isolate 18S rRNA retrieved sequence was aligned with 20 different 18S rRNA 

sequences from different Acanthamoeba genotypes ranging from T1 to T15 (table 3.4), 

retrieved from GenBank, using MUSCLE aligner (3.9.2). Maximum likelihood 

phylogenetic analysis revealed that the GS isolate was clustered into pathogenic T4 

genotype (Figure 4.1) and more genetically and evolutionarily close to Acanthamoeba 

castellani T4 Neff’s strain. Meanwhile, the closest genotypes to T4 were found to be 

genotype T3 and T11, which parenthetically are all categorized to morphogroup II. 

Genotypes T7, T8 and T9 from morphogroup I are clustered in the same clade (Figure 

4.1; Figure 4.2). Additionally, genotypes T5, T10, T12 and T15 from morphogroup III, 

were also found to be evolutionarily close.  

 Classification based on the ASA.S1 fragment was also performed (Figure 4.2) in 

order to combine the phylogenetic trees. As expected the outcome was close enough to 

full 18S gene (SSU) analysis. However slight variations were easily distinguishable 

mostly due to ASA.S1 enormous variability. 72 different Acanthamoeba genotypes and 

sequences were retrieved from GenBank for the tree construction. Genotype cluster of 

T4, T3 and T11 found again to be the most closely related as also genotypes T5, T10 

and T12. 
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Figure 4.1: Phylogenetic tree of isolated the Acanthamoeba strain (Acanthamoeba GS 

isolate is highlighted in a red box) based on the full 18S rDNA gene, maximum likelihood 

method, 100 bootstrap replications, MEGA 7, (Kimura, 1980; Kumar 2016; Felsenstein, 

1985). 
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Figure 4.2: Phylogenetic tree of isolated Acanthamoeba strain (Acanthamoeba GS 

isolate-red box) based on partial analysis of 18S rDNA ASA.S1 fragment, maximum 

likelihood method, 100 bootstrap replications, MEGA 7, (Kimura, 1980; Kumar 2016; 

Felsenstein, 1985). 

 

 

 

 

 

Figure 4.3: Morphology of GS isolated Acanthamoeba trophozoites (left) and cyst 

morphology (right). Morphologically GS isolate was categorized in the second 

morphogroup as represented by stellate endocysts with crumpled ectocysts forms. Scale 

bar 20 μm. 

  



 
Acanthamoeba Programmed Cell Death  

 

Page | 105  
 

4.3  Discussion 

 

  Over the previous years, taxonomy and classification of Acanthamoeba was 

based entirely on trophozoite and cyst morphological features and sometimes on iso-

enzyme profiling (Pussard and Pons, 1977; Jonckheere, 1983, Costas and Griffiths, 

1980, 1985), rendering this categorization fairly misleading and inadequate. Based on 

this former misidentification and classification, misconceptions and constant alterations 

in Acanthamoeba systematics were constantly occurring. However, recently molecular 

and phylogenetic studies have been trying to compose all the different information and to 

subsequently represent a more consistent phylogeny for Acanthamoeba spp. (Stothard 

et al., 1998; Corsaro et al., 2011, 2015). 

 In this chapter, it was shown that both phylogenetic analyses, either based on the 

ASA.S1 fragment or on the full length of 18S rDNA gene, categorized the GS isolate in 

the T4 genotype cluster and more precisely genetically close to Acanthamoeba castellanii 

T4 genotype. Nevertheless, it is safer to assume that phylogeny based on the full size of 

the 18S rDNA gene was of higher phylogenetic value since more information is enclosed 

in the full-sized gene rather in a small portion of it.  

On the other hand, phyogeny based on the ASA.S1 fragment comprises a quick 

and quite convenient method due to the abundance of ASA.S1 sequences recorded in 

databases (Corsaro, 2011). For instance, a quick examination of the GenBank database 

reveals approximately 2000 records of Acanthamoeba 18S rDNA genes. Interestingly, 

only 10% of the records are near to the full size of the gene, or at least close to the 

GTSA.B1 fragment, which is the minimal requirement for acceptable classification and 

genotyping (Schroeder-Diedrich, 1998; Schroeder, 2001).  

ASA.S1 fragment certifies high genus specificity for Acanthamoeba identification 

and simultaneously is obtainable from all genotypes. This, combined with the fact that it 

is highly archiveable in gene databases, renders it ideal for diagnostic applications. 

However, it should not be considered as evidence for a new genus classification. In 2015, 

Corsaro argued that analysis of the ASA.S1 fragment is an insufficient method of 
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Acanthamoeba genus identification and classification and therefore the full length of the 

18S rDNA gene should be used instead for such approaches. He proposed that an even 

bigger fragment (GTSA.B1 approx. 1600 bp) should be used as minimal identification 

requirement and simultaneously, the entire length of SSU should be analysed and 

compared for adequate classification (Corsaro, 2015).  

Acanthamoeba categorization and phylogeny remain essential. The species 

identification and classification approaches have to be further improved, despite the 

numerous molecular characteristics that have been used for the microorganism 

taxonomic purposes hitherto, as there is large amount of erroneous information recorded 

in databases, which after processing, deliver mainly imprecise associations among 

species, genotypes and Acanthamoebidae morphogroups. For instance, members of T19 

and the T20 genotype have been reported in both morphogroups II and III (Magnet, 2015; 

Fuerst, 2015; Corsaro, 2015).  

Undoubtedly, a more reliable classification and taxonomy will become feasible 

over the coming years since much more information from molecular phylogeny and 

sequence analysis will be become available and accessible. Simultaneously, the use of 

the full 18S rDNA gene sequence in the species categorization will allow a much simpler 

comprehension and elucidation of Acanthamoeba evolution.   
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Chapter 5 

 

Acanthamoeba cell death 

 

5.1 Introduction 

 

There are many pathways and mechanisms that can lead to cell death. Some of 

these include the use of chemicals or radiation, which in turn mediate stress signal 

production and transmission. The kind of signal or the concentration of a potential cell 

death inducer agent is particularly variable and differs from cell to cell. Some agents might 

be able to cause apoptosis in a specific cell type, necrosis or autophagy in another and 

simultaneously be effectless in a third one.  

In the case of Acanthamoeba, induction of cell death was a tricky process not only 

because the microorganism is characterized by increased tolerance to several amebicide 

drugs and chemical substances, but mainly due to its ability to form resistant double-wall 

cysts, under unfavourable conditions. By this mean, ways of mediating cell death, 

including exclusively environmental stresses that could have led to cyst transformation 

including lack of nutrients, had been excluded from the beginning.  

In this chapter, Acanthamoeba cell death was evaluated and characterized after 

treatment with various concentrations of G-418 in Neff’s saline buffer, AX2 media and 

PBS at 37°C and room temperature; also numerous concentrations of Polymyxin b were 

tested, in various buffers and temperatures, as previously described in Methods, with the 

Trypan blue exclusion assay (3.4). PMB has previously been reported to have an impact 

on Acanthamoeba viability (Wright et al., 1985; John et al., 1990) while G-418 was never 

before used to treat microbial infections. It was however used for transfected 

Acanthamoeba trophozoites with resistance to G-418 selection (Peng et al., 2005). 

Furthermore, G-418 has been reported to induce programmed cell death in Entamoeba 
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histolytica (Villalba et al., 2007). Numerous substances including known inhibitors were 

also used to block or delay PMB- and G-418-mediated cell death in order to identify signs 

of programmed cell death.  

 

5.2 Results 

 

Generally, Polymyxin b (PMB) and G-418 aminoglycoside managed to induce cell 

death in Acanthamoeba trophozoites. However, there were remarkable differences in the 

way death was delivered by these drugs. G-418 induced cell death was characterized as 

a more selective and accurate procedure with a more defined morphology, while PMB- 

induced cell death was considered more accidental and imprecise. Initially, the two most 

important findings were the morphology of the dying and dead trophozoites, which was 

significantly dissimilar and the time frame in which cell death was occurring. Furthermore, 

an additional but important difference between the two substances and the way by which 

death was induced was that G-418 was able to induce extended cell death only under 

specific conditions, whereas PMB was characterized as a more versatile death inducer. 

 

5.2.1 Polymyxin b induced cell death 

 

Polymyxin b in concentrations ranging from 5μg/mL to 100μg/mL induced a 

concentration-dependent and rather acute cell death in Acanthamoeba trophozoites 

(Figure 5.1a). More specifically, 5μg/mL PMB reduced viability to approximately 4.23% 

after 360 minutes, while 10 μg/mL produced ananalogous effect in viability rate after 180 

minutes. PMB at 100μg/mL had an even more acute effect on trophozoites, as it reduced 

more than 94% of Acanthamoeba viability in the first hour of treatment, compared to 

control trophozoites. Notably, it was observed that the effects of PMB varied significantly 

even between different isolates of the same genotype, as has already been reported 

(Khan, 2015). 
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It was observed that trophozoites with the highest percentage death rates were 

detected when incubated in NSB and at 37ºC, while the lowest percentage death rates 

were obtained when incubated in AX2 medium and at room temperature (Figure: 5.1a,b). 

 

  

Figure 5.1a: The diagram demonstrates Neff’s strain trophozoites viability of Polymyxin 

b treated and untreated population, related to minutes of incubation. Cells were incubated 

at 37°C in Neff’s amoeba Saline buffer. Significance is indicated (*), (P<0.05, paired t-

test; one tail distribution).  
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Figure 5.1b: The diagram represents Acanthamoeba Neff’s strain viability during 

treatment with PMB in AX2 media at room temperature, Significance is indicated (*), 

(P<0.05, paired t-test; one tail distribution). 

 

Figure 5.2: Characteristic effect of PMB on Acanthamoeba GS strain trophozoites in 

Neff’s amoeba saline. The agent seems to create rupture in Acanthamoeba membrane 

leading to the release of cytosolic particles. Red arrows indicate trophozoites with 

compromised membranes, Scale bar 10μm. 
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During treatment with 10μg/mL PMB in NSB, no significant biochemical variation 

in intracellular calcium levels or any fluctuations in pH was noticed, at least in the first 60 

minutes of incubation (Figure 5.3; 5.4). Later measurements of calcium intracellular levels 

were not feasible due to low numbers of cells. Control trophozoites were found to contain 

approximately 28 nM of intracellular free calcium while at the same time PMB treated 

trophozoites had similar concentrations, ranging from 27 to 31 nM.  

Similarly, intracellular pH did not show any notable difference between control and 

treated cells, as control Acanthamoeba trophozoites showed parallel pH values to PMB-

treated cells. The intracellular pH of untreated Acanthamoeba ranged from 7.5 to 7.7 

while intracellular pH of treated Acanthamoeba was 7.5-7.6 (Figure 5.4). 

 

 

Figure 5.3: The histogram shows intracellular calcium levels of 10 μg/mL PMB-treated 

and untreated Acanthamoeba trophozoites, for 90 min after PMB induction, in NSB at 

37ºC. Values are expressed as the means of 3 independent experiments, error bars 

represent SE, Significance is indicated (*), (P<0.05, paired t-test; one tail distribution). 
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Figure 5.4: The diagram shows the intracellular pH variation of 10 μg/mL PMB treated 

and untreated Acanthamoeba trophozoites for 90 min after aminoglycoside induction, in 

NSB at 37ºC. Error bars represent SE, Significance is indicated (*). 

 

5.2.2  G-418 aminoglycoside-induced cell death 

 

It was observed that maximal percentage death rates after treatment with G-418 

were shown in Acanthamoeba trophozoites incubated in NSB and at 37ºC (Figure 5.5), 

while minimal percentage death rates and high viability levels were noticed in AX2 room 

temperature (Figure 5.6; Figure 5.7 a,b). EC50 and EC90 of G-418 at 37ºC and in NSB 

media, for 24 hours was calculated at 32 ± 3 μg/mL and 75 ± 5 μg/mL respectively 

(Appendix 2; Figure 2.1). 

 It was also noticed that the tested concentrations of G-418 aminoglycoside 

mediate cell death only when cells are incubated in Neff’s saline buffer and at 37ºC. For 

instance, incubation in slightly different saline buffer, such as PBS, showed viability rates 

over 78% (Figure 5.7 a,b) after 24 hours at 37ºC when treated with G-418 100 μg/mL, 

while trophozoites incubated in NSB with G-418 100 μg/mL for 24 hours at 37ºC showed 

0% viability.  
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Figure 5.5: The diagram demonstrates the viability of G-418 treated and untreated 

populations of Acanthamoeba trophozoites, relative to hours of incubation. Cells were 

incubated at 37°C in Neff’s amoeba saline buffer. Values are expressed as the mean of 

3 independent experiments, error bars represent SE, Significance is indicated (*), 

(P<0.05, paired t-test, one tail distribution). 

Furthermore, after treatment with 100 μg/mL G-418 and incubation in NSB, PBS, 

AX2 or non-glucose AX2 at room temperature for 48 hours, trophozoites did not show 

any signs of death, as viability was preserved at very high levels in all media, in many 

cases more than 93% (Figure 5.6). 
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Figure 5.6: The histogram shows the viability of Acanthamoeba trophozoites after 48 h 

treatment with 100 μg/mL G-418 at room temperature. Values are expressed as the mean 

of 3 independent experiments, error bars represent SE, Significance is indicated (*), 

(P<0.05, paired t-test, one tail distribution). 
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Figure 5.7 a, b: The histograms show Acanthamoeba trophozoite viability on treatment 

with different concentrations of G-418 aminoglycoside at 37ºC in three different media a) 

PBS b) AX2. Values are expressed as the means of 3 independent experiments. Error 

bars represent SE, Significance is indicated (*), P<0.05, paired t-test, one tail distribution. 

 

 

 

 

Figure 5.8: The diagram shows Acanthamoeba trophozoite viability after 1 hour of 

treatment with 100 μg/mL and 200μg/mL G-418. Values are expressed as the means of 

3 independent experiments. Error bars represent SE, Significance is indicated (*), 

P<0.05, paired t-test, one tail distribution. 

  

It was also observed that G-418 induced cell death was not a direct effect of the 

aminoglycoside, since after its removal Acanthamoeba trophozoites continued to ‘die’ 

with approximately analogous percentages (Figure 5.8), compared to amoebae from 

which G-418 was not removed (Figure 5.5).  
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5.2.2.1 G-418 aminoglycoside-induced cell death inhibition or delay 

  

Based on previous observations, several apoptotic inhibitor substances have 

been used to block or partially inhibit G-418 induced death, including cysteine protease 

inhibitors such as Z-VAD-FMK (1-10μΜ) and E-64 (1-20 μΜ), calmodulin inhibitors such 

as N-(6-Aminohexyl)-5-chloro-1-naphthalenesulfonamide hydrochloride (W7), inhibitors 

of mitochondrial Ca2+ uniporters and MTP opening such as cyclosporin A  (Petrinilli et al., 

1993) and ruthenium red (Hoon et al., 2003) and finally cycloheximide (Sanchez et 

al.,1997), a known protein synthesis blocker, has been also tested, in addition to G-418, 

on Acanthamoeba cells.  

 None of the aforementioned inhibitors managed effectively to block the 

phenomenon, as after treatment with a combination of G-418 and various concentrations 

of different inhibitors, Acanthamoeba trophozoites maintained their death percentages 

over time (Figure 5.9). However it was noticed that some substances, including 2.5% 

DMSO, caffeine and lovastatin, were able to partially block or delay the death process 

when administered in combination with G-418.  

More precisely, treatment with 100 μg/mL G-418 and 2.5% DMSO diminished cell 

death rates up to 25% after 24 hours of incubation (Figure 5.10). Combined treatment 

with caffeine and G-418 also conspicuously decreased death rates. More precisely, after 

treatment with a combination of 100 μg/mL G-418 and 1mM caffeine, viability of 

Acanthamoeba trophozoites dropped to approximately 65% after 24 hours, representing 

a significant increase compared to the viability of G-418 treated cells (Figure 5.10). 

Finally, it was observed that loavastatin delayed the phenomenon of cell death, as after 

24 hours, cells treated with a combination of 100 μg/mL G-418 and 1mΜ lovastatin 

showed approximately 20% viability compared to cells treated only with G-418, which 

population had completely died after 24 hours (Figure 5.10). 

 It should also be noted that equivalent concentrations of the inhibitors and 

substances that have been used to block or delay the cell death induction have also been 
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administered to Acanthamoeba trophozoites as controls and subsequently viability was 

measured, with no significant variations and implications. 

Finally, Acanthamoeba trophozoites treated with 100 μg/mL G-418 and various 

concentrations of ruthenium red (10μΜ is shown as example), in contrast to 2.5 % DMSO, 

caffeine and lovastatin treatments, showed a quite sharp death outburst with the majority 

of the cells found to be dead after 3 hours of treatment. At the same time, concentrations 

of ruthenium red alone (1-200 μΜ) did not affect trophozoite viability (Figure 5.11). 

 

 

Figure 5.9: Effect of cysteine protease inhibitors on the viability of Acanthamoeba treated 

with 100μg/mL G-418, over time. Values are expressed as the means of 3 independent 

experiments, error bars represent SE. Significance is indicated (*), P>0.05, paired t-test 

one tail distribution. 
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Figure 5.10: Effect of 2.5% DMSO, Lovastatin and Caffeine on the viability of 

Acanthamoeba treated with 100μg/mL G-418, over time. Values are expressed as the 

means of 3 independent experiments, error bars represent SE, Significance is indicated 

(*), P<0.05, paired t-test one tail distribution. 

 

 

Figure 5.11: Effect of Ruthenium red on the viability of Acanthamoeba treated with 

100μg/mL G-418, over time. Values are expressed as the means of 3 independent 

experiments. Error bars represent SE, Significance is indicated (*), P<0.05, paired t-test 

one tail distribution. 
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5.3 Discussion  

   

Generally, there are two fundamental routes by which cells die (Galluzzi et al., 

2018). The first includes the activation of regulated pathways and enzyme-protein 

interactions that are stimulated by a plethora of death signals (RCD or regulated cell 

death) and the second is by mechanical or physical membrane trauma (ACD or 

accidental cell death) which render the cell incapable of maintaining its own homeostasis.  

 After comparison of many factors including specific drug characteristics, viability 

results, biochemical alterations during cell death, morphology of dead cells, 

environmental settings and time of occurrence it was concluded that Polymyxin b 

mediates accidental cell death (ACD) in Acanthamoeba trophozoites under these 

described conditions and used concentrations. ACD is characterized as a virtually 

immediate and uncontrollable type of cell death and results in physical disassembly of 

the plasma membrane, as is induced by chemicals such as drugs, by physical stress 

such as high temperatures and by osmotic forces, or by mechanical cues. 

More precisely, Polymyxin b-induced cell death initially involved selective plasma 

membrane injury and disassembly as microscopy shown. Secondarily, Acanthamoeba 

trophozoites swelling was also noticed due to membrane breakage, but not a generalized 

rise in cell membrane permeability. However, the membrane was becoming more 

permeable during time, potentially due to ATP depletion and finally physical disruption of 

the whole cell membrane structure occurred, as shown in Figure 5.2. Analysis of 

biochemical markers such as the intracellular calcium concentration and intracellular pH 

homeostasis did not reveal any variations during treatment with PMB, which is taken as 

additional evidence for the accidental cell death scenario. Furthermore, several 

substances and inhibitors that were used did not block or even delay the imminent 

induction of death by PMB.  

On the other hand, G-418 aminoglycoside-induced cell death was more selective 

and also more difficult to trigger. Based on observations, temperature stress was an 

essential factor in G-418 mediated death, as identical drug concentrations failed to induce 
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trophozoite death in many media, including NSB, at room temperature. Moreover, G-418 

mediated cell death was more easily induced and in comparatively higher rates when 

cells were incubated in NSB. Neff’s saline buffer contains 36 μM CaCl2 compared to PBS, 

so provides an extra source of extracellular [Ca2+], which in turn could be critical in cell 

death signal transduction. In the natural environment, where Acanthamoeba thrives as a 

free-living amoeba and especially in soil habitats, calcium concentration is higher than in 

PBS buffer whereas traces of calcium are only existent. This observation might explain 

the inability of Acanthamoeba to udergo cell death after treatment with G-418 in 

analogous buffers, under the same experimental conditions, since microorganism might 

have been evolved and adapted to pump calcium from its natural environmental habitat.  

At the time, features such as death morphology, selectivity of G-418 mediated cell 

death and observed biochemical features such as intracellular calcium rise and pH 

fluctuations (extended details are in the next chapter) during treatment with G-418 were 

used to support the hypothesis that G-418 mediated cell death could be more controlled 

than the ACD phenomenon described earlier after Polymyxin b induction. Another sign 

pointing in that direction was the evidence that after treatment for 1 hour with G-418 at 

37ºC in NSB and subsequent washing of the aminoglycoside, Acanthamoeba cells 

continued to die, with almost similar death percentages, supporting the theory that the 

aminoglycoside is crucial to triggering a sequence of intracellular events, but that its 

presence is not required for completion of the phenomenon.  

Since Acanthamoeba G-418 mediated cell death was characterized by numerous 

apoptotic features, which are described thoroughly in the next chapters (6and7), it was a 

logical step to attempt blockage or inhibition of molecules that might be responsible for 

the apoptotic appearance of the amoebic cells. Therefore, cysteine protease inhibitors, 

including membrane-permeant Z-VAD-FMK and E-64, were administered in combination 

to G-418 without, however, any notable variation in viability rates and only minor changes 

in trophozoite death morphology.  

Caffeine has been reported to flatten and to attenuate ER stress (Hosoi et al., 

2014; Teng et al., 2017) and subsequently calcium release. Although in low 

concentrations caffeine has reported to induce programmed cell death in Acanthamoeba 
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(Martín-Navarro et al., 2017), in higher concentrations, with parallel treatment of G-418 

and over a limited time span, caffeine had a positive effect on trophozoite viability, as cell 

death rates were notably decreased. This effect was hypothesised to be a direct 

consequence of caffeine repression of ER stress.  

Mitochondria are considered one of the downstream checkpoints in calcium 

signalling. Both cyclosporin A (Oka et al., 2008; Fournier et al., 1987) and ruthenium red 

(Lehninger, 1970; Storey and Lambert., 2017) have been reported to prevent calcium-

related mitochondrial dysfunction and subsequent cell death induction. Various 

concentrations of both mitochondrial calcium influx inhibitors were administered in 

combination with G-418 at 37°C. 

 Results shown that treatment with cyclosporin A did not have any significant 

inhibitory effect on cell death whereas, micromolar concentrations of ruthenium red not 

only failed to induce resistance against cell death induction but dramatically increased 

death rates in a shorter time. Furthermore, the morphology of dying or dead 

Acanthamoeba cells changed radically when cells where incubated with G-418 in the 

presence of ruthenium red, which, interestingly, had no effect on Acanthamoeba viability 

when administered to control amoebae. This observation made feasible the scenario 

supporting the idea that Acanthamoeba could undergo more than one forms of regulated 

cell death. This prompt, mitochondria-driven cell death phenomenon was completely 

distinguishable from the already noticed G-418 apoptotic morphology or membrane 

breakage appearance after treatment with Polymyxin B, however due to massive and 

catastrophic effects on trophozoites, further study was extremely difficult and was not 

attempted. 

Concentrations of lovastatin were also used to partially inhibit Acanthamoeba cell 

death expansion after the ascertainment of significant upregulation of Ras genes in 

transcriptomic analysis of G-418 treated amoebae. As was shown, lovastatin partially 

inhibited and delayed cell death during 24 of continuous observation, however Ras 

signalling has been considered to play a secondary auxiliary role in Acanthamoeba 

regulated cell death, since many characteristic morphological features remained obvious. 
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 DMSO (Dimethyl sulfoxide), is a significant polar aprotic but simple solvent that 

dissolves both polar and non-polar substances. Initially, chemical compounds such as 

cycloheximide and cyclosporin A, which were used to inhibit the cell death phenomenon, 

were dissolved in DMSO, providing incorrect data regarding Acanthamoeba cell death 

features. Later, inhibitory effects were noticed after combined treatment, but were actually 

based neither on cycloheximide nor cyclosporin, but on DMSO. 

It has been reported that low concentrations of DMSO, including 2.5%, are able 

to alter nuclear actin structure and consequently nuclear formation in various cell types, 

including amoebae and mammalian cells (Fukui and katsumaru, 1980). Furthermore, it 

was suggested that such nuclear actin alteration could function significantly in regulation 

of gene replication and/or transcription through its contractile nature (LeStourgeon et al., 

1975). Alterations in regulation of gene expression could easily explain some of the 

morphological features that appear during the phenomenon and reveal a gene-related 

dependency of cell death.  

 It was shown that treatment with G-418 aminoglycoside and simultaneous heat 

stress at 37℃ leads to high percentages of mediated cell death that can be partially 

delayed or blocked. These observations did not clarify either a precise death pathway or 

any important signalling and execution molecule during Acanthamoeba cell death, 

however it established that the observed phenomenon was more controlled than a 

random accidental side-effect of G-418 and the temperature stress condition.   

Parallel inhibitory and death blockage experiments that were performed on 

Acanthamoeba trophozoites treated with various concentrations of PMB did not reveal 

any blockage or delay of cell death induction, strengthening even more the accidental 

cell death model of the PMB effect on amoebae, which was proposed.  
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Chapter 6 

 

Apoptotic morphological features of Acanthamoeba programmed cell 

death 

 

Introduction 

 

6.1 Apoptotic hallmarks of Acanthamoeba programmed cell death 

 

Each form of cell death is characterized by a certain set of morphological features 

that are distinguishable from other types of cell death. The majority of cells undergoing 

apoptosis represent a parallel and a very analogous pattern of morphological 

characteristics that are basically under the control of the same intracellular pathways. 

Furthermore, the agents or the environmental conditions that have been applied in order 

to induce apoptosis are hardy indicative of these features’ occurrence, although it should 

be mentioned that in some cases different stimuli can trigger some of the morphological 

alterations or the experimental conditions can partially regulate the full extent of the 

phenomenon (Häcker, 2000). It should consequently be acknowledged, that there are 

slight changes during the development of apoptotic morphology. 

Cell shrinkage, rounding up formations, retraction of pseudopods, cellular 

pyknosis and chromatin condensation into sharply delineated masses, karyorrhexis, 

mitochondrial dysfunction, DNA fragmentation and plasma membrane blebbing are the 

predominant signatures of apoptotic cell death. These phenotypic features distinguish 

apoptosis from other types of cell death including autophagic cell death, necroptosis, 

accidental cell death and necrosis (Kerr et al., 1974; Galuzzi et al., 2018).  

Although these signs have been used to identify apoptotic cell death, a phenotype 

lacking one or more of those features does not indicate the absence of apoptosis. For 
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example, the absence of DNA fragmentation and lack of apoptotic body formation have 

been reported in many studies associated to apoptosis, especially those conducted in 

vitro (Yuste et al., 2001). 

The main objective of this chapter is to present a key set of Acanthamoeba 

apoptotic morphological characteristics that have been also described in noumerous cells 

that undergo apoptosis and programmed cell death. These features have been observed 

during treatment with G-418 and include cell shrinkage, trophozoite rounding up 

formations after a period of time, loss of dry mass, the appearance of apoptotic like 

bodies, chromatin condensation, chromatin fragmentation and simultaneous 

maintenance of the outer membrane integrity, at least at the first stages of the process.  

Briefly, Acanthamoeba trophozoites were observed under optical (3.5.1), high 

contrast quantitive (3.5.2; 3.5.3) and confocal microscopy (3.5.4) after treatment with 

EC90 G-418 for predefined periods of time. Hoechst 33342 staining (3.6.3) was used to 

stain amoebae nuclear DNA and to track diffrences in chromatin condensation bettween 

control and EC90 G-418 treated cells, while Sytox green (3.6.5) stain was used to examine 

alterations in plasma membrane permeability between G-418 treated and untreated 

amoebae during the phenomenon. Changes in cell size, sphericity and loss of mass were 

detected by high contrast quantitive (3.5.2; 3.5.3) microscopy. Finally, apoptotic-like body 

formations were observed by optical microscopy (3.5.1).   

 

6.2  Results  

 

 

6.2.1 Cell shrinkage  

 

As it was revealed by high-contrast microcopy (3.5.3), Acanthamoeba 

trophozoites treated with G-418 EC90 and incubated at 37℃ showed a reduction in cell 

size and dry mass in comparison to untreated trophozoites during treatment for 20 hours 
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(Figure 6.2; Figure 6.3). Both untreated and treated populations started with identical 

values of cell density and relative dry mass (Figure 6.1 a; b). 

 

a) b) 

Figure 6.1: Acanthamoeba confluency and trophozoite starting dry mass. The diagrams 

are indicative a) of the initial percentage of cells and b) the starting dry mass. 

 

 

More precisely, it was observed that dry mass per cell was decreased from 260 

pg to 80 pg in G-418 treated cells while at the same time control Acanthamoeba 

trophozoites indicated a smaller decrease, from 300 pg to 200 pg (Figure 6.2 b). Density 

per cell also showed a dramatic decrease, from 0.8 pg to 0.5 grams/cm3 in G-418 treated 

cells, compared to untreated amoebae which showed a minor reduction (Figure 6.2 a). 

Notably, this reduction in cell size and mass in treated amoebae was a progressive 

procedure taking place over time and not an immediate effect, induced directly either by 

temperature stress or pharmacological treatment which for instance, is particularly 

observed during Acanthamoeba transformation from a trophozoite to a pseudocyst, when 

cell size reduction is also observed.  
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  a)

b) 

Figure 6.2 a, b: The diagrams show the reduction in mass density per cell a) and in the 

dry mass per cell b), during treatment for 20 hours with G-418 EC90. Values are expressed 

as the means of 3 independent measurements. 

 

Covered cell area of Acanthamoeba trophozoites, which is indicative of cell size, 

was also measured and found to be reduced in cells treated with G-418. For instance, it 

was found that the mean coverage area was approximately 250 μm2 per untreated cell, 

while it was decreased to 180 μm2 per cell in G-418 treated amoeba (Figure 6.3 a).  

Another interesting fact that came out of the analysis was the determination of the 

mean velocity of locomotive Acanthamoeba trophozoites. Mean speed was found to be 

lessened in both control and treated trophozoites during the time of incubation at 37℃. 

More precisely, control cells showed a small reduction in their mean velocity, from 0.002 

μm/s to 0.0014 μm/s, while at the same time G-418 treated cells, showed a three-fold 

decline from 0.0015 μm/s to 0.0005 μm/s during a period of 20 hours (Figure 6.4).  
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a)

b) 

Figure 6.3 a) b):  The diagrams illustrate the mean cell area coverage measured in μm2 

of G-418 EC90 treated and untreated Acanthamoeba trophozoites during a period of 20 

hours. A1-C4 represent the 12 wells of a 12 well plate. Columns 1 and 2 represent control 

trophozoites and 3 and 4 G-418 treated amoebae. 
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Figure 6.4: The diagram represents the mean velocity of G-418 treated and untreated 

trophozoites during a period of 20 hours. Values are expressed as the mean of 3 

independent measurements. 

 

Morphological analysis of the treated trophozoites showed that during treatment 

with G-418, the finely coordinated intracellular structure of Acanthamoeba was 

completely lost (Figure 6.5). In addition, a more circular formation and retraction of 

pseudopods were also seen, compared to the control population of trophozoites in which 

neither loss of internal integrity nor pseudopod retraction occurred. Most of the 

morphological phenomena developed and were observed after 3 hours of incubation, 

while before this time, the morphology of treated and untreated trophozoites was almost 

identical.  

A plethora of small particles that were emerging from dead cells were also 

detected and could be considered as apoptotic body formations (Figure 6.5 B2; C2). The 

occurrence of these formations was noted roughly 6 hours after initiation of G-418 

treatment. The final stage of G-418 induced cell death seemed to be characterized by 

complete cell lysis and membrane rupture (Figure 6.5). Analogous alterations in 

trophozoite morphology were not detected during treatment with Polymyxin b, an 

additional clue that further supported the difference in mechanism of death induction by 

these two substances.  
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6.2.2 Chromatin alterations  

 

Fluorescence microscopy (3.5.4) combined to Hoechst staining (3.6.3) revealed 

that treatment with G-418 altered the typical morphology of Acanthamoeba trophozoite 

nuclei. After almost 3 h of incubation with G-418 EC90, trophozoites did not show any 

morphological differences from the controls and the nucleus was characterized by dense 

regional chromatin with a central ‘endosome/body’ (Figure 6.6 A; B; C). Furthermore the 

nuclear membrane appeared to be intact. After 4 hours of incubation treated trophozoites 

nuclei appeared more condensed compared to untreated trophozoites and also the 

nuclear membrane seemed to have lost integrity (Figure 6.6 D). After 5 hours of 

incubation the first signs of fragmented chromatin were obvious (Figure 6.6 E). 

Furthermore the characteristic chromatin ring condensation was obvious in many nuclei 

(Figure 6.7). After 6 hours of treatment nuclear chromatin seemed finely fragmented into 

several pieces which were eventually distributed in the cytoplasmic area (Figure 6.6 F; 

G; H). At the same time the nuclear morphology of the control untreated trophozoites 

remained unaltered.   
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Figure 6.5: Morphology of G-418 treated and untreated Acanthamoeba trophozoites under light microscopy. Arrows indicate 

microscopic round cellular formations that look like apoptotic bodies formations. Images are representative of 3 independent 

experiments. 
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Figure 6.6: Representative Hoechst 33345 staining time course of Acanthamoeba 

apoptotic chromatin condensation. A-H correspond to 1-8 hours of G-418 treatment. 

Images are representative of three independent experiments. Scale bar 5μM.   

 

 

Figure 6.7: Characteristic sign of ring condensation formation after 6 hours of G-418 

treatment. Some of the neighbouring cells have already formed distinct chromatin bodies. 

Scale bar 5μm. 
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Figure 6.8: Typical 3D representation of the altered chromatin morphology observed in 

untreated (left) and G-418 treated cells after 6 hours of treatment. Images are 

representative of three independent experiments. Scale bar 10μm. 

 

 

Figure 6.9: The diagram shows Hoechst signal emission intensity from various 

Acanthamoeba trophozoites when excited at 350nm, measured in a spectrofluorimeter 

at 3 different time points (1-3-6 hours). Values are representative of three independent 
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experiments. Error bars represent S.E., Significance is indicated (*), (P< 0.05, student 

t-test, one tail). 

In 2017, Navarro et al. have reported signs of programmed cell death in 

Acanthamoeba trophozoites when treated with caffeine. Treatment of Acanthamoeba GS 

strain with 10µM caffeine for 24 hours in NSB at room temperature also revealed signs 

of apoptotic chromatin fragmentation compared to untreated trophozoites, suggesting 

that chromatin condensation and fragmentation are not specific characteristics of G-418 

treatment. More than 60% percent of the examined nuclei showed the characteristic 

apoptotic features, although the phenomenon was not so intense as with G-418 treatment 

(Figure 6:6; Figure 6.8). 

 

 

 

Figure 6.10: The figures illustrate the medium chromatin fragmentation observed after 

24h treatment with caffeine, IC50= 10µM. Images are representative of three independent 

experiments.
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Figure 6.11: Illustration of Acanthamoeba nuclei alterations during treatment with G-418 

and 2.5% DMSO. Scale bar 5μm. Images are representative of three independent 

experiments. 

 

 Administration of 2.5% DMSO to G-418 treated Acanthamoeba cells resulted in 

considerably decreased chromatin condensation and percentage of fragmentation 

(Figure 6.11). Furthermore, amoebae incubated with a combination of 2.5% DMSO and 

G-418 accumulated significantly decreased Hoechst staining compared to trophozoites 

treated only with G-418. Also notable was the increased difficulty of staining trophozoites 

nuclei after the induction of G-418 in 2.5% DMSO, despite the fact that there was no 

obvious alteration in outer membrane morphology that could provide an extra barrier to 

the already permeant Hoechst stain. In addition, 2.5% DMSO also resulted in decreased 

chromatin condensation and fragmentation after caffeine treatment in NSB.  
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6.2.3  DNA Fragmentation 

 

DNA fragmentation and formation of a ladder motif were not observed in 

numerous cases by DNA electrophoresis (3.7.4) including variable incubation time points 

and different treatments (Figure 6.12). 

 

 

 

 

Figure 6.12: Representative 1.8% agarose DNA gel electrophoresis of EC90 and EC50 G-

418 treated Acanthamoeba trophozoites. Images are representative of 3 independent 

experiments. 
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6.2.4 Membrane permeability   

 

  Acanthamoeba trophozoites treated with G-418 EC90 did not show increased 

outer cellular membrane permeability at least in the first stages of treatment and cell 

death induction. More precisely, treated trophozoites showed fluorescence intensity 

levels similar to of those that were untreated. After 6 hours of treatment with G-418 EC90, 

trophozoites exhibited slightly higher fluorescence than control cells. The positive control 

was characterized by a high fluorescence intensity, as expected, while cells untreated 

with Sytox green (negative control) showed almost zero fluorescence (Figure 6.12). 

Furthermore, outer cellular membrane disruption and permeability was observed and 

analyzed under fluorescence microscopy (3.5.4) (Figure 6.13) and confirmed previous 

spectrophotometry (3.6.5) results. 

 

 

Figure 6.13:  SYTOX green signal intensity of different Acanthamoeba populations 

during G-418 treatment. The diagram represents SYTOX green fluorescence intensity of 

EC90 G-418 (75 μg/mL) treated and untreated Acanthamoeba trophozoites at 1, 3 and 6 

hours of incubation. Positive amoebae were previously treated with Triton 2.5% and 

negative cells represent SYTOX green fluorescence of unloaded Acanthamoeba 

trophozoites. Error bars represent SE.
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Figure 6.14:  Microscopic representation of SYTOX green fluorescence intensity in untreated Acanthamoeba (left); 75 μg/mL 

G-418 treated (middle) and positive control (right) compared to hours of treatment. Positive cell were previously treated with 

Triton 2.5% and negative cell represent SYTOX green unloaded Acanthamoeba trophozoites. Images are representative of 3 

independent experiments. Scale bar 10μm.
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6.3  Discussion 

 

Apoptotic procedures are the predominant forms of cell death and occur under a 

wide range of physiological and pathological circumstances. Apoptotic features have 

been already described in unicellular protists and in a plethora of multicellular organisms, 

as previously stated. The apoptotic process includes numerous morphological features 

like cell shrinkage, chromatin condensation, nuclear DNA fragmentation and formation of 

apoptotic bodies. To allow the extensive morphological alterations that occurring during 

apoptosis and other forms of regulated cell death, cells experience a sequence of intense 

events such as cytoplasmic membrane alterations and nuclear rearrangements. Some of 

these distinguishable apoptotic characteristics have been also observed and analyzed in 

Acanthamoeba G-418 mediated cell death.  

Reduction of cell volume throughout apoptotic cell death has been regarded as a 

passive procedure, occurring in order to enable cell breakage into smaller, apoptotic 

bodies, assisting their subsequent deconstruction and engulfment by neighboring cells or 

macrophages. Conversely, studies based on the decreased cellular volume role during 

apoptosis have led to a novel understanding of how and why cells shrink (Bortner et al., 

2002). It has been reported that cells with decreased cellular volume exhibit chromatin 

condensation and fragmentation and simultaneously an approximately 4-fold elevation of 

caspase-3-like activity, compared to cells that have undergone apoptosis but do not 

present a shrunken phenotype (Bortner et al., 1997). Furthermore, cells with shrunken 

phenotype had a lower K+ intracellular concentration, which is subsequently co-

responsible for the apoptotic nuclease and caspase activation (Dallaporta et al., 1998). 

The morphology of G-418 treated Acanthamoeba trophozoites indicates such 

characteristics including cell shrinkage and apoptotic-like bodies’ formations, as 

microscopy studies revealed. Interestingly, these characteristics, including cell shrinkage 

and granule appearance, did not occur or were not observed during treatment with 

polymyxin b, as was discussed in previous chapters. 

Dynamic alterations in the compaction of nuclear chromatin are one of the most 

distinguishable phenomena of apoptotic implementation. In healthy and untreated 
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Acanthamoeba trophozoites, the genomic DNA is packaged into the nuclei, several 

micro-meters in length. Throughout treatment with G-418 aminoglycoside, 

microorganism’s DNA attains a greater level of condensation and is packed with nuclear 

proteins, forming distinct chromatin apoptotic bodies. Experimental analysis exposed at 

least three different stages of chromatin condensation including chromatin 

shrinkage/chromatin ring condensation, assembly of chromatin apoptotic bodies and 

finally nuclear collapse and disassembly. The notable degree of compaction and the 

fragmented chromatin bodies formation, along with the fact that apoptotic chromatin 

condensation does not comprise the formation of separate chromosomes, suggests that 

Acanthamoeba has a precise method for the induction of apoptotic chromatin 

condensation. 

It was also shown that chromatin condensation and fragmentation in 

Acanthamoeba trophozoites was not only limited to G-418 treatment. Micromolar 

concentrations of caffeine produced similar morphological effects, however these were 

not as intense and distinctive. This observation might be indicative of a well conserved 

death pathway in Acanthamoebidae parasites. 

Administration of 2.5% DMSO in combination with G-418 had already shown to 

greatly decrease death rates in Acanthamoeba trophozoites. Examination of amoebae 

nuclei which had been treated with 2.5% DMSO and G-418 revealed that a much lower 

percentage of Hoechst staining had accumulated in the nucleus and simultaneously in 

many cases there was great difficulty in distinguishing between the cytoplasm and 

nucleus. This effect was potentially due to micronuclei actin microfilament rearrangement, 

a consequence of 2.5% DMSO stress (Fukui and katsumaru, 1980). This DMSO-

mediated nuclear membrane modification seems to provide a protection against cell 

death either by blocking apoptotic signals that are directed to nuclei or by regulating gene 

expression (LeStourgeon et al., 1975). 

DNA fragmentation has been reported in many cases as a late-stage 

characteristic of apoptosis. In G-418 treated Acanthamoeba trophozoites, despite the fact 

that they presented extended nuclear condensation and fragmentation, DNA 

electrophoresis failed to identify any DNA fragments or reveal a DNA ladder motif. The 
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absence of such a feature has been described previously in numerous systems, including 

various mammalian cells, associated with apoptosis (Schulze-Osthoff et al., 1994; 

Sakahira, et al., 1999; Yuste et al., 2001). Lack of DNA fragmentation might be a 

consequence of extended nuclease function, since overexpression has been confirmed 

through transcriptomic analysis and is discussed in the next chapters. 

Experimental data also revealed that membrane integrity is not compromised 

immediately after incubation with G-418. For instance, even after 6 hours of incubation, 

when other interesting phenomena were reported to have taken place, including 

chromatin condensation and fragmentation, trophozoite membranes remained 

impermeable, as Sytox green dye-loaded trophozoites emitted a low intensity 

fluorescence signal comparable to control untreated amoebae. At the same time, a 

positive control of   Acanthamoeba trophozoites treated with 2.0% Triton X-100 

(compromised membranes) showed high fluorescence intensity levels, as expected. 

Based on morphological criteria, it was shown that Acanthamoeba cells, despite 

the fact that they failed to demonstrate an oligonucleosomal fragmentation pattern, 

present most of the morphological apoptotic hallmarks that have been used to describe 

the phenomenon of apoptosis such as cell shrinkage, chromatin condensation and 

nuclear fragmentation, maintenance of the membrane integrity during the phenomenon 

and finally the presence of small round particles that could be characterized as apoptotic-

like bodies.  
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Chapter 7 

 

Apoptotic biochemical features of Acanthamoeba programmed cell death 

 

Introduction  

 

7.1  Biochemical hallmarks of apoptosis  

 

 Apoptosis is characterized by numerous of morphological and biochemical 

features that enable differentiation among various types of cell-death. Biochemical 

characteristics of apoptosis are considered phenomena that occur throughout apoptosis 

and include intracellular ion fluctuations, caspase activation, mitochondrial dysfunction, 

mPTP opening and release of pro-apoptotic mitochondrial factors such as cytochrome c, 

AIF and EndoG.  

 Intracellular variations in the levels of [Ca2+]c can regulate and initiate apoptotic 

cell death. The excess of [Ca2+]c, which is primarily based on ER stress and membrane 

calcium channels, is accumulated in mitochondria where it leads to mitochondrial 

dysfunction and mitochondrial membrane permeabilization by triggering the opening of 

the mitochondrial permeability transition pore (Orrenius et al., 2003).  

Intrinsic apoptosis or mitochondrially-regulated pathway of apoptosis is a 

subcategory of apoptotic cell death that is characterized by these features and is mainly 

regulated by mitochondria and proteins that regulate the mitochondrial permeability 

transition pore. In mammalian cells, in mitochondrial dysfunction, cytochrome c is 

released and forms a multi-protein compound known as apoptosome which in turn 

initiates the activation of the proteolytic caspase cascade through caspase 9. AIF and 

EndoG have also been reported to translocate from mitochondria to nucleus where they 
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mediate DNA fragmentation not only in multicellular organisms (Yang et al., 2017; Wei et 

al., 2017) but also in parasitic protozoans such as Dictyostelium discoideum (Arnout et 

al., 2001) and Leishamnia spp (Rico et al., 2009). Intrinsic apoptosis is also subdivided 

into caspase- independent and caspase-dependent pathways, based on caspase 

activation and functionality during the phenomenon.  

This chapter reports a set key of biochemical apoptotic characteristics that have 

been observed in Acanthamoeba cells during treatment with G-418 and have been also 

described in numerous cells that undergo apoptosis and programmed cell death. These 

features include increase of intracellular calcium concentration, extensive mitochondrial 

dysfunction and release of mitochondrial proapoptotic factors such as cytochrome c. 

Briefly, alterations in intracellular calcium ion concentration in Acanthamoeba 

trophozoites after treatment with EC90 G-418 were evaluated by fluorescence and 

sprectrophotometry techniques (3.6.1). Mitochondrial dysfuction was first evaluated by 

measuring trophozoite respiration rates based on CTC formazan accumlation (3.6.4), 

while disruption in outer mitochondrial membrane potential was detected with the use of 

the JC-1 stain (3.6.6). Finally, cytochrome c detection was performed after western 

blotting (3.8).  

 

7.2  Results 

 

7.2.1  Intracellular calcium concentration 

  

Variations in cytosolic [Ca2+]c after G-418 EC90 treatment at 37ºC were measured 

for a period of 150 minutes by spectrofluorometric analysis in a LS 55 Perkin Elmer 

luminesce spectrometer, using the fluorescent probe Fura 2-AM, a ratiometric dye that 

binds to free Ca+2 (3.6.1). It was observed that the levels of calcium in untreated 

Acanthamoeba trophozoites remained stable at 25 nM throughout the predifined time 

period. However, in trophozoites treated with G-418, [Ca2+]c concentration rose from 25 
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± 3.6 nM at the beginning, to 45 ± 3.8 nM at 30 minutes, 54 ± 4.2 at 60 minutes, with a 

maximum of 62 ± 4.5 nM (P<0.05) at 90 minutes after G-418 induction (Figure: 7.1). 1mM 

EGTA (final concentration) was used as a negative control which suscefully diminished 

calcium concentration in both control and treated Acanthamoeba cells. Generally, the 

levels of intracellular calcium was significantly higher in the trophozoites treated with the 

aminoglycoside in a period of 180 minutes whereas at the same time the amount of 

intracellular Ca2+ in the control amoebae remained stable. 

 

 

Figure 7.1: Intracellular calcium fluctuations after EC90 G-418 induction. Negative control 

column represents treated amoebae after the addition of 10μΜ EGTA. Values represents 

the mean of 3 independent experiments. Errors bars represent standard error, 

Significance is indicated (*), P<0.05 t-test; one tail distribution. 

 

 

7.2.2  Mitochondrial dysfunction 

 

 Mitochondrial dysfunction was primarily evaluated using the mono-tetrazolium 

redox compound, 5-cyano-2,3-ditolyl tetrazolium chloride (CTC), which produces a 

fluorescent formazan (CTF) when it is chemically or biologically reduced and is 
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simultaneously deposited intracellularly (3.6.4). CTF is an excellent indicator of the cell’s 

respiratory activity and it can be detected either spectrophotometrically or 

microscopically. More specifically, it was observed that in CTC- loaded, G-418 treated 

Acanthamoeba trophozoites, formazan production was decreasing during time of 

incubation, implication towards mitochondrial dysfunction (Figure 7.2), whereas at the 

same time, CTC-loaded untreated trophozoites shown stable formazan production 

implication of stable respiratory and metavolic activity. Interestingly, after 6 hours of 

incubation with the aminoglycoside, formazan production in Acanthamoeba trophozoites 

diminished considerradly reaching negative control fluorescence levels indicative of 

negligible mitochondrial activity. CTC unloaded trophozoites were used as a negative 

control (3.6.4).  

 

 

Figure 7.2: The diagram shows CTC reduction to detectable red formazan after G-418 

induction in treated and control untreated Acanthamoeba trophozoites when excited at 

350nm. The negative control represent fluorescence of Acanthamoeba trophozoites 

without CTC loaded. Values are representative of 3 independent experiments. Error bars 

represent standard error, significance is indicated (*), P<0.05 t-test; one tail distribution.  
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Fluorescence microscopy (3.6.4) confirmed previous spectrophotometry results 

as G-418 treated, CTC- loaded Acanthamoeba trophozoites showed decreased levels of 

intracellular red formazan accumulation (E1;E2;E3, Figure 7.3) compared to untreated 

cells during incubation time (B1;B2;B3, Figure 7.3). CTF fluorescence is shown to be 

greatly diminished 3 hours after G-418 treatment (E2, Figure 7.3) while after 6 hours is 

not even easily distinguishable (E3, Figure 7.3) indicative of defective mitochondrial 

function. 

Mitochondrial function was further evaluated by the use of the JC-1 dye (3.6.6) 

during G-418 treatment. Experimental analysis revealed that the mitochondrial deficiency 

of the G-418 treated Acanthamoeba trophozoites, which was also previously detected, is 

based largerly upon changes occurring on mitochondrial membrane potential disturbance 

(ΔΨm), rather than in mitochondrial breakage.  

JC-1 ratio of 603nm/540nm fluorescence intensities indicates the relative amount 

of the dye that exist as monomer or aggregate, which in turn indicates mitochondrial 

potential status. More precisely, it was found that the JC-1 fluorescence ratio was stable 

in untreated trophozoites loaded with JC-1 during 6 hours of incubation, while at the same 

time the fluorescence ratio of the G-418 treated, JC-1 loaded Acanthamoeba showed a 

noticeable fall, indicative of mitochondrial permeabilization (Figure 7.4). Analysis of the 

readings in Fig. 7.4 has shown a remarkable decrease in ΔΨm ranging from 24% at the 

first hour to 58% at three hours and to 70% at six hours compared to control amoebae 

cells. These differences were also detected by fluorescence microscopy (3.6.6) where it 

is obvious that J-aggregate fluorescence, which is marker of healthy and functional 

mitochondria, is decreased dramatically throughout G-418 treatment (Figure 7.5). 
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Figure 7.3: Illustration of formazan reduction during the 6-hour period of incubation. 

Signal intensity of the CTC reporter indicates respiration activity. The left column shows 

fluorescence intensity of untreated trophozoites while the right column shows 

fluorescence intensity of EC90 G-418 treated amoebae at 1, 3 and 6 hours. (A1, A2 and 

A3, B1, B2 and B3 and so on) after G418 induction. A1-A3 and D1-D3 phase contrast), 

B1-B3 and E1-E) formazan fluorescence, C1-C3 and F1-F3 phase and merge 

fluorescence. Images are representative of three experiments. Scale bar 5μm. 
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Figure 7.4: Graphical representation of the ΔΨm fluctuations during a period of six hours. 

Errors bars represent standard error, Significance is indicated (*), P<0.05 t-test; one tail 

distribution. 

 

 

Figure 7.5: Diagram of JC-1 dye loaded on Acanthamoeba showing the different signal 

intensities of the JC-1 monomer at 540 nm and J-aggregate at 603 nm. 
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Fluorescence microscopy also revealed these findings, as green fluorescence, 

indicative of the JC-1 monomer and indicative of a low ΔΨm, was easily distinguishable 

after 3 hours of treatment with G-418 EC90 (Figure 7.5) and became even more intense 

after 6 hours of treatment. At the same time, untreated cells maintained very low and 

insignificant green and high red fluorescence, which is indicative of high ΔΨm and healthy 

mitochondria. 

 

 

Figure 7.6: Fluorescence microscopy of G-418 treated and untreated Acanthamoeba 

trophozoites loaded with JC-1. Images are representative of 3 independent experiments. 

Scale bar 10μm. 
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7.2.3  Cytochrome c detection 

 

 Cytochrome c detection in Acanthamoeba trophozoites during treatment with G-

418 aminoglycoside was evaluated by fluorescent western blotting (3.8). After protein 

separation by electrophoresis (3.8.1), lysates were transferred from polyacrylamide gel 

to a PVDF membrane (3.8.2). The PVDF membrane was later stained with Ponceau S in 

order to evaluate transfer efficiency (Figure 7.7). After membrane immunoblotting (3.8.3) 

and visualization (3.8.4), it was observed that after 3 hours of treatment with EC90 G-418, 

cytochrome c was detectable in the cytosolic fraction of the treated Acanthamoeba cells, 

implying its release from mitochondria, whereas there was no cytochrome c release in 

control amoebae (Figure 7.8). A band of slightly higher molecular weight was detected at 

approximately 22 kDa, instead of 12-15 kDa as was initially expected. The same band is 

also observed in the mitochondrial fraction of treated and untreated cell lysates (Figure 

7.9).  

   

 

 

Figure 7.7: PVDF membrane after protein transfer and Ponceau S 0.1% staining. On the 

far left are protein molecular weight markers. On the left, are shown lysates from 

untreated Acanthamoeba trophozoites at different times; on the right are shown lysates 

from treated amoebae.  
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Figure 7.8: Representative western blot image from cytosolic fraction of Acanthamoeba 

cytochrome c at 4 different time points. On the far left are BIO-RAD precision protein 

molecular weight markers.  

 

 

 

Figure 7.9: Representative western blot image from mitochondrial fraction of 

Acanthamoeba cytochrome c at 4 different time points. On the far left are BIO-RAD 

precision protein molecular weight markers. 
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7.3 Discussion  

 

 As well as distinctive morphological features, apoptosis is characterized by a 

number of biochemical alterations comprising fluctuations in intracellular ions and cation 

levels, mitochondrial dysfunction, release of ROS, activation of caspases and DNA 

fragmentation. 

 Increase of intracellular calcium levels has been reported in many programmed 

cell death studies, in early and late stages of apoptosis, in almost every kind of cell 

(Kruman et al., 1998; Tombal et al., 1999; Lynch et al., 2000). In this study, it was shown 

that during treatment with G-418, levels of Acanthamoeba intracellular calcium were 

increased considerably. It could be safely suggested though, that the rise in [Ca2+]c can 

be considered one of the first steps of Acanthamoeba’s programmed cell death induced 

by the aminoglycoside and simultaneously as a trigger or effector of the downstream 

phenomena that are taking place.  

Excess of intracellular calcium might be due to endoplasmic reticulum stress, 

since G-418 aminoglycoside has been previously reported to cause such an effect (Jin 

et al., 2004) and also caffeine, which is considered as an ER repressive factor, partially 

inhibited G-418 mediated cell death. 

Increased levels of calcium in the cytosol could cause mitochondrial calcium 

overload (Scorrano et al., 2003), which in turn could lead to MOM permeabilization and 

release of pro-apoptotic factors and proteins into the cytosol. MOM permeabilization was 

successfully detected in G-418 treated Acanthamoeba trophozoites with the use of the 

JC-1 fluorescent dye. As was shown, treated amoebae are characterized by a low 

mitochondrial ΔΨm, which allows release of mitochondrial apoptotic factors including 

AIF, EndoG and cytochrome c, whereas untreated cells under the same conditions 

showed high ΔΨm and functional mitochondria without any detectable MOM 

permeabilization. Mitochondrial dysfunction was also evaluated by measuring the level 

of respiration. Characteristically, fluorescence intensity readings indicative of 

mitochondrial respiration suggested gradual mitochondrial dysfunction and dysregulation 
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during treatment with G-418. More precisely, it was found that after 6 hours of treatment, 

Acanthamoeba trophozoite respiratory activity had almost disappeared, a phenomenon 

that is considered a natural outcome of MOM permeabilization.  

 The side-effects of mitochondrial outer membrane permeabilization are not limited 

to organelle dysfunction, but also include the release into cytosol of many pro-apoptotic 

factors, including cytochrome c, EndoG and AIF. Afterwards, AIF and EndoG translocate 

to the nucleus where they mediate chromatin and DNA fragmentation. On the other hand, 

cytochrome c upon its release is reported to bind to Apaf1, forming the apoptosome, 

which in turn is responsible for activation of caspases and their downstream lytic effect.  

 Western blotting revealed the presence of cytochrome c in the microorganism’s 

cytosol after treatment of Acanthamoeba with G-418 aminoglycoside. More precisely, it 

was shown that after roughly 3 hours of incubation, cytochrome c was translocated from 

Acanthamoeba mitochondria to cytosol, whereas in untreated trophozoites, no such 

translocation was observed. However, it is yet unclear whether and how cytochrome c 

release might play a vital and leading role in the completion of apoptosis. The Abcam’s 

polyclonal antibody reacted to a protein at approximately 25 kDa, close to double that of 

the 12.9 kDa size expected from the encoding sequence of the conserved Acanthamoeba 

cytochrome c gene (Amoebadb.org). Acanthamoeba cytochrome c protein comprises an 

exposed cysteine residue (appendix 2, fig: 2.2) and as it is known that cytochrome c has 

a strong tendency to polymerize through domain-pair exchange (Hirota et al. 2010). 

Subsequently, the 25 kDa band that is recognised by the anti-cytochrome c antibody 

might be a homodimer of Acanthamoeba cytochrome c. 

 In the majority of cells and systems, cytochrome c release from mitochondria is 

considered among the most significant checkpoints of the apoptotic procedure. Based on 

its high conservation rate among species and due to its primary importance, it would be 

safe to assume a strong association between cytochrome c release and Acanthamoeba 

programmed cell death. However since the microorganism lacks most of the machinery 

required to mediate cytochrome c-dependent cell death reported in mammalian cells, 

including caspases and Apaf1, we have to consider the possibility of an alternative death 

pathway, which applies in the case of Acanthamoeba and feasibly to other unicellulars 
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that resemble Acanthamoebadoid and can likewise undergo regulated cell death. In this 

case, cytochrome c release from mitochondria and its subsequent translocation to cytosol 

could not be considered a random consequence of MOM permeabilization, but a major 

event in programmed cell death execution. 

 AIF is also a protein highly conserved among species that plays an undeniably 

significant role in apoptotic processes. In this study, there was not enough evidence to 

support the involvement of AIF in G-418 mediated cell death, however AIF participation 

in the phenomenon could possibly explain some of the apoptotic features, including 

chromatin fragmentation.  AIF could like cytochrome c be released from mitochondria 

during MOM permeabilization and might be subsequently translocated to the nucleus 

where its apoptotic function could develop. Further studies need to be conducted on that 

assumption, since AIF has been described in many unicellular protozoans as has already 

been stated. 

 Furthermore, identified intracellular calcium increase, as well as mitochondrial 

dysregulation, might cause hyperactivation of RAS and MAPK signaling pathways since 

rise of [Ca2+]c is considered a significant Ras signaling activator agent (Yoshiki et al., 

2010; Rosen et al., 1994; Cullen and Lockyer, 2002). Transcriptomic analysis of treated 

and untreated Acanthamoeba trophozoites, which is thoroughly analyzed in next 

chapters, has revealed an excessive upregulation of Ras and MAPKs genes during 

treatment with the aminoglycoside, indicating an active role for these molecules during 

G-418 cell death. However, it is not fully substantiated that this increase originates directly 

from the rise in [Ca2+]c. 
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Chapter 8 

 

RNA seq analysis of Acanthamoeba programmed cell death 

 

8.1  Introduction 

 

RNA-seq is a high-throughput sequencing, revolutionary tool in transcriptomics 

that enables the quantification, detection, identification and profiling of the constantly 

altering, total cellular transcriptome over time, for similar or diverse groups or treatments, 

which leads to precise identification of differentially expressed genes (DEGs). 

Identification and quantification analysis of the DEGs is critical for the understanding of 

cell behaviour and phenotypic variation. Differential examination of gene and transcript 

expression using high-throughput RNA sequencing is complicated by several sources of 

measurement variability and is characterized by various statistical challenges. 

Overall, RNA-Seq technology is an advantageous technique for differential 

expression analysis comprising five distinct stages. Initially, isolated RNA samples are 

converted into complementary cDNA sequences with adaptors attached to one or both 

ends and are sequenced from a high throughput platform to obtain short sequences of 

30-400bp from one end (single-end) or both ends (pair-end). Later, the produced 

sequences are mapped to a genome using a sequencer aligner such as Bowtie, TopHat 

or STAR and the levels of gene expression are further estimated by bioinformatics tools 

including cufflinks or featureCounts. The fourth stage includes normalization of the reads 

and identification of the DEGs by EdgeR or Deseq2. Finally, the significance of the 

complete data is assessed biologically.   

The purpose of the RNA seq analysis in this study was initially to determine if 

there are differences in the transcriptomic profiles of the G-481 treated trophozoites 

compared to untreated cells during pre-determined periods of time. Secondly, to identify 
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programmed cell death-associated genes that might control the course of the 

phenomenon and how the expression of these genes is regulated. Thirdly, to assess 

biologically the extent of “death” gene expression or respective repression that might 

determine the fate of Acanthamoeba cells. Furthermore, it would be feasible to associate 

some of the features that have already been observed on a gene-wise basis, upon 

expression analysis. 

For this reason, transcriptomic comparisons were conducted at four different time 

points including times of 0, 1, 3, 6 hours after cell death induction by G-418 and two 

different conditions, comprising treated and untreated Acanthamoeba trophozoites under 

the same environmental conditions (37ºC) and in the same media (NSB) as previously 

described (3.9). Briefly, total RNA from both Acanthamoeba population was isolated at 

different time points as described (3.7.6). RNA samples were later quantitatively and 

qualitatively evaluated (3.7.7) before sent for sequencing (3.7.8) to Edinburgh Genomics.  

Retrived sequences from RNA-seq were analyzed as previously described in 

3.9.3. Briefly, all retrieved sequences were initially set to quality control analysis (3.9.3.1) 

before aligned to Acanthamoeba reference genome (obtained by ENSEMBL Protists 

database) using STAR aligner (3.9.3.2). Differential expression analysis and detection of 

differentially expressed genes (DE) were conducted in Rstudio 1.1.383 environment by 

using a plethora of R-supported programmes, libraries and packages, comprising readr, 

statmode, bplyr, rtracklayer, Rsubread, limma and edgeR, in order to read, process, 

analyze and visualize inserted BAM aligned files (3.9.3.3). 

Differentially expressed (DE) genes were later identified by setting criteria of a 

fold change (fc _threshold) of < 2 and an FDR threshold of < 0.001 after biological 

coefficient of variation and moderated tagwise dispersion had been estimated. Transcript 

of the code used in Rstudio1.1.383, can be found in appendix 1. 
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8.2  Results  

 

8.2.1   RNA quality 

 

mRNA from 8 samples of Acanthamoeba castellanii GS isolate strain was 

sequenced in 2 HiSeq 4000 75PE lanes with three replicates for each treatment 0, 1, 3 

and 6 hours after aminoglycoside treatment. The initial concentration of the 24 samples 

was verified with QUBIT (3.7.7) using fluorescent probes and simultaneously RNA quality 

by electrophoresis (3.7.4), (Figure 8.1). 

  

 

Figure 8.1: Representative RNA electrophoresis of Acanthamoeba RNA samples 

showing RNA quality. A molecular size ladder is positioned on the left. Also the RNA 

Integrity Number (RIN) is noted. Samples with RIN number around 8 or greater are 

considered to be the least degraded. Values over 7 are considered acceptable and if 

under 7 usually repetition of isolation is required. Sample 3 shows characteristics of 

degradation and it was resubmitted.  
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8.2.2  Quality control of the obtained sequences 

  

 Each sample resulted in the generation of 4 fastq files, individually containing 

approximately 18 million sequences. Each of the 96 files passed the FastQC analysis 

separately and was checked for abnormalities and low-quality scores (3.9.3.1). Quality 

control and filtering of raw reads is considered one of the most significant phases in the 

pre-processing of sequencing reads. Duplication levels are usually flagged in RNA seq 

because different transcripts will be presented at significantly dissimilar levels in the initial 

sample. In order to be able to observe lowly expressed transcripts it is consequently 

common to greatly over-sequence highly expressed transcripts and this usually leads to 

multiple duplicates-copies, hence the warning (Figure 8.2). 
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Figure 8.2: Representative summary of FastQC Reports, including basic statistics, per 

base sequence quality, per tile sequence quality, per sequence quality scores, per base 

sequence content, per sequence CG content, per base N content, sequence length 

distribution, sequence duplication levels, overrepresented sequences, adapter content 

and Kmer content. In basic statistics are noted the total number of sequences, sequences 

flagged with poor quality, sequence length and the GC percentage.  

 

 

8.3  Differential expression analysis results 

 

8.3.1  Exploring differences between libraries 

 

Generally, Multidimensional scaling or MDS plotting is a visualization of the 

similarity level of individual cases of a dataset and is characterized as one of the most 

significant descriptive plots to examine gene expression analysis (3.9.3.3). In this case, 

the points of the plot represent the different treatment conditions and time points of 

Acanthamoeba genes’ differential expression. The points are organized in such way that 

their proximity distances correlate to their similarities. For instance, similar cases are 

represented by points closer to each other and respectively dissimilar cases are more 

distant.  

The plot also gives an initial idea of the extent to which differential expression can 

be identified before performing formal examinations and simultaneously, is both an 

analysis step and a quality control stage to examine the overall differences between the 

expression profiles of the different samples (Chen et al., 2016). 

MDS plot generated by limma on R-studio environment, shows 3 different distinct 

groups. Group 1 (blue circle, Figure 8.3) includes samples from time 0 of both G-418 

treated and untreated cells, the second group (green circle, Figure 8.3) represents 
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samples from untreated cells at 1, 3 and 6 hours and finally the third group includes all 

the samples from the treated cells which can also be further subdivided to 3 sub-groups 

based on incubation time (yellow circle, Figure 8.3).  

The individual subgroups of these clusters are suspected to have low 

transcriptional dissimilarity and high transcriptional similarity amongst them. Also, over 

dimension 2 it seems that the difference among the samples including control 

Acanthamoeba populations at 0 and 1, 3, 6 hours is smaller compared to variation over 

other samples. Simultaneously, the largest transcriptional variance seems to be among 

control amoebae at 0 hours’ time point and treated amoebae at 6 hours’ time point, over 

dimension 1. 
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Figure 8.3: MDS plot made by limma using the plotMDS function, in R studio showing 

the variation of the samples that have been clustered in unsupervised and general 

manner. Distances on the plot correspond to the leading fold-change, which is the 

average log2-fold-change for the 500 genes that are most divergent among each pair of 

samples by default. 
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8.3.2  Dispersion estimation  

 

8.3.2.1  Biological coefficient variation  

 

The comparison of gene expression in two or more groups of samples requires 

knowledge of the normal variation or dispersion in order to decide whether an observed 

value is outside or inside the “normal” dispersion limits and to assess differential 

expression. The value of dispersion for individual genes is called tagwise dispersion and 

is estimated using model-based approaches.  

EdgeR estimates an empirical Bayes moderated dispersion for each individual 

gene. It also estimates a common dispersion, averaged over all genes which is a global 

dispersion and a trended dispersion where the dispersion of a gene is predicted from its 

abundance (Chen et al., 2016). EdgeR uses the negative binomial distribution to model 

the read counts for each gene in each sample. The dispersion parameter of the negative 

binomial distribution accounts for variability between biological replicates and it 

determines the variance of each gene. Subsequently, the common dispersion model is 

used for each gene variation modeling (3.9.3.3). 

The biological coefficient variation of some genes, especially those with low 

expression levels, can be much higher than the common dispersion.  The common 

dispersion has been estimated to be around 0.1 for the same cell lines from EdgeR 

authors, however in this case, there was a higher rate among comparisons, as common 

dispersion fluctuated around 0.2, betraying higher variation among samples (Figure 8.6). 

This indicates that the “true” abundance for a gene can vary up to 20% between samples. 

Generally, the higher the estimate of the common dispersion the higher the variability 

among replicates.   
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Figure 8.4: Scatterplot of the biological coefficient of variation (square-root dispersion) against the average abundance of 

each gene. The plot shows the square-root estimates of the common, trended and tagwise dispersions. 



 
Acanthamoeba Programmed Cell Death  

 

Page | 163  
 

8.3.3.2  Moderated tagwise dispersion  

 

RNA seq experiments are usually characterized by 3 samples per condition in two 

groups.  Effect of this fact is that the gene dispersion estimation is based on four to five 

degrees of freedom that in turn leads to decreased and sometimes unreliable estimations. 

Conversely, common dispersion is based on several thousand observations, which 

renders it very trustworthy. In this case, in order to improve and further stabilize tagwise 

dispersion estimation, values are "squeezed" towards the common value, resulting in an 

outcome where estimates larger than the common value get smaller and estimates 

smaller than the common value get larger, respectively (Figure 8.7).  

 

8.4  Differentially Expressed Genes analysis  

  

 Comparisons among samples from untreated and G-418 treated cells were 

performed at 4 different time points (0, 1, 3 and 6 hours) and revealed a significant 

number of differentially expressed genes. More precisely, at 0 hours gene expression did 

not show any difference between treated and untreated trophozoites, as was expected. 

After one hour of incubation with the aminoglycoside, treated amoebae showed 2604 

D.E. genes with a fold change of at least 2 and a maximum FDR threshold of 0.001 

among untreated and treated amoebae (Figure 8.7; 8.8). DE genes were increased to 

2833 (229 more) after 3 hours (FDR_threshold ≤ 0.001; Fc_threshold ≥ 2). Interestingly 

after 6 hours the number of DEGs reached the number of 7803 which is approximately 

50% of Acanthamoeba genes under the same parameters (Figure 8.7; 8.8). When the 

FDR value, was increased to 0.05 (5% possibility of being falsely differentially expressed) 

the DEGs increased dramatically to 5460 after thefirst hour, 6886 at 3 hours and 8275 

after 6 hours (Figure 8.9).  
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Figure 8.5: Moderated tagwise dispersion estimation among comparisons made between untreated and treated amoebae 

during time. 
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Figure 8.6: Scatter plots of DEGs showing log-fold change against average log-CPM.  Green dots represent upregulated 

genes, black downregulate genes and red genes that do not alter significantly. Horizontal lines represent logfold change of 1. 

CPM were set at least 2 and maximum FDR at 0.001.
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Figure 8.7: Volcano plots of differentially expressed genes at  0, 1, 3 and 6 hours of incubation. Parameters as CPM were set 

at least 2 and maximum FDR at 0.001. Significant DEGs are shown by red dots. 
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Figure 8.8: Volcano plots of differentially expressed genes at 0, 1, 3 and 6 hours of incubation. Parameters as CPM were set 

at least 2 and maximum FDR at 0.05. Significant DEGs are shown by red dots.



 
Acanthamoeba Programmed Cell Death  

 

Page | 168  
 

At the same time comparison among untreated amoebae was also performed in 

order to identify the level of DEGs and variation among samples. As was already known 

from the MD plot (Figure 8.5), genes from control samples at 0 and 1 hour have been 

mapped as far distinct from each other. Analysis revealed that there are 1035 

differentially expressed genes with a fold-change of at least 2 and a maximum FDR 

threshold of 0.001, between trophozoites from 0 hours and trophozoites from 1 hour. This 

however is easily explained based on stress produced by temperature variation (0 hours 

at RT; 1 hour at 37ºC).   

Later the number dropped to 826 DEGs when comparing control trophozoite 

samples from 1 and 3 hours (Figure 8.6) and finally only 1 gene was found to be 

differentially expressed by at least 2-fold and with a maximum FDR threshold of 0.001, 

among trophozoites from 3 hours and trophozoites from 6-hour control cells (Figure 8.10). 

As was also expected, the BCV was significantly lower in comparisons of 

untreated cells, fluctuating around 0.1 which is the standard value for similar cell lines, 

compared to the BCV values generated by the control versus treated comparisons that 

have been previously made (Figure 8.6), suggesting a lower gene variation along time. 
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Figure 8.9: Diagrams showing significant DEGs expression between untreated Acanthamoeba cells at three different time 

point comparisons. Green dots represent upregulated genes, black downregulated genes and red genes that do not 

significantly alter. Horizontal lines represent logfold change of 1. In the top right and lower right figures, the red dot represents 

the only upregulated gene and black dots genes that do not significantly alter. CPM were set at least 2 and maximum FDR at 

0.001
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ID LogFc LogCPM FDR Protein 

Description 

Homology 

ACA1_143990 6.56241104 9.231606 1.71E-05 RAS subfamily 
 

ACA1_127590 5.51468797 6.531113 1.71E-05 Unknown WH2 Domain motif 

ACA1_072360 6.77214573 11.93665 1.78E-05 UBX protein 

domain 

ubiquitin-regulatory 

protein 

ACA1_171970 5.20049777 5.97979 2.01E-05 Hypothetical 

protein  

Aminoglycoside 

phosphotransferase 

ACA1_080730 5.36183087 13.75772 2.01E-05 Heat shock protein 
 

ACA1_276490 4.25039989 6.257151 2.16E-05 Vesicle-associated 

membrane protein 

 

ACA1_127660 5.86165494 5.15034 2.16E-05 Hypothetical 

protein  

CsbD stress family  

ACA1_087450 3.9246563 7.054655 2.37E-05 RAS subfamily 
 

ACA1_129230 5.3759211 10.30634 2.37E-05 Hypothetical 

Protein 

E3 ubiquitin-protein 

ligase 

ACA1_171980 4.01482487 8.067635 2.37E-05 RAS subfamily 
 

ACA1_091850 3.79271576 8.016228 2.46E-05 Hypothetical Prt Unknown 

ACA1_143980 6.52937406 7.656538 1.71E-05 RAS subfamily 
 

ACA1_140060 4.29211614 10.85629 2.46E-05 ATPase 
 

ACA1_090170 6.50123816 7.688336 2.46E-05 RAS subfamily 
 

ACA1_081860 4.60364504 6.391337 2.46E-05 Ser/Thr kinase MAPK 

ACA1_089990 5.12600337 11.22629 2.50E-05 RAS subfamily 
 

ACA1_374380 3.71078782 14.33886 2.50E-05 Heat shock protein 
 

ACA1_093820 5.89326929 8.338743 2.50E-05 Hypothetical 

Protein 

Unknown 

ACA1_265510 3.50492894 6.598706 2.50E-05 Palmitoyl 

Thioesterase 

 

ACA1_256400 6.18975249 7.813812 2.53E-05 RAS subfamily 
 

Table 8.1: List of the 20 greatest DEGs between treated and untreated Acanthamoeba 

after 1 hour (FDR ≤ 0.001 and fold change ≥ 2). Protein description retrieved from 

www.amoebadb.org and homology based on Uniprot blast are also shown.

http://www.amoebadb.org/
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Figure 8.10: Expression profile analysis of the 20 largest DEGs in treated Acanthamoeba trophozoites after one hour of 

incubation based on EdgeR. The expression is presented in CPM. Red histograms represent expression profiles analyzed 

from each treated sample while blue histograms represent expression profiles analyzed from each untreated sample.
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ID LogFc LogCPM FDR Protein Description Homology 

ACA1_072360 8.817264 11.94299 4.56E-05 UBX Domain protein 
 

ACA1_089990 7.314984 11.71435 4.56E-05 RAS subfamily 
 

ACA1_220460 9.365788 7.360668 4.56E-05 Hypothetical protein Unknown 

ACA1_070460 6.11124 12.07162 4.56E-05 Chaperone DnaJ 
 

ACA1_044470 8.166822 6.780263 5.44E-05 Hypothetical protein Unknown 

ACA1_093820 7.972137 9.100271 5.44E-05 Hypothetical protein Transcriptional 

regulator cudA 

ACA1_142420 5.645899 9.428149 5.44E-05 Tyrosine 

Phosphatase 

 

ACA1_208850 5.342992 6.311283 5.44E-05 Carboxylesterase 
 

ACA1_281310 7.072855 4.581416 5.54E-05 Hypothetical protein Unknown 

ACA1_108580 5.75193 4.528487 5.54E-05 Hypothetical protein Unknown 

ACA1_230450 4.960556 8.470046 5.54E-05 Hypothetical protein Unknown 

ACA1_391420 5.626383 10.24228 5.54E-05 Hypothetical protein Unknown 

ACA1_063570 8.350433 13.11957 5.54E-05 Hypothetical protein Unknown 

ACA1_065000 6.424787 9.89528 5.54E-05 Hypothetical protein Unknown 

ACA1_333240 5.758967 5.876957 5.54E-05 Hypothetical protein Unknown 

ACA1_255680 6.112366 10.49178 5.54E-05 Protein Kinase 
 

ACA1_365840 6.66442 6.94374 5.54E-05 Hypothetical protein Serine 

endopeptidase 

ACA1_091980 5.079199 8.996453 5.54E-05 Synaptobrevin 
 

ACA1_127650 8.442011 2.860586 5.54E-05 Hypothetical protein Unknown 

ACA1_159040 7.657217 9.873746 5.54E-05 Hypothetical protein Unknown 

ACA1_163390 4.189563 7.612113 5.54E-05 Hypothetical protein ubiquitin-like 

protein 

 

Table 8.2: List of the 20 greatest DEGs between treated and untreated Acanthamoeba 

after 3 hours (FDR ≤ 0.001 and fold change ≥ 2). Protein description retrieved from 

www.amoebadb.org and homology based on Uniprot blast is also mentioned.

http://www.amoebadb.org/
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Figure 8.11: Expression profile analysis of the 20 biggest DEGs in treated Acanthamoeba trophozoites after 3 hours of 

incubation based on EdgeR. The expression is presented in CPM. Red histograms represent expression profiles analyzed 

from each treated sample while blue histograms represent expression profiles analyzed from each untreated sample.
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ID LogFc LogCPM FDR Protein Description Homology 

ACA1_093170 7.97695 6.892021 7.15E-08 Kelch domain protein 
 

ACA1_097200 7.881855 8.610867 7.15E-08 MIF4G domain 

protein 

 

ACA1_378880 7.740856 6.574794 7.15E-08 Hypothetical protein Unknown 

ACA1_292170 8.487559 5.362409 7.15E-08 Hypothetical protein Unknown 

ACA1_220440 7.449845 5.427786 7.15E-08 Hypothetical protein Unknown 

ACA1_208730 7.764392 9.930901 7.15E-08 Carboxylesterase 
 

ACA1_153680 9.297893 8.209998 7.15E-08 Amz2 protein Peptidase 

ACA1_184390 7.094239 8.769101 7.15E-08 Hypothetical protein Unknown 

ACA1_069740 8.97882 4.964736 7.15E-08 Betalactamase 
 

ACA1_019200 6.129931 5.685494 7.15E-08 Hypothetical protein Unknown 

ACA1_167050 6.239263 8.949428 7.15E-08 RAS subfamily 
 

ACA1_069180 6.979725 7.356811 7.15E-08 Hypothetical protein Kinesin like 

protein 

ACA1_065030 7.133178 8.979023 7.15E-08 Hypothetical protein Translation  

factor 

ACA1_255680 6.768984 10.5653 7.15E-08 Protein kinase 
 

ACA1_246080 8.07252 4.048879 7.15E-08 ATPase 
 

ACA1_281310 9.298831 4.732681 7.15E-08 Hypothetical protein Unknown 

ACA1_063520 5.953535 8.49215 7.27E-08 zinc finger 
 

ACA1_275680 7.945333 7.433191 7.27E-08 Hypothetical protein Unknown 

ACA1_023100 9.973223 8.547317 7.27E-08 Hypothetical protein Endonuclease 

ACA1_095540 5.556857 6.10838 7.27E-08 F box protein domain 
 

 

Table 8.3: List of the 20 most DEGs between treated and untreated Acanthamoeba 

at 6 hours (FDR ≤ 0.001 and fold change ≥ 2). Protein description retrieved from 

www.amoebadb.org and homology based on Uniprot blast is also mentioned.

http://www.amoebadb.org/
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Figure 8.12: Expression profile analysis of the 20 largest DEGs in treated Acanthamoeba trophozoites after six hours of 

incubation based on EdgeR. The expression is presented in CPM. Red histograms represent expression profiles analyzed 

from each treated sample while blue histograms represent expression profiles analyzed from each untreated sample.
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Figure 8.13: Heatmap of differentially expressed genes of all treatment conditions 

against time. Warmer-darker colors represent higher expression. Genes were identified 

as differentially expressed (FDR < 0.001) by EdgeR and expressed (CPM > 2).  
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8.5  Discussion  

  

 The identification of differentially expressed mRNAs, consequently genes through 

RNA seq sequencing has been used to assist understanding not only of gene function 

but also of the fundamental molecular mechanisms of individual biological systems and 

organisms. RNA seq analysis has also been used to analyse gene expression and 

differentiation in many biological processes from cell proliferation (Yang et al., 2015; 

Ramaker et al., 2018) to apoptosis (Wang et al., 2016) and many physiological and 

pathophysiological conditions from cancer (Lin et al., 2018) to autoimmune disorders 

(Giannopoulou et al., 2015; Ma et al., 2015).  

In this study, RNA was isolated from two distinct conditions after 4 different 

periods of time, sequenced and analysed using various bio-informatics tools, including 

aligners, read-abundance counters and differential expression analysers. In this first 

chapter of RNA seq analysis were initially shown the numerous and fundamental quality 

controls which were performed in almost every step and guaranteed a strong base, which 

eventually led to assumptions and differentially-expressed gene analysis results that 

were as safe as possible. It was also shown how dispersion and gene variation was 

estimated and how CPM and FDR differentiates DEGs analysis and also affects the 

number of DEGs. 

From the first stages of RNA analysis it was obvious that there were significant 

transcriptomic differences between control amoebae and G-418 treated Acanthamoeba 

trophozoites while simultaneously, isolated mRNA from treated trophozoites showed 

further differentiation between isolates at different times (Figure 8.5). At the same time 

transcriptomic profiles of the untreated amoebae changed slightly during the period of 

incubation, indicating minor transcriptomic alterations between them.  

More precisely, it was found that at zero time there was no difference in 

transcriptomic profiles between G-418 treated and control trophozoites, as downstream 

analysis revealed no genes that are differentially expressed. This observation also 

verified that the two Acanthamoeba populations shared the same gene expression level 
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and started from the same trascriptomic point. Subsequently, there was not any genetic 

predisposition that could compromise the outcome.  

Interestingly, 1 hour after treatment, the comparison between treated and 

untreated cells revealed 2604 genes that were marked as differentially expressed at 

maximum FDR threshold at 0.001 and lowest fold change of at least 2. Paradoxically, 

despite the fact that in both conditions are found highly expressed genes related to heat 

shock proteins (HSPs), some of them are expressed in only one condition associated to 

G-418 treatment, such as ACA1_374380 and ACA1_080730 (Table 8.1). However many 

of them, including proteins with characteristic domains that are categorized as HSPs, are 

expressed in both conditions and were not marked as differentially expressed.  

Heat shock proteins comprise mainly anti-apoptotic agents that interact with a 

great variety of intracellular proteins and scaffolds (Kenedy et al., 2014). More precisely, 

it has been reported that higher expression of heat shock proteins mediates cell survival 

while inhibiting partially, directly and indirectly stimulation of pro-apoptotic proteins, such 

as BAX proteins, which in turn lead to MOM permeabilization and release of pro apoptotic 

factors such as cytochrome c, AIF and EndoG (Stankiewicz et al., 2009; Gotoh et al., 

2004). Furthermore, HSPs have been effectively associated with reduced stimulation of 

caspases (Lanneau et al., 2008), whereas also an additional protective role of HSPs 

includes their ability to prevent ubiquitination and subsequent proteasomal degradation 

(Andrieu et al., 2010). 

However, HSPs have been also reported as pro-apoptotic proteins that interact 

with a variety of cellular proteins, including pro-caspases and caspases that are directly 

involved in apoptosis (Samali et al., 1999; Lau et al., 1997; Xanthoudakis et al., 1999). 

Simultaneously, HSPs have been reported to promote apoptosis through decreased 

activity of the Akt pathway (Basso et al., 2002). It is clear therefore, that their expression 

levels can partially determine the fate of the cell in response to death stimuli, although it 

is as yet unclear how this is being achieved.  Acanthamoeba G-418 treated cells showed 

extended expression of heat shock proteins, suggesting their role in the death process, 

although is unclear whether HSPs act as pro-apoptotic signals or execute a desperate 

cell attempt to bypass or supress cell death and increase the fraction of cells surviving.  
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An essential role of HSPs function is to act as co-chaperones, which in turn control 

the multifunctional abilities of each distinct HSP (Kennedy et al., 2014). These co-

chaperones include proteins that contain domains like DnaJ, Cys-rich Zn-finger, 

tetratricopeptide repeat (TPR), U-box and BAG-family proteins (Takayama et al., 2003). 

Interestingly, many proteins with these characteristics were also found to be upregulated, 

including ACA1_070460 and ACA1_080730 (Table 8.1). It is nevertheless unknown in 

which direction these regulator proteins might lead. 

Thorough investigation revealed that as well as the DEGs related to heat shock 

genes were entities related to Ras subfamily genes (Table 8.1). At least 20 different Ras 

subfamily genes were identified among the 50 most differentially expressed genes at 1 

hour after cell death induction, including ACA1_181840, ACA1_143990, ACA1_087450, 

ACA1_171980, ACA1_143980, ACA1_090170, ACA1_089990, ACA1_256400 and 

ACA1_227760 (Table 8.1). Generally, Ras proteins function as on/off regulators for signal 

transduction. Simultaneously, Ras family proteins are vital for intracellular signalling 

through pathways that regulate crucial cellular procedures such as actin cytoskeletal 

integrity, cell adhesion, differentiation, proliferation and finally cell death (Kauffmann et 

al., 1997). According to cell type and external stress conditions, Ras signalling could 

mediate either cell death or cell survival.  

 Implication of Ras signaling pathways in the unicellular cell death phenomenon is 

not something entirely new. Ras signaling has been reported to accelerate signs and 

progression of programmed cell death in Candida albicans, although Ras activation is not 

itself sufficient to kill cells (Phillips et al., 2006). Increased Ras signaling has been also 

linked to the caspase-independent cell death pathway (Kitanaka et al., 1998; Elgendy et 

al., 2011). Based on the plethora of Ras genes that have been found to be upregulated 

in Acanthamoeba G-418 treated cells and not in control amoebae it would be safe to 

assume that Ras signaling plays a significant role in cell death progression. Probably Ras 

signaling may sensitize Acanthamoeba trophozoites to PCD induced by a combination of 

stimuli, including temperature stress and G-418 treatment, although it has reported that 

high level expression of Ras alone could mediate cell death likewise (Joneson et al., 

1999).  
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An additional interesting fact from this initial analysis was the identification of 

ubiquitination-related genes. Ubiquitination is the basic signal in a cell that allows the 

regulation of intracellular protein levels and simultaneously participates in significant 

cellular biological procedures including apoptosis, DNA repair and replication, 

transcription and cell cycle progression, by mediating the cell’s selective proteolysis by 

26S proteasomes (Broemer and Meier, 2009). The ubiquitin-proteasome scaffold 

involves primarily E3 ligases and deubiquitinating enzymes (Gupta et al., 2018) and is 

considered to be the basic intracellular, non-lysosomal protein degradation system in 

eukaryotic cells. Many proteins and molecules associated with regulated cell death 

processes have been recognised as proteasome substrates, suggesting ubiqutination’s 

energetic and essential role in the death processes (Jesenberger and Jentsch, 2002).  

G-418 treated trophozoites seem to show high levels of ubiquitination as both of 

these requirements appear to be fulfilled, based on gene expression analysis. More 

precisely ACA1_072360 and ACA1_129230, which represent proteins with 

deubiquitinating enzyme domains and E3 ligases respectively, were found to be highly 

expressed in treated amoebae (Table 8.1) whereas at the same time their expression in 

control amoebae remained basal. Increased ubiquitination has been also described in 

various systems (Wojcik, 1999; Orlowski, 1999) related to apoptotic and regulated cell 

death. Simultaneously over recent years, ubiquitin E3 ligases have emerged as essential 

controllers of the apoptotic phenomenon as protein levels of many pro- and anti-apoptotic 

molecules could be under the control of the ubiquitin-dependent degradation system 

(Broemer and Meier, 2009). 

Protein kinases and protein phosphatases regulate various cellular processes 

including differentiation, proliferation, cell cycle regulation, survival and cell death (Li et 

al., 2006). Ser/Thr kinases, by phosphorylation, activate or deactivate specific 

downstream effectors, including transcriptional factors and cytoplasmic proteins, in order 

to achieve cellular responses to stimuli (Cuadrado et al., 2010). MAPK and Jun N-

terminal kinases have been also associated with apoptotic cell death in different cell types 

(Callsen and Brune, 1999; Chen, 2000) and have simultaneously been shown to be 

essential for both cell proliferation and cell death. Although the activation of kinases that 

leads to cell proliferation or cell death is quite dependent on the signal, the nature of the 
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cell and the external stress conditions involved in such circumstances is a crucial 

parameter and might result in variable outcomes (Liu and Lin, 2005; Lin and Dibling, 

2002). MAPKs have been also linked to mitochondrial apoptotic pathways through both 

enhancing transcription of pro-apoptotic genes and directly by activating them (Cuadrado 

et al., 2010). 

MAPKs genes, including ACA1_081860, have been found in the top 20 of the 

largest DEGs (Table 8.1) between treated and untreated trophozoites, indicating an 

important role of MAPKs in the phenomenon of Acanthamoeba cell death. Even more 

upregulated MAPKs genes were identified during analysis, including ACA1_058060, 

ACA1_064490 and ACA1_39920, which are discussed more analytically in the next 

chapter.  

Transcriptional comparison among genes 3 hours after initial treatment revealed 

even more DEGs, however the majority of them were classified as hypothetical proteins 

and additional BLAST enquiry also failed to identify orthologous genes with at least 30% 

resemblance.  More precisely, 2833 genes were marked as differentially expressed with 

maximum FDR threshold at 0.001 and lowest fold change of at least 2. However, some 

genes remained highly expressed including Ras subfamily genes such as ACA1_098990 

(Table 8.2) and ubiquitination related genes like ACA1_072360 and ACA1_129230 in 

both comparisons (1 hour and 3 hours).  

A tyrosine phosphatase gene, specifically ACA1_142420, was found to be among 

the highest DEGs when compared to untreated Acanthamoeba transcriptome after three 

hours of treatment (Table 8.2). The role of protein-tyrosine phosphatases as controllers 

of anti-apoptotic stimuli is commonly accepted (Halle et al., 2007), however individual 

protein-tyrosine phosphatases were suggested to either enhance or counteract a 

diversity of cell survival stimuli, ultimately favouring either cell survival or cell death. 

Comparison among DEGS after 6 hours after treatment revealed a plethora of 

differentially expressed genes. Analysing however the 20 highest DEGs at this condition 

(Table 8.3) revealed that the majority of them were classified as hypothetical proteins and 

additional BLAST enquiry also failed to identify homologous genes with at least 30% 
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resemblance. More precisely, 7803 genes were marked as differentially expressed at 

maximum FDR threshold at 0.001 and lowest fold change of at least 2.  

More than 50% of Acanthamoeba genes were found to be differentially expressed 

6 hours after G-418 treatment. Ras subfamily genes such as ACA1_167050, 

ubiquitination related genes such as ACA1_063520 and ACA1_095540 and MAPKs such 

as ACA1_255680 occupy a position among the top 20 DEGs. It is obvious that Ras 

signalling, ubiquitination and MAPK interactions are common to G-418 treated cells as 

were identified at the top of every comparison between treated and untreated amoeba 

cells.  

One of the most interesting observations, made based on 6 hours DEGs 

comparison, was the identification of a highly expressed protein with the zinc-binding loop 

region of a homing endonuclease. ACA1_023100 is described as a hypothetical protein 

according to the amoeba database (www.amoebadb.org), however further analysis and 

protein blast (Uniprot) showed homology to HNH endonucleases. Nucleases and more 

specifically endonucleases are crucial enzymes that as well as their physiological 

functions mediate also DNA fragmentation and chromatin condensation. HNH 

endonucleases have not been widely considered as DNA engineering tools as they are 

characterized by a lack of the modular DNA-binding motif found in ZF or TALE proteins. 

Moreover, moderate sequence degeneracies are tolerated by HNH endonucleases, 

increasing by this means the possibility of off-target binding (Gimble and Wang, 1996; 

Argast et al., 1998). HNH endonucleases are able to cleave one or both strands of the 

DNA double helix (Galburt and Stoddard, 2002), thus are quite heterogeneous and 

apparently very flexible and adjustable in performing various functions. 

It is interesting that nuclear fragmentation, which has been already detected and 

discussed in previous chapters, after G-418 induction in Acanthamoeba trophozoites is 

placed chronologically approximately five to six hours after aminoglycoside treatment. 

Consequently, there may be a closer association between these two events. It should be 

mentioned though that numerous endonucleases and other enzymes that could have led 

in that direction have been found to be upregulated during the cell death phenomenon as 

is thoroughly described in next chapter.  

http://www.amoebadb.org/
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An additional significant observation that was recovered from the analysis was 

the fact that at the top of DEGs in every comparison were ATPase genes, including 

ACA1_140060 and ACA1_246080, which were continuously higher expressed in G-418 

treated trophozoites compared to untreated amoebae, suggesting a highly energy-

dependent ongoing procedure.  
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Chapter 9 

 

Gene profile analysis of Acanthamoeba programmed cell death 

 

9.1  Introduction 

 

There is an abundance of evidence to suggest that a variety of cell death 

modalities operate in mammal cells and higher eukaryotes in response to various death 

stimuli. The question that arises is whether the situation is the same in parasitic 

protozoans, including Acanthamoeba spp. Despite the great evolutionary divergence 

among multicellular and unicellular organisms and the clear molecular and biochemical 

differences, previous reviews have shown extended similarities in cell death machinery 

between multicellular and unicellular organisms. However, numerous genes that have 

been recognised as being regulators of metazoan apoptotic pathways are not always 

present in parasitic protozoal genomes, suggesting different pathways.  

Analysis of the top differentially expressed genes provided some very useful 

insights regarding programmed cell death in Acanthamoeba G-418 treated cells and 

identified some very valuable information on gene profiling of G-418 treated amoebae. 

However, in a phenomenon that resembles apoptosis it is crucial to proceed to a more 

profound analysis and examination of other gene profiles with lower expression but 

possibly more significant to the final outcome.   

Accordingy, in this chapter, genes associated with apoptosis in other models were 

inspected and analysed biologically. These genes comprise Acanthamoeba’s 

metacaspase, genes related to autophagy, ser/thr kinases and phosphatases, Ras family 

genes, deoxyribonucleases, endonucleases, calpains, cathepsins and glutathione S-

transferases corresponding to the amoeba database (http://www.amoebadb.org). This 

chapter actually constitutes a RNA-Seq screen of the G-418 aminoglycoside-induced 

programmed cell death response in Acanthamoeba. Gene expression and comparisons 

http://www.amoebadb.org/
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between control and treated amoebae were performed as described in 3.9.3, using the 

EdgeR, in R studio 1.1.383 environment (transcript can be found in Appendix 1). 

 

 

9.2 Results 

 

9.2.1  Acanthamoeba metacaspase expression  

 

Acanthamoeba metacaspase (Acmcp) has not been yet annotated in the 

Acanthamoeba reference genome, however a quick blast enquiry reveals ACA1_087710 

as the most prominent match. ACA1_087710 is described as “ICElike protease (caspase) 

p20 domain containing protein” in the amoeba database, however it obviously refers to 

Acmcp. Phylogenetic analysis of ACA1_087710 was also performed, relating the protein 

more closely to Saccharomyces cerevisae metacaspase, rather than trypanosomal and 

Leishmania metacaspases (Appendix 2; figure 2.3). Individual differential expression 

analysis of Acanthamoeba metacaspase revealed an increasing trend in trophozoites 

treated with the aminoglycoside with time (Figure 9.1). As expected, at zero time, the 

expression profile of Acmcp was found roughly similar between treated and untreated 

trophozoites. Notably, in control populations, metacaspase expression showed a gradual 

decline during incubation, while at the same time, in G-418 treated trophozoites, Acmcp 

showed an up to 12-fold increase in transcriptomic abundance with time, revealing a 

impending role for metacaspase during Acanthamoeba cell death. The highest levels of 

Acanthamoeba’s metacaspase mRNA were observed at 6 hours after treatment (Figure 

9.1).  
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Figure 9.1: Expression profile analysis of Acanthamoeba metacaspase. The diagram 

illustrates Acmcp expression over time, between untreated and G-418 treated 

trophozoites. Expression is shown in CPM. Red colour indicates treated cells, blue 

untreated. 

 

9.2.2  Protein kinase gene expression 

  

 Phosphorylation is responsible for causing a functional alteration of a target 

protein mainly either by shifting an enzyme’s activity or its interaction with other proteins. 

Many protein kinases (PKs), which are the principal effectors of phosphorylation, are 

known to regulate many cellular processes, particularly those associated with signal 

transduction. PKs genes have been identified and their expression profile during 

treatment was analysed. Some representative kinase groups that were examined 

comprised non-specific PKs, serine/threonine protein kinases, mitogen-activated protein 

Kinases (MAPK), MAP2K, MAP3K, calcium/calmodulin-dependent protein kinases and 

tyrosine kinases.   

 

 

Time 
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9.2.2.1 Ser/Thr kinases gene expression 

 

 Representative analysis of ser/thr kinases genes has shown an important and 

widespread increase in G-418 treated trophozoites, suggesting increased 

phosphorylation compared to control cells. More precisely, the majority of the ser/thr 

kinases were found to be upregulated, marking a significant increase including indicative 

genes like ACA1_253460, ACA1_082010, ACA1_081860, ACA1_068390 and 

ACA1_123760. At the same time, a very small percentage of ser/thr genes were found 

to be downregulated during treatment including genes like ACA1_376760 and 

ACA1_372850 (Figure 9.2).
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Figure 9.2: Expression profile analysis of Acanthamoeba ser/thr protein kinases. The diagrams illustrate representative 

Ser/Thr PKs expression during time, between untreated and G-418 treated trophozoites. Expression is shown in CPM. Red 

colour indicates treated cells, blue untreated. 
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Figure 9.3: Expression profile analysis of Acanthamoeba Calcium-Calmodulin-dependent protein kinases. The diagrams 

illustrate calcium dependent PKs expression during time, between untreated and G-418 treated trophozoites. Expression is 

shown in CPM. Red colour indicates treated cells, blue untreated. 
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Figure 9.4: Expression profile analysis of Acanthamoeba MAPKs. The diagrams illustrate mitogen activated protein kinases 

expression over time, between untreated and G-418 treated trophozoites. Expression is shown in CPM. Red colour indicates 

treated cells, blue untreated.
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Figure 9.5: Expression profile analysis of Acanthamoeba TKs. The diagrams illustrate 

tyrosine kinases expression over time, between untreated and G-418 treated 

trophozoites. Expression is shown in CPM. Red colour indicates treated cells, blue 

untreated. 

 



 
Acanthamoeba Programmed Cell Death  

 

Page | 195  
 

 

 Calcium-calmodulin-dependent protein kinases including ACA1_034290, 

ACA1_014360, ACA1_222460 and ACA1_119850 were found to be partly upregulated 

(Figure 9.3) in treated Acanthamoeba cells, while ACA1_107580 was found to be 

downregulated. At the same time Ca2+/Calmodulin gene expression remained stable in 

untreated amoebae. Also, calcium-calmodulin-dependent protein kinases like ACA1_ 

089840 and ACA1_246800 showed a profile expression pattern with fluctuations (Figure 

9.3) 

 At least 12 genes were identified as mitogen-activated protein kinases and 

subsequent quantification analysis has revealed a significant increase in their expression 

levels. For instance, genes including ACA1_045390, ACA1_399920, ACA1_244370, 

ACA1_162370, ACA1_154840, ACA1_333310 (MAP3K), ACA1_157710 and 

ACA1_036180 showed increased expression levels in treated amoeba cells while their 

expression levels remained roughly unaffected in untreated cells (Figure 9.4). However, 

MAPK genes such as ACA1_372850, ACA1_282310, ACA1_229370 and ACA1_119470 

showed a decreased trend during incubation in treated cells, compared to untreated 

where expression levels remained stable (Figure 9.4). 

 Finally, after analysis of tyrosine kinase genes including ACA1_006130, 

ACA1_183270, ACA1_265250, ACA1_023850, ACA1_258340 and ACA1_089830, no 

significant alteration in gene expression profile was observed in both G-418 treated and 

untreated Acanthamoeba. ACA1_ and 183270 ACA1_258340, however, were found to 

be slightly upregulated during treatment, though not enough to be compared with 

alterations in ser/thr protein kinase expression.  

 

9.2.3 Protein phosphatase expression  

 

Many protein phosphatases (PPs), which are the principal effectors of 

dephosphorylation, have been identified and their expression profile was analysed. In 

total, 42 different ser/thr protein phosphatase genes were analysed. Further analysis 
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showed that 16 out of 42 genes were significantly downregulated (Figure 9.6) during 

treatment with G-418, including ACA1_058340, ACA1_295970, ACA1_209530, 

ACA1_296330, ACA1_233880, ACA1_397190, ACA1_005830, ACA1_026840, 

ACA1_073120, ACA1_329670, ACA1_033640, ACA1_062340, ACA1_062340, 

ACA1_060990, ACA1_316340 and ACA1_234820. At the same time 17 ser/thr 

phosphatases genes, including ACA1_251050, ACA1_173990, ACA1_199950, 

ACA1_052860, ACA1_068700, ACA1_114840, ACA1_342920, ACA1_107440, 379840, 

ACA1_193150, ACA1_211150, ACA1_211140, ACA1_087940, ACA1_063870 and 

ACA1_058340, were found to show no significant difference in their profile of expression 

between G-418 treated and untreated Acanthamoeba trophozoites. 9 Ser/thr PPs genes 

including ACA1_151330, ACA1_087940, ACA1_256940, ACA1_121740 (Figure 9.6), 

ACA1_269730, ACA1_246770, ACA1_191840, ACA1_321950 and ACA1_251170, were 

found to be upregulated in G-418 treated cells compared to untreated amoebae, where 

their expression remained stable.  

11 additional tyrosine protein phosphatase genes were also examined and their 

expression profiles analysed. Specifically, ACA1_394730, ACA1_191870, 

ACA1_367320, ACA1_121530 and ACA1_212830 did not significantly alter their profile 

expression during treatment with G-418. Between treated and untreated Acanthamoeba. 

ACA1_068510, ACA1_214010 and ACA1_138490 were found to have increased 

expression levels in G-418 treated, compared to untreated trophozoites while 

ACA1_053250 and ACA1_103200 were found to be downregulated during treatment with 

the aminoglycoside (Figure 9.7). 
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Figure 9.6: Expression profile analysis of Acanthamoeba ser/thr protein phosphatases. The diagrams illustrate ser/thr protein 

phosphatases expression during time, between untreated and G-418 treated trophozoites. Expression is count in CPM. Red 

colour indicates treated cells, blue untreated. 
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Figure 9.7: Expression profile analysis of Acanthamoeba tyrosine protein phosphatases. The diagrams illustrate tyrosine 

protein phosphatase expression over time, between untreated and G-418 treated trophozoites. Expression is shown in CPM. 

Red colour indicates treated cells, while blue untreated.
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9.2.4  Acanthamoeba calmodulin gene expression 

 

 

Figure 9.8: Expression profile analysis of Acanthamoeba calmodulin proteins. The 

diagrams illustrate calmodulin proteins expression over time, between untreated and G-

418 treated trophozoites. Expression is shown in CPM. Red colour indicates treated cells, 

blue untreated. 
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 At least 5 different genes were identified as calmodulin proteins based on the 

amoeba database and their expression profile was examined and analysed. More 

precisely, two out of five genes including ACA1_322580 and ACA1_091870 were found 

to be significantly upregulated in G-418 treated Acanthamoeba trophozoites during time 

of incubation (Figure 9.8), two out of five comprising ACA1_280720 and ACA1_366720 

were found to be downregulated, compared to control untreated amoebae which showed 

roughly stable calmodulin expression. Finally, at least one calmodulin gene 

(ACA1_275740) out of five was found with no significant variation among treated and 

untreated cells (Figure 9.8). 

 

9.2.5 Acanthamoeba endonuclease expression  

 

 At least 26 different genes were identified as endonucleases and 

endonuclease/exonuclease/phosphatase family proteins using the Amoeba database 

(www.aboebadb.org). RNA seq analysis revealed that the majority of them (15 genes) 

including ACA1_031650, ACA1_068120, ACA1_012980, ACA1_201500, 

ACA1_270220, ACA1_364760, ACA1_151290, ACA1_000200, ACA1_369100, 

ACA1_060660, ACA1_363260, ACA1_088850, ACA1_280690, ACA1_074530 and 

ACA1_390420 were upregulated in G-418 treated trophozoites compared to untreated 

amoebae (Figure 9.9a).  

 Furthermore 10 genes, including ACA1_175470, ACA1_338400, ACA1_083100, 

ACA1_157850, ACA1_201190, ACA1_383700, ACA1_090080, ACA1_358490 and 

ACA1_260140, were found to maintain or slightly differentiate their expression profile 

levels among treated and untreated cells (Figure 9.9b). And finally, only one gene 

(ACA1_041990) was found to be downregulated in G-418 treated amoebae over time, 

when compared to control cells (Figure 9.9b). 
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Figure 9.9a: Expression profile analysis of Acanthamoeba endonucleases and endonuclease/exonuclease/phosphatases 

family proteins. The diagrams illustrate endonucleases family proteins upregulated expression over time, between untreated 

and G-418 treated trophozoites. Expression is shown in CPM. Red colour indicates treated cells, blue untreated. 
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Figure 9.9b: Expression profile analysis of Acanthamoeba endonucleases and endonuclease/exonuclease/phosphatases 

family proteins. The diagrams illustrate endonuclease family proteins with unaltered and downregulated expression over time, 

between untreated and G-418 treated trophozoites. Expression is shown in CPM. Red colour indicates treated cells, blue 

untreated.
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9.2.6 Acanthamoeba deoxyribonuclease expression 

 

 Acanthamoeba encodes at least 3 different deoxyribonucleases, including 

ACA1_041920, ACA1_041940 and ACA1_041950. Interestingly, RNA seq analysis 

revealed that both ACA1_041920 and ACA1_041940 maintained their expression levels 

over time among G-418 treated trophozoites and control cells, while at the same time 

ACA1_041950 showed a significant increase during incubation in G-418 treated cells, 

ranging from 2- to 3- fold change when compared to control amoebae (Figure 9.10). 

 

 

Figure 9.10: Expression profile analysis of Acanthamoeba deoxyribonucleases. The 

diagrams illustrate deoxyribonucleases with unaltered or upregulated expression over 

time, between untreated and G-418 treated trophozoites. Expression is shown in CPM. 

Red colour indicates treated cells, blue untreated. 
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9.2.7 Acanthamoeba cysteine proteases 

 

 Notably, an important number of cathepsins including ACA1_022730, 

ACA1_181520, ACA1_317670, papains of the cysteine protease family including 

ACA1_018960, ACA1_27050, ACA1_066290, ACA1_022680, ACA1_079690, 

ACA1_322170 and other cysteine proteases comprising ACA1_115390, ACA1_304310, 

ACA1_155530, ACA1_087440 and ACA1_051490 were found to be upregulated during 

treatment with G-418 (Figure 9.11).  

Simultaneously, a small proportion of cysteine proteases were found to be 

downregulated with time in treated amoebae including ACA1_093370, ACA1_322370, 

ACA1_244230 (cathepsins); ACA1_159080, ACA1_198340 (papain-like proteases); 

ACA1_296310 and ACA1_277940 (other cysteine proteases). 

 

9.2.8 Acanthamoeba serine proteases 

   

 At least 6 diferent serine proteases including ACA1_321400, ACA1_061760, 

ACA1_128830, ACA1_273880, ACA1_277790 and ACA1_155550 were identified in 

amoebadb and their expression profile was analyzed. Interestingly two out of six 

proteases, including ACA1_321400 and ACA1_128830, which have been also described 

as encystation-mediating enzymes (Moon et al., 2012), have been found to be 

upregulated up to two or three times in G-418 treated amoebae whereas their exression 

in untreated cells remained low and stable (Figure 9.12). Conversely, ACA1_061760, 

ACA1_155550 and ACA1_2777790 were found to be downregulated up to two or three 

times in G-418 treated Acanthamoeba over time, while their expression in healthly 

trophozoites remained stable and at a high level. ACA1_273880 did not show any 

difference in its expression levels during treatment between treated and untreated 

amoebae (Figure 9.12). 
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Figure 9.11: Expression profile analysis of Acanthamoeba cysteine proteases. The diagrams illustrate cathepsins, papains 

and other cysteine proteases found to be upregulated over time, between untreated and G-418 treated trophozoites. 

Expression is shown in CPM. Red colour indicates treated cells, while blue untreated. 
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Figure 9.12: Expression profile analysis of Acanthamoeba serine proteases. The diagrams illustrate serine proteases found 

to be differentially expressed over time, between untreated and G-418 treated trophozoites. Expression is shown in CPM. Red 

colour indicates treated cells, blue untreated.
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Figure 9.13: Expression profile analysis of Acanthamoeba ubiquitin proteases. The 

diagrams show ubiquitin proteases found to be significantly upregulated during time, 

between untreated and G-418 treated trophozoites. Expression is shown in CPM. Red 

colour indicates treated cells, blue untreated. 
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9.2.9 Acanthamoeba Ras family gene expression  

 

 In total, 104 Ras family genes were examined during incubation with G-418 in 

treated and untreated Acanthamoeba trophozoites as previous analysis has shown a 

close involvement of Ras signalling in the process. More than 50% (57 genes) of the Ras 

related genes were found to be significantly upregulated in treated amoebae whereas in 

many cases, including ACA1_143990, ACA1_256400 and ACA1_070190, their 

expression was not even detectable in control trophozoites (Figure: 9.14). The highest 

differential expression was detected in genes comprising ACA1_075010, ACA1_256400, 

ACA1_382920 and ACA1_089990. 

Conversely, only 14 Ras related genes were found to be slightly downregulated 

in G-418 treated trophozoites including ACA1_326130, ACA1_036440, ACA1_360180, 

ACA1_227760, ACA1_286140, ACA1_054110, ACA1_20130, ACA1_057550, 

ACA1_090060, ACA1_090100, ACA1_21240, ACA1_164860, ACA1_365410 and 

ACA1_399850. Finally after analysis, 33 Ras family genes, were found to have no 

significant variation in their expression levels between treated and untreated 

Acanthamoeba trophozoites. 

 

9.2.10 Acanthamoeba autophagy regulator gene expression  

 

 At least 17 different genes were identified as autophagy-related genes using the 

amoeba database (http://amoebadb.org/amoeba/) and their expression analysis was 

analysed and further biologically evaluated.  Interestingly, a plethora of autophagy related 

genes including ACA1_181960, ACA1_322340, ACA1_051880 (ATG8), ACA1_140190 

(ATG4), ACA1_292820, ACA1_331710 (ATG27), ACA1_200420 (ATG27) and 

ACA1_382080 (ATG12) showed an increase in their expression levels while at the same 

time, ACA1_163910, ACA1_142580, ACA1_055340 (ATG2) and ACA1_040500 

(ATG16) were found to be downregulated in treated amoebae, compared to untreated 

Acanthamoeba trophozoites (Figure 9.15). 

http://amoebadb.org/amoeba/
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Figure 9.14: Expression profile analysis of Acanthamoeba Ras family genes. The diagrams illustrate representative Ras 

family genes, found to be significantly upregulated over time, between untreated and G-418 treated Acanthamoeba 

trophozoites. Expression is shown in CPM. Red colour indicates treated cells, blue untreated.
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Figure 9.15: Expression profile analysis of Acanthamoeba autophagy regulator genes. The diagrams illustrate representative 

autophagy regulator genes including ATG 2, ATG 4, ATG 8, ATG 9, ATG 12, ATG16 and ATG 27, found to be differentially 

expressed over time, between untreated and G-418 treated trophozoites. Expression is shown in CPM. Red colour indicates 

treated cells, blue untreated.
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9.2.11 Acanthamoeba ubiquitin-related gene expression 

 

 Ubiquitination is a complex intracellular process that involves a plethora of 

proteins including ubiquitin fusion enzymes, ubiquitin activation enzymes, ubiquitin 

conjugating enzymes, many ubiquitin ligases, ubiquitin-specific proteases, proteasome 

proteins and ubiquitin hydrolases. During the analysis, more than 90 genes related to 

ubiquitination according to the amoebae database were analysed and their profile 

analysis was analysed biologically.  

More precisely, the majority of genes related to ubiquitination steps, including 

activation, conjugation and ligation, performed by ubiquitin-activating enzymes (E1s), 

ubiquitin-conjugating enzymes (E2s) and ubiquitin ligases (E3s), were found to be 

upregulated, comprising ACA1_068730, ACA1_043250, ACA1_155480, ACA1_072330, 

ACA1_261410 related to ubiquitin-activating enzymes and ACA1_065120, 

ACA1_128500, ACA1_187890, ACA1_052770, ACA1_112540, ACA1_276870, ACA1_ 

217720, ACA1_390500 related to ubiquitin-conjugating enzymes and finally 

ACA1_129500, ACA1_065270, ACA1_110430 and ACA1_ 174250 related to E3 

ubiquitin related ligases. Additionally, at least 7 proteins with characteristic Ubox domain 

were also found to be upregulated including ACA1_058270, ACA1_289330, 

ACA1_210680, ACA1_261610, ACA1_088750, ACA1_063500 and ACA1_ 088750 

(Figure 9.16). 

 Genes related to ubiquitin-specific proteases, including ACA1_236100, 

ACA1_074920, ACA1_267130 and ACA1_069520 and ubiquitin hydrolase genes 

including ACA1_291510, ACA1_178540, ACA1_371700, ACA1_378160, 

ACA1_169550, ACA1_072350 and ACA1_038220 were found to be significantly 

upregulated in G-418 treated Acanthamoeba trophozoites compared to untreated cells, 

where their expression showed minor and insignificant variations. Finally, all genes 

related to proteasomes by reference to the amoeba database, including ACA1_291470, 

ACA1_170940, ACA1_159830, ACA1_194920, ACA1_264010, ACA1_128490, 

ACA1_291480, ACA1_177560, ACA1_260270, ACA1_389440 and ACA1_069610, were 

found to be downregulated in G-418 treated Acanthamoeba trophozoites (Figure 9.17).
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Figure 9.16: Expression profile analysis of Acanthamoeba ubiquitination related genes. The diagrams illustrate representative 

ubiquitin fusion enzymes and ubiquitin activation enzymes in the first row, ubiquitin conjugating enzymes in the second row 

and ubiquitin E3 ligases in the third, which were found to be differentially expressed and precisely upregulated over time, 

between untreated and G-418 treated trophozoites. Expression is shown in CPM. Red colour indicates treated cells, blue 

untreated. 



 
Acanthamoeba Programmed Cell Death  

 

Page | 214  
 

 

Figure 9.17: Expression profile analysis of Acanthamoeba ubiquitination proteasome-related genes. The diagrams illustrate 

representative ubiquitin proteases enzymes in the first row, ubiquitin hydrolases enzymes in the second row and proteasome 

related proteins in the third, found to be differentially expressed over time, between untreated and G-418 treated trophozoites. 

Expression is shown in CPM. Red colour indicates treated cells, blue untreated.
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9.2.12 Acanthamoeba glutathione S-transferase gene expression 

 

 

 

Figure 9.18: Expression profile analysis of Acanthamoeba glutathione S-transferase 

genes. The diagrams illustrate representative glutathione S-transferase genes found to 
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be differentially expressed over time, between untreated and G-418 treated trophozoites. 

Expression is shown in CPM. Red colour indicates treated cells, blue untreated. 

 Interestingly, all glutathione transferase genes, including ACA1_201350, 

ACA1_054650, ACA1_055800, ACA1_266790, ACA1_201350 and ACA1_050150, 

showed a remarkable increase in their expression levels during treatment with G-418, 

whereas at the same time, the expression levels in control Acanthamoeba trophozoites 

followed a decreasing trend (Figure 9.18). 

 

9.2.13 Acanthamoeba cyst-specific gene expression 

 

Overall, 6 genes related to Acanthamoeba encystation, namely ACA1_075240, 

ACA1_050400, ACA1_327930, ACA1_096350, ACA1_075210 and ACA1_399800, were 

identified and their expression profiles were analysed (Figure 9.19). More precisely genes 

ACA1_07510, ACA1_050400, ACA1_327930 and ACA1_075240 were found to be 

significantly upregulated during treatment with G-418 aminoglycoside, while at the same 

time their expression levels in control cells remained unchanged. ACA1_096350 showed 

a declining trend in both populations, although in G-418 treated cells there was a more 

prominent decrease compared to control amoebae. Finally, ACA1_399800 showed 

gradually rising expression in control trophozoites during incubation, whereas its 

expression in G-418 treated cells was significantly lower (Figure 9.19).   
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Figure 9.19: Expression profile analysis of Acanthamoeba cyst-specific genes. The 

diagrams illustrate representative cyst-specific genes found to be differentially expressed 

over time, between untreated and G-418 treated trophozoites. Expression is shown in 

CPM. Red colour indicates treated cells, blue untreated. 
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9.3  Discussion  

 

In this chapter, the transcriptomic levels and the relative biological abundance of 

differentially expressed genes including MAPKs, phosphatases, various endonucleases, 

multiple proteases, autophagy-related genes and Ras family genes, which have all been 

previously associated with apoptotic processes by numerous studies in various systems 

and organisms, were analysed in depth. The analysis revealed a close relationship 

among many categories of the previous family genes suggesting their potential regulatory 

role in Acanthamoeba in G-418 mediated cell death. 

Phosphorylation is a transient and reversible protein alteration used to regulate 

protein function. Two major categories of enzyme, protein kinases and protein 

phosphatases, play essential roles in protein phosphorylation regulation and are 

accordingly associated with a wide array of intracellular events, including cell survival and 

cell death. Phosphorylation also determines protein localization, enzymatic activities and 

protein stability and is thus considered an important regulator of cell death (Niemi and 

MacKeigan, 2013). 

Mitogen-activated protein kinases are ser/thr protein kinases, classified in three 

different subcategories comprising extracellular signal response kinase 1/2, c-Jun NH2-

terminal kinase and finally p38. MAPKs are considered to be important regulators of 

evolutionarily conserved signalling pathways that play crucial regulatory roles in a 

plethora of cell biology and physiology aspects (Liu and Lin, 2005). ERKs have been 

initially associated with cell survival whereas, p38-MAPKs and JNKs were thought to be 

stress-responsive and thus involved in regulated cell death (Wada and Penninger, 2004). 

Furthermore, JNK and ERK hyper activation have been also proposed to trigger 

apoptosis and other forms of programmed cell death after many stimuli, including UV and 

gamma-irradiation, toxins, peroxide and pharmaceutical substances (Cangol and 

Chambar, 2010; Westwick et al., 1995; Chen et al., 1996). 

The regulation of cell death pathways by MAPKs, however, is more complex than 

originally thought and often fairly debateable. Analysis of Acanthamoeba’s ser/thr kinases 
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including MAPKs revealed a significant increase in their expression levels in G-418 

treated trophozoites, which was observed at least one hour after G-418 treatment. At the 

same time, MAPK expression did not show any significant alteration in control amoebae. 

This finding is striking and could suggest that aminoglycoside pharmacological treatment 

is manipulative of MAPKs activity, which in turn could be used to sensitize trophozoites 

to imminent cell death. Furthermore, mitogen-activated protein kinase overexpression 

implies their significant role in the regulation of signalling transduction pathways, 

presumably by controlling cytoplasmic and nuclear events described earlier in G-418 

mediated cell death.  

Mitogen-activated protein kinase kinase kinase (MAP3K) is a ser/thr kinase that 

controls protein kinase pathways comprising stress-activated protein kinases (SAPK) and 

mitogen-activated protein kinases. MAP3K (ACA1_333310) is found to be significantly 

upregulated after 1hour of G-418 treatment and is reported to be activated in response 

to growth factor stimulation and by extended expression of activated Ras (Russel et al., 

1995), which could stimulate MAP2K4/7-JNK or MAP2K1/2-ERK1/2 signalling pathways 

(Xia et al., 2000; Rosen et al., 1994), based on cell type and stimulus. In this case, it was 

already shown increased Ras levels that could have led into MAP3K overexpression and 

overactivation. For instance, after an apoptotic stimulus, MAP3K is reported to be cleaved 

in order to generate a soluble C-terminal catalytic fragment, which in turn contains the 

kinase domain and exhibits selectivity towards JNK activation (Schlesinger et al., 2002; 

Minden et al., 1994). 

 In this case, presumably, G-418 Acanthamoeba MAP3K overexpression could 

have led to cell death induction, either by increased MAP3K soluble C-terminal cytosolic 

fragments with characteristic kinase activity that induces apoptotic cell death, or by 

subsequent activation of the apoptotic JNK signalling pathway (Figure 9.13). Activation 

of the JNK signalling pathway could have initially mediated upregulation of 

Acanthamoeba pro-apoptotic genes either through transactivation of specific 

transcription factors or secondarily by regulating, through distinct phosphorylation events, 

the activities of the trophozoite mitochondrial anti- and pro-apoptotic proteins 

(Dhanasekaran and Reddy, 2008). However, these scenarios, likely as they may be, 

need to be further and more deeply evaluated by experimental procedures in order for 



 
Acanthamoeba Programmed Cell Death  

 

Page | 220  
 

their participation in Acanthamoeba programmed cell death to be identified and 

thoroughly described.  

Other important proteins of which the expression was found to be significantly 

upregulated in G-418 treated Acanthamoeba cells were the glutathione S–transferases 

(GSTs). GSTs are involved in cellular glutathiolation of a variety of endogenous and 

xenobiotic compounds by catalysing their conjugation with reduced glutathione (Turella 

et al., 2005). Their expression has been associated with cell proliferation, regulation and 

apoptosis by direct interaction with the c-jun N-terminal kinase (Holley et al., 2007). For 

instance, suppression of the glutathione S–transferase P1 gene leads to increased JNK 

activity, increased proliferation and reduced apoptosis in mouse embryonic fibroblasts 

(Ruscoe et al., 2001). Furthermore, under physiological conditions, glutathione S–

transferase P1 monomer has been reported to inhibit JNK signalling by creating a 

glutathione S–transferases P1-JNK protein scaffold (Adler et al., 1999), while at the same 

time, under stress stimuli, glutathione S–transferase P1 dissociates from JNK and 

composes inactive dimers, allowing JNK downstream signalling (Holley et al., 2007).  

Glutathione S–transferase expression levels were found to be significantly 

upregulated in G-418 treated trophozoites, which is indicative of their role in 

Acanthamoeba programmed cell death. Protein modulation by S-glutathiolation might 

inhibit activation of survival signals and therefore contribute to cell death induction (Circu 

et al., 2012). Furtermore, overexpression might leads to GST dimerization or 

polymerization and their subsequent dislocation from JNK kinases, which subsequently 

allow sustained JNK pathway hyperactivation and consequent cell death induction (Lu et 

al., 2007). However, GSTs have mostly been described as anti-apoptotic regulators of 

the JNK pathway and in this case, overexpression might represent the cell’s desperate 

effort to avoid the apoptotic outcome of the JNK signalling pathway.   
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Figure 9.20: Representative downstream apoptotic MAPKs/JNK signalling pathway. 

 

Extended Ras signalling was one the first characteristics that RNA-seq analysis 

revealed in G-418 treated trophozoites, as numerous genes related to Ras subfamily 

genes were found to be among the most differentially expressed genes in the two 

amoebae populations. Further and deeper analysis revealed that even more Ras 

subfamily genes were found to be significantly upregulated in G-418 treated 

Acanthamoeba. Furthermore, experiments using lovastatin as a Ras farnesylation 

inhibitor, in combination with G-418, revealed a delay in cell death expansion in 

Acanthamoeba trophozoites, suggesting that Ras signalling might accelerate the 

pathogen’s programmed cell death development. Ras signalling pathways have already 

been reported to be involved in PCD in unicellular organisms including Candida albicans 

(Phillips et al., 2006).  

A possible explanation for the observed extended Ras hyperexpression in G-418 

treated Acanthamoeba trophozoites might be the after-effect of a prolonged increase in 

intracellular calcium (Rosen et al., 1994; Cullen and Lockyer, 2002; Yoshiki et al., 2010) 

which has already been detected. Furthermore, extended Ras expression might have led 



 
Acanthamoeba Programmed Cell Death  

 

Page | 222  
 

to subsequent MAPK overexpression and MAPK downstream signalling overactivation 

as previously described, with a definitive purpose of cell death induction.  

Contrary to the finding of ser/thr kinase overexpression, tyrosine protein kinases 

did not show any significant alteration in their expression profile levels between treated 

and untreated amoebae and subsequently their regulatory ability or association in G-418 

mediated Acanthamoeba cell death. Generally, there is very little evidence of tyrosine 

phosphorylation reported in cell death regulation, as tyrosine kinases have been more 

closely related to cell cycle regulation including mitosis and proliferation (Howard et al., 

2003). 

Serine-threonine phosphatase family proteins are highly conserved and 

ubiquitously expressed among species and are involved in the regulation of several 

cellular functions, by dephosphorylation of signalling molecules initially initiated by protein 

kinases. Biological activities of phosphatases have been associated with cell cycle 

control, signal transduction, DNA replication, transcription and cell death (Bononi et al., 

2004). More precisely, phosphatases have been linked to the regulation of the 

mitochondrial Bcl-2 proteins which are vastly responsible for the activation or the 

inhibition of the intrinsic apoptosis pathway (Ruvolo et al., 1999). The phosphatases’ pro-

apoptotic function is mediated by direct dephosphorylation of specific proteins such as 

anti-apoptotic Bcl-2 and pro apoptotic factor Bad (Bononi et al., 2004). Additionally, 

phosphatases are able to dephosphorylate and deactivate MEK1 and ERK-family 

kinases and hence to block mitogenic and survival signals (Aggarwal et al., 2011). 

 Analysis of Acanthamoeba’s phosphatases expression revealed a downward 

motif in G-418 treated trophozoites (Figure 9.7). Initially, as was expected in control 

amoebae, phosphatases maintained their physiological levels of expression whereas in 

G-418 treated trophozoites the majority of phosphatase genes were found to be 

downregulated or to maintain their expression levels, while only 9 genes where found to 

be upregulated. A parallel trend was also observed in tyrosine phosphatases expression, 

where only 2 genes where found to be significantly upregulated during treatment with the 

aminoglycoside. Increased levels of individual PTPs could betray their specific role in the 

microorganisms “apoptotic” signal transduction, although substrates and signalling 
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pathways remain largely unknown. Distinct tyrosine phosphatases were suggested to 

either increase or decrease a plethora of cell survival stimuli, eventually favouring either 

cell survival or cell death respectively (Hale et al., 2007). Although regulation of particular 

signalling proteins and pathways including MAPKs, or PI3K is usually mediated by 

various phosphatases rather than a particular PTP enzyme (Hale et al., 2007). 

Taking the majority of the data into consideration, it could be generally assumed 

that during G-418 cell death, phosphorylation is a more favoured process and prevails 

over dephosphorylation as means of signal transduction. However, the action of 

phosphatases should not be considered less important, as they may interact concertedly 

and collaboratively with protein kinases. Unfortunately, the genome of Acanthamoeba is 

not yet fully annotated and characterized in order to allow a deeper gene-specific 

analysis. Additionally, a more profound analysis would also clearly reveal the potential 

protein substrates of the overexpressed kinases and phosphatases, to subsequently 

allow a more comprehensive design of a new cell death signalling pathway, or identify an 

already described one.   

The proteolytic intracellular machinery comprises several proteases localized in 

different cell compartments in order to maintain essential cellular procedures and to 

eliminate denatured or misfolded proteins. Other protein proteases, discrete from 

caspases, have been proposed to be associated with regulated cell death procedures 

and apoptosis. These proteins include granzymes A and B, calpains, lysosomal and 

granular proteases, papain-like proteases, cathepsins and serine proteases (Turk et al., 

2000; Johnson, 2000; Wang, 2000; Leist and Jäätelä, 2001b; Bursch, 2001; Suzuki et 

al., 2001; Van Loo et al., 2002). It has also been proposed that cytoplasmic 

overexpression of numerous proteases, comprising those that are theoretically unlikely 

to be associated with cell death, could mediate apoptosis and other forms of regulated 

cell death (Williams and Henkart, 1994). Overall, proteases seem to play an important 

role in programmed cell death completion, although their role in the phenomenon’s 

regulation has not yet been clarified in terms of defined molecular pathways. 

In this study a surprisingly high number of endogenous proteases, including 

cathepsins and papain proteases, were found to be significantly upregulated in 
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Acanthamoeba trophozoites during treatment with G-418, while at the same time their 

expression was maintained at physiological levels in control amoebae (Figure 9.11). More 

precisely, the highest expression was observed after 6 hours of treatment with the 

aminoglycoside, suggesting their role to be as executioner molecules of the cell death 

process, rather than signalling molecules that mediate the phenomenon. The release of 

lysosomal proteases into the cytosol has been reported to induce apoptosis by mediating 

the proteolytic activation of mitochondrial Bid proteins and subsequent cytochrome c 

release by MOM permeabilization (Stoka et al., 2001). Moreover, Acanthamoeba 

intracellular proteases might be associated with the appearance of granules (apoptotic-

like bodies formation), which have been observed under light microscopy and are obvious 

after 6 hours of incubation, their number increasing dramatically during incubation. Since 

Acanthamoeba lacks caspases, this phenotype might be the result of intracellular 

protease function.    

Regardless of the fact that caspases are considered to be general orchestrators 

of characteristic apoptotic features, this observation might also lead to the assumption 

that in systems that lack caspases, similar apoptotic features can be also derived from 

overexpression or activation of generally silent intracellular proteases in cells undergoing 

apoptosis or any other form of regulated cell death. 

The task of the efficient cellular protein degradation is predominantly 

accomplished by the lysosomes, where lytic enzymes including cathepsins, a group of 

cysteine proteases, undertake protein breakdown (Turk et al., 2007). Adequate and 

regulated lysosomal damage was shown to lead to apoptotic cell death, sometimes 

without the apparent activation of caspases, although the mechanisms are less well 

defined while at the same time enormous lysosomal rupture was associated with necrotic 

and accidental cell death (Bursch, 2001). Caspases and cathepsins, although both being 

cysteine proteases, differ in their enzymic specificity, their intracellular localization and 

their mechanism of action.  

RNA analysis of G-418 treated Acanthamoeba cells showed a great number of 

upregulated genes coding for cysteine proteases, such as cathepsins and papain-like 

proteases. This finding strengthens the assumption that supports an energetic 
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involvement of the cathepsins and the papains in G-418 mediated cell death. In support 

of this theory, studies have shown re-localization of cathepsin D during apoptosis from 

lysosomes to cytosol (Li et al., 1998). However it is not clear if these cysteine proteases 

play an auxiliary role by activating or deactivating signalling molecules, for instance by 

cleaving important proteins or as signalling pathway executioners, which are simply 

needed for the final ‘clean-up’ and the total lysis of the dying cell.  

Based on the expression profiles, the greatest increase of both cathepsin and 

papain mRNA is observed after 6 hours of treatment, when other important phenomena 

have already occurred. Subsequently, in G-418 treated Acanthamoeba trophozoites high 

protease expression levels might regulate the final stages of the cell death and 

simultaneously determine and define the ending cell death morphology. Apoptosis has 

been already characterized by high levels of cathepsins, based on mRNA measurements 

(Guenette et al., 1994; Sensibar et al., 1990), rendering this finding particularly significant 

for the characterization process.  

Metacaspases are cysteine peptidases orthologous to caspase enzymes that are 

found only in plants, protozoa and fungi, organisms that are devoid of caspases (Uren et 

al., 2000). Metacaspases are characterized by a caspase-like histidine–cysteine catalytic 

dyad, although they differ from caspases, for instance, in their substrate specificity 

(Tsiatsiani et al., 2011). In several protozoa including Acanthamoeba (Saheb et al., 2014; 

Tryzna et al. 2008), T. brucei (Szallies et al., 2002), Coclodinium polykrikoides (Wang et 

al., 2018) and Leishmania, (Vercammen et al., 2006) metacaspase genes have been 

identified and their role in regulated cell death has been studied. Metacaspases are from 

previous findings considered inextricably associated with programmed cell death 

processes and particularly important molecules in the phenomenon’s completion.  

 More precisely, metacaspase Yca1 of Saccharomyces cerevisiae was found to 

be associated with PCD of aged cells and simultaneously when S. cerevisiae cells were 

subjected to diverse extracellular stresses including viral infections and temperature 

variations (Mandeo et al., 2002; Ivanovska and Hardwick 2005; Flower et al., 2005). 

Additionally, S. cerevisiae Yca1 null mutants, genetically modified to overexpress 

LmjMCA (Leishmania metacaspase) and subsequent H2O2 induced stress, led to 
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programmed cell death (Vercammen et al., 2006). Furthermore, in P. falciparum, (Meslin 

et al., 2007) PfMCA1 metacaspase has been reported to mediate apoptotic cell death 

characterized by DNA fragmentation and loss of transmembrane mitochondrial potential.  

Metacaspases (MCAs) like caspases and other pro-apoptotic and apoptotic 

proteins have also been associated with cellular functions other than cell death 

regulation, including removal of unfolded proteins in Saccharomyces cerevisiae (Hill et 

al., 2014), involvement in cell cycle regulation in T. brucei and L. major (Ambit et al., 

2008; Helms et al., 2006). Acanthamoeba metacaspase (Acmcp) is characterized by the 

Cys/His catalytic dyad and also a conserved area of up to thirty amino acids that is 

identifiable in almost all metacaspases (Saheb et al., 2014). In Acanthamoeba, 

metacaspase has been proposed to interact with the contractile vacuole and its 

overexpression has been reported to induce deficiencies in cellular osmolarity regulation 

(Saheb et al., 2013), although its potential cell death regulatory or executive ability has 

not ever studied in depth and should not be ruled out.  

Interestingly, RNA-seq analysis revealed that Acmcp expression was increased 

by approximately 12-fold during incubation and treatment with G-418, while at the same 

time control amoebae showed a slight but significant reduction in Acmcp expression at 

the same period of time. This observation could strongly link and establish Acmcp as an 

important regulator of Acanthamoeba’s programmed cell death. However the role of 

Acanthamoeba MCA in cell death is still an enigma mainly through lack of experimental 

procedures that could block Acmcp effectively, either by appropriate metacaspase 

inhibition or by molecular techniques (like siRNAs or null Acmcp mutants) and 

subsequent induction of cell death. Furthermore, its precise role and whether Acmcp act 

as a death signalling molecule or as death executioner agent remains largely unknown. 

Generally, there are two types of serine protease-mediated, death-signalling 

caspase-independent pathways (Egger et al., 2002) that could also probably apply in 

Acanthamoeba programmed cell death and have been previously suggested. The first is 

perforation of the mitochondrial membrane mediated by serine proteases, as a result of 

mitochondrial regulator protein cleavage, which in turn leads to mitochondrial apoptotic 
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factor release and the second includes the direct proteolytic activation of serine proteases 

(Egger et al., 2002).  

Two serine proteases, ACA1_321400 and ACA1_128830, which have been 

associated with Acanthamoeba encystation (Moon et al., 2012) have also been found to 

be significantly upregulated in G-418 treated trophozoites. Serine proteases have been 

proposed to mediate apoptosis-like cell death under caspase-inhibiting conditions (Egger 

et al., 2002) and might be involved in post-mitochondrial proteolytic and apoptotic events 

(Dong et al., 2000). Furthermore, many studies have reported that serine proteases and 

non-caspase proteases are crucial to chromatin degradation (Wright et al., 1994; Hughes 

et al., 1998; Moffitt et al., 2007), besides being also responsible for endogenous 

endonuclease activation (Torriglia et al., 2000). Considering these facts, including serine 

protease gene upregulation and their confirmed proteolytic action against a plethora of 

substrates, the assumption that renders serine proteases, especially ACA1_321400 and 

ACA1_128830, which presented the most interesting and characteristic expression 

profile in treated trophozites, as important executioners of Acanthamoeba programmed 

cell death might not be unsubstantial. However, further experimental processes including 

serine protease inhibition, are essential to support and further validate this theory. 

Ubiquitination, which is the conjugation of ubiquitin to proteins and ubiquitin-

dependent proteolysis, has arisen as a prominent means of regulating cellular processes 

including signalling, degradation of intracellular proteins, transcription, cell viability and 

cell death (Kwon et al., 2005; Bader and Steller, 2009; Jesenberger and Jentsch, 2002). 

Proteasomes are scaffold protein complexes that degrade ubiquitin-marked misfolded or 

damaged proteins by proteolysis, executed mainly by cysteine proteases and other 

proteases found in the proteasomes. Moreover, intracellular proteolysis has been 

proposed to occur in programmed cell death accompanied by increased expression of 

ubiquitin genes (Delic et al., 1993). The tagging reaction is catalysed by enzymes called 

ubiquitin ligases and leads to poly-ubiquitination and finally to degradation by 

proteasomes.  

Ubiquitination was already considered to occur in Acanthamoeba G-418 treated 

cells, as genes related to ubiquitination were found among those with the highest DEGs, 
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during comparisons between control and G-418 treated amoebae. Furthermore, many 

genes related to the ubiquitination pathway, including ubiquitination activating enzyme 

genes, ubiquitin conjugation enzymes, ubiquitin E3 ligases, DUBs, ubiquitin carboxy 

terminal hydrolases and ubiquitin-related cysteine proteases, were also found to be 

significantly upregulated during treatment with G-418. These expression analysis results 

suggest that ubiquitination pathways are certainly involved in Acanthamoeba 

programmed cell death, however their regulatory affect remains only superficially 

analysed. Is widely known though, that regulatory molecules including caspase 

activators, apoptotic gene transcription factors and proteins of the Bcl-2 family, which 

control mitochondrial outer membrane permeabilization, are under the control of the 

ubiquitin/proteasome system (Neutzner et al., 2012).  

The most likely scenario could be the one which supports the idea that 

ubiquitination and de-ubiquitination might regulate the quantity of cell’s anti- and pro- 

apoptotic factors, as genes related to the proteasome scaffold, which is the final stage of 

ubiquitin protein degradation, were found to be downregulated in G-418 treated 

trophozoites compared to untreated amoebae. However it could be hypothesised that the 

ubiquitination/proteasome system is not principally responsible for the extended 

morphological proteolytic effect that was observed during treatment, but partially by lysing 

important regulatory molecules. Simultaneously, this assumption might also support the 

scenario that was previously analysed and supported the extended role of proteases as 

executioners, rather cell signalling molecules.  

Autophagy is an evolutionarily conserved intracellular degradation process, 

predominantly executed by the autophagy-related (ATG) family of genes and commonly 

observed during apoptosis and other forms of regulated cell death, which simultaneously 

acts as both a protector and executioner these processes. For instance, ATG 12 has 

been previously associated with mitochondria-mediated apoptosis by interacting with Bcl-

2 family proteins (Rubinstein et al., 2011). Furthermore, many autophagy-related genes, 

which are core components of the autophagy machinery, have been associated with 

these procedures and it has been proposed that expression of autophagy-related genes 

is essential for cell degradation and clearance, after the induction of apoptosis (Qu et al., 

2007). For instance, after treatment with G-418, trophozoites showed higher expression 
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of ATG8, ATG12 and ATG5, which are involved in the autophagosome formation pathway 

(Ger van Zanbergen et al., 2010). Autophagosomes might function in the characteristic 

phenotype of Acanthamoeba cell death. Finally, there is no evidence that autophagy can 

mediate cell death, however reports imply that autophagy itself may be a mechanism of 

cell death (Lu et al., 2006; Kroemer and Levine, 2008). 

During treatment with G-418 many ATG-related genes were found to be 

upregulated in Acanthamoeba trophozoites while their expression profile remained 

unchanged in control amoebae. This observation identified the essential role of ATG 

genes during Acanthamoeba cell death and simultaneously autophagy was closely 

associated with the phenomenon. The autophagy pathway is governed by numerous 

kinases including PI3k/Akt, MAPK and JNK (Sridharan et al., 2011; Byun et al., 2009) 

which were already found to be upregulated. It may not be then wrong to assume, based 

on previous studies on autophagy, that autophagy-related gene expression is 

dispensable for G-418 mediated cell death in Acanthamoeba, but at the same time could 

be vital for the generation of engulfment signals which are subsequently required for the 

phagocytic elimination of the intracellular compartments of the dying cells. This 

assumption and other data (Huang et al., 2013) might indicate that autophagy could differ 

and regulate the way which cells die and not just whether they die or not. It could also be 

hypothesized that under stress conditions autophagy is initially induced, in an effort to 

ease the stimulus and sustain cell viability, however if the stress persists or is strong 

enough, expression of ATG genes and the subsequent increase in autophagy levels 

might function as a molecular switch, to enable the activation of cell death processes.  

Another assumption that could be made is that the overexpression of some ATG 

genes, autophagy and subsequent cell death occur through a caspase-independent 

mechanism, perhaps upon JNK activation, which contains a large number of nuclear and 

cytoplasmic target genes and transcription factors, in response to extended Ras 

signalling (Byun et al., 2009). Activation of JNK signalling could, as explained earlier, 

mediate c-Jun phosphorylation, pro-apoptotic gene expression and subsequent cell 

death induction.    
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Finally, an additional interesting fact that was observed during gene expression 

analysis was the identification of many genes with increased expression levels which 

have been reported to be upregulated and play crucial roles during encystation. Some of 

these genes include autophagy-related genes (Kim et al., 2015; Song et al., 2012; Moon 

et al., 2011, 2013), serine proteases (Moon et al., 2012) and even cyst-specific proteins. 

These results indicate that Acanthamoeba encystation and programmed cell death, 

which as has been described are both energy-dependent processes, may co-exist and 

even might have a similar basis, which could be potentially controlled by the same 

regulatory pathways and molecules. Furthermore, it could be hypothesised that 

encystation might be the microorganism’s answer to extrinsic signals derived from the 

natural environment, including variations in the pH, osmolarity, temperature and nutrient 

deprivation, whereas programmed cell death is the microorganism’s response to 

intracellular signals, including mitochondrial inadequacy, viral and bacterial infection, or 

genetic dysregulation. 

Better understanding of how these processes, including Acanthamoeba 

encystation, autophagy and programmed cell death, are related is likely to be an 

important area of research and could provide basic understanding of basic biological 

processes, not only in Acanthamoeba, but in a wider-spectrum cell and cell death field. 

Simultaneously it will offer exceptional opportunities to counter harmful infections and 

diseases.   
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Chapter 10 

 

Discussion  

 

Acanthamoeba is a regulator of bacterial profusion and an opportunistic human 

pathogen, able to cause painful keratitis and granulomatous encephalitis among other 

diseases. It is widely distributed in the natural environment since has the ability to adapt 

to the most unimaginably harsh environments and it has been isolated in every continent 

including Antarctica. Acanthamoeba abundance is due partially to its adaptable life style, 

which enables the transformation of an active, feeding and infective trophozoite to a 

dormant and resistant double-walled cyst under unfavourable conditions, in a process 

called encystation. 

Cell death and cell survival are ongoing and active processes whereby 

Acanthamoeba trophozoites, like other cells, are continuously required to integrate stress 

signals and consequently decide upon their fate. These decisions are conducted by an 

extensive variety of signalling pathways that are regulated by specific enzymes and more 

precisely by distinctive and evolutionarily conserved proteins. Initially such mechanisms 

might function as self-defence alternatives, although during evolution they might have 

evolved to serve other purposes that eventually will guarantee entire population or 

organism survival.  

 Apoptosis and other forms of regulated cell death have been extensively 

described and studied in multicellular organisms in which their existence regulates 

important organismal processes such as differentiation and development. On the other 

hand, forms of regulated cell death and unicellular organisms sound as if they cannot 

coexist. Oxymoron as it sounds, cell death mechanisms that share common 

characteristics with those of multicellular organisms have been reported in a plethora of 

yeast, bacteria and protozoans and it is also reported that some parasitic protists may 

have more than one apoptotic pathway (Tan and Nasirudeen, 2005; Brown and Hurd, 
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2013). This significant evidence implies that unicellular internal death-mediating 

mechanisms not only exist, but are taxonomically widespread. 

 The existence of cell death signalling pathways in unicellular organisms, which 

might be thought to have been evolved to maximize their own proliferation rates instead 

of death occurrence, might offer vital advantages and guarantee population survival in 

unfavourable conditions after all. 

A likely explanation is that Acanthamoeba could undergo programmed cell death 

in order to gain a group benefit by regulating its density and by this means prevent either 

food source limitation or premature host mortality. At the same time, cell death 

mechanisms could shield Acanthamoeba viability from aggressive types of viruses and 

bacteria that could infect individual trophozoites and threaten the entire population’s 

prosperity. Therefore, elimination of infected trophozoites through intracellular cell death 

programs could efficiently restrict or prevent pathogens from spreading.  

The term apoptosis is used primarily to describe regulated cell death in 

multicellular organisms and has specific characteristics, comprising chromosomal 

condensation, nuclear DNA fragmentation, cell shrinkage, rounded up formations, loss of 

mitochondrial membrane potential and formation of apoptotic bodies. This study showed 

that most of the morphological features of apoptosis are observed during treatment of 

Acanthamoeba trophozoites with G-418 aminoglycoside. However, Acanthamoeba does 

not encode caspases, which are responsible for and interwoven with characteristic 

apoptotic cell morphology, so the term apoptosis might be inappropriate to describe the 

extent of the phenomenon, despite the fact that the same terminology has been used 

repeatedly to describe caspase-independent apoptotic pathways. The resemblance in 

the characteristic features but obvious variations in the underlying machinery across 

species has resulted in an argument, whether apoptosis, or a form thereof, is really the 

procedure being observed in unicellular organisms that lack caspases, including 

Acanthamoeba.  

 Biochemical evidence for a caspase-like execution pathway has been reported in 

many protozoan parasites, including B. hominis (Tan and Nasirudeen, 2005) and 
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Plasmodium spp (Al-Olayan et al., 2002), although caspases have not been found in 

unicellular organisms, as previously mentioned. However, there is no justifiable argument 

against the probability that other protein cascades involving more than one clan of 

cysteine proteases might regulate and operate the phenomenon of apoptosis in some 

unicellular microorganisms, including Acanthamoeba. Cysteine proteases different from 

caspases, comprising metacaspases, papains and cathepsins, seem to substitute for the 

role of caspases in parasitic protozoans, as has been previously implied (El-Fadili et al., 

2010). Genes related to the cathepsin family, papain family, metacaspase and serine 

protease genes, were found to be significantly up-regulated during Acanthamoeba cell 

death, which indicates their involvement in cell death regulation and execution. 

Furthermore, cross-talk between different intracellular proteases could strengthen and 

at the same time accelerate cell death mechanisms. Complete identification and 

characterization of these protein protease scaffolds ’ role could undoubtedly provide 

new therapeutic approaches for the regulation of the cell death process not only in 

Acanthamoeba infections, but also in other systems and organisms likewise. 

 Mitochondria are categorized as major key points in many apoptotic pathways 

and various systems. In this study it was shown that during Acanthamoeba programmed 

cell death, mitochondrial activity was not only dramatically decreased, but simultaneously 

mitochondrial depolarization and a great decrease in ΔΨm of MOM was also observed. 

These alterations in mitochondrial physiology led subsequently to the release of apoptotic 

agents such as cytochrome c. This apoptotic event sequence seems to be triggered by 

a rise in intracellular calcium levels, which gradually mediated mitochondrial deficiency 

(Figure 10.1). 
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Figure 10.1: Acanthamoeba intrinsic or mitochondria mediated cell death pathway. The 

graphical diagram represents observed apoptotic events in Acanthamoeba trophozoites 

during treatment with G-418. 
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Figure 10.2: Acanthamoeba apoptosis-like cell death timeline. The graphical diagram represents some basic morphological 

and biochemical alterations occurring in Acanthamoeba trophozoites during treatment with EC90 G-418. Scale 10μm.  



 
Acanthamoeba Programmed Cell Death  

 

Page | 236  
 

Transcriptomic analysis of G-418 treated trophozoites revealed that 

Acanthamoeba cell death could be a finely regulated phenomenon. Numerous proteins 

that could acts as initiators, regulators and orchestrators of the phenomenon have been 

found to be significantly differentially expressed between treated and control amoebic 

populations during treatment. Some of these proteins include kinases and phosphatases, 

heat shock proteins, autophagy related proteins, glutathione S-transferases, cysteine and 

serine proteases, endonucleases, Ras family proteins and ubiquitination-related proteins.  

Altogether above protein families, have been proposed to play significant roles 

either as signalling molecules or as executioners in variable systems and organisms 

during apoptosis or other forms of regulated cell death. This study managed to associate 

many of those proteins to Acanthamoeba programmed cell death phenomenon although 

it is as yet unclear at which point or what is the exact function of each one of them. In 

order for their function to be fully disclosed, further and deeper experimental analysis is 

required. This investigation could primarly include genetically modified Acanthamoeba 

trophozoites (e.g. with knockout selected gene/genes) where further and precise 

observations of apoptotic features occurance might differentiates, from that which have 

been already described in the wild type and in this study.  

Phenomenon characterization as apoptosis or apoptotic cell death might be the 

closest related term to describe the entire set of the morphological and biochemical 

alterations that were taking place during Acanthamoeba cell death and were analytically 

described in this study. However, apoptosis is inextricably linked and first described in 

metazoan regulated cell death, rendering the term not particularly suitable to define the 

full perspective of Acanthamoeba’s programmed cell death. Interestingly, a plethora of 

genes related to autophagy were found also to be significantly upregulated during 

treatment and it would not have been irrational to consider autophagic cell death as an 

alternative. However, Acanthamoeba trophozoites failed to represent characteristic 

morphological and biochemical features of autophagic cell death despite the signs of an 

active autophagic ongoing procedure. This finding though might act as a confirmation of 

the crosstalk between programmed cell death and autophagy in Acanthamoeba. 
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 Evidence obtained from the study of Acanthamoeba’s programmed cell death, 

which shares a plethora of characteristics with apoptosis, could imply that the latter 

originated, not just prior to multicellularity, but even before the divergence of unicellular 

lineages. The perspective of the study supports the existence of simple regulated 

death pathways in Acanthamoeba and in lower eukaryotes in general. However, due 

to evolution and cellular complexity, these pathways are at present characterized by 

increased specificity of molecules and additional checkpoints that differ from organism to 

organism and cell to cell.  

 The initial management of Acanthamoeba Keratitis infenctions comprises 

combined dosages of diamidines such as hexamidine (1000 µg/ml) or propamidine 

isethionate (1000 µg/ml) and cationic antiseptics like chlorhexidine (200 µg/ml) each 

hour, for three continuous days (Russel et al., 1996; Dart et al., 2009), while after this 

initial aggressive approach treatment, dosages are reduced to every 3 hours until 

response to treatment is observed. Side effects attributed to usage of these drugs 

comprise mainly iris atrophy, cataract and peripheral ulcerative keratitis. Similarly, in 

Acanthamoeba granulomatous encephalitis, among 94 confirmed cases from 1955 to 

2013 the mortality rate was as high as 85-90% (Zamora et al., 2014; Siddiqui et al., 

2016). Administrative combined antibiotic therapy, including some of the substances 

as rifampin, azithromycin, fluconalozole, pentamidine, amphotericin and miltefosine, 

have shown some promising results, however all successful treatment cases were 

preceded by a timely prognosis. 

It is more than evident that mortality and morbidity associated with 

Acanthamoeba diseases, especially those of Acanthamoeba granoulomatous 

encephalitis (AGE) and Acanthamoeba keratitis (AK), persisted at high levels. 

Conventional medicine has failed to present an efficient strategy against these 

infections so far, thus new therapeutic approaches need to be adopted and tested. 

Manipulation of Acanthamoeba’s PCD pathways might be an alternative tactic against 

microbial infections with quite encouraging and promising outcomes, since targeted 

regulation of such pathways could be considered particularly efficient. Furthermore, 

regulation of cell death pathways, assures non existent or negligible side effects, 

compared to other methods.  
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This study suggested the presence of intracellular cell death pathways in 

Acanthamoeba, while at the same time identifying some key features that might be of 

high importance. For instance, it was shown that mitochondrial dysfunction plays an 

important role in microorganism cell death progress. Therefore, future treatment 

procedures could precisely target Acanthamoeba mitochondrial function in order to 

treat diseases caused by the microorganism. Apparently, mitochondrial dysfuntion was 

associated with an increase in intracellular [Ca2+] which in its turn was potentially an 

aftereffect of endoplasmatic reticulum stress. Subsequently, another therapeutic 

alternative could comprise the disturbance of Acanthamoeba’s ER homeostasis or the 

increase of intracellular Ca+2 concentration, in order to trigger death-signalling 

pathways. 

 Another possibility in Acanthamoeba disease management could be the use of 

genetically modified or wild-type Acanthamoeba-specific viruses. By this means, 

viruses could invade the microorganism, multiply using the host’s machinery and lead 

to its lysis. If the potential virus implementation strategy is considered to threaten host 

morbidity, viruses could initially be genetically modified not to. Furthermore, genetically 

modified viruses designed to infect Acanthamoeba cells could act as genetic material 

transfer agents. For instance, as this study shown, plenty of apoptotic related genes, 

including metacaspase, genes related to autophagy, ser/thr kinases and phosphatases, 

Ras family genes, deoxyribonucleases, endonucleases, calpains, cathepsins and 

glutathione S-transferases were highly upregulated during cell death phenomenon. 

Transfer some of these genes into Acanthamoeba through genetically modified viruses 

and simultaneously, their expression under the regulation of a highly expressed 

promoter, could mediate microorganism programmed cell death or in the worst case 

scenario sensitize Acanthamoeba to programmed cell death or to a broader sprectrum 

of death stimuli, rendering its eradication easier and more efficient.  

 Manipulation and activation of Acanthamoeba’s programmed cell death 

pathways as a therapeutic alternative will also guarantee minimal disease recurrence 

since almost all the members of the entire amoebal population will forced to undergo 

cell death. Current approaches do not favour this, but in some cases allow 

Acanthamoeba transformation to dormant double-walled cysts, higly resistant and 
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quite problematic to treat. This transformation renders short or long term excystation 

from cysts to trophozoites feasible when the conditions are optimal and accordingly 

Acanthamoeba reproduction, expansion and re-emerging infection. Theoretically, 

induction of cell death will not provide the opportunity for amoebic transformation since 

as this study has shown, stimulation of trophozoites towards cell death could be 

immediate and straightforward compared to encystation, which requires a significant 

amount of time. 

 Hypothetically, it seems that this kind of manipulation will provide an excellent 

therapeutic alternative not only to diseases caused by Acanthamoeba but to numerous 

other diseases caused by microorganisms whose eradication by currect conventional 

medicine is problematic. Furthermore, deep understanding of programmed cell death 

pathways in Acanthamoeba may reveal additional target molecules that in turn could 

be easily manipulated  an extended range of pathophysiological conditions related to 

cell death programmes’ efficiency and deficiency including tumor malignancies and 

autoimmune disorders, since the biological principles are highly conserved among 

different species and cells.   
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APPENDIX 1 
 
 

Differential expression analysis R studio script (modified) 
 

 
 
library(dplyr) 
library(ggplot2) 
library(GSEABase) 
library(rtracklayer) 
library(readr) 
library(BiocInstaller) 
 
biocLite("EGSEA") 
biocLite("gage") 
biocLite("KEGGREST") 
biocLite("pathview") 
 
library(Rsubread) 
library(edgeR) 
library(AnnotationDbi) 
library(locfit) 
library(statmod) 
library(pheatmap) 
library(KEGGgraph) 
library(gageData) 
library(DBI) 
library(data.table) 
library(GenomeinfoDb) 
library(GSA) 
library(KEGG.db) 
library(KEGGdzPathways) 
library(KEGGgraph) 
library(limma) 
library(locfit) 
library(Rcurl) 
library(lattice) 
library(MASS) 
library(Matrix) 
library(mgcv) 
library(nlme) 
library(nnet) 
library(parallel) 
library(rpart) 
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rm(list =ls()) 
 
setwd('/ /') 
data_dir <- 'BAM Alignments files' 
 
geninfo <- 'groups.tsv' 
 
targets <- read.delim(file.path(geninfo), stringsAsFactors = FALSE) 
 
targets$Name <- make.unique(targets$ID) 
 
rownames(targets) <- targets$Id 
 
bam_dir <- file.path(data_dir) 
bam_files <- list.files(bam_dir, full.names = TRUE, pattern = '.bam') 
bam_files 
 
gtf_file <- file.path('Acanthamoeba_castellanii_str_neff.Acastellanii.strNEFF_v1.37.gtf') 
 
cat(readLines(gtf_file, n = 10), sep="\n") 
 
gtf_content <- import (gtf_file, feature.type = 'gene') 
gtf_content 
 
annotation <- data.frame(elementMetadata(gtf_content), stringsAsFactors = FALSE) 
rownames(annotation) <- annotation$gene_id 
 
count_results <- featureCounts(files = bam_files, annot.ext = gtf_file, 
isGTFAnnotationFile = TRUE, GTF.featureType = 'exon', GTF.attrType = 'gene_id', 
strandSpecific = 2, isPairedEnd = FALSE, nthreads = 1) 
 
colnames(count_results$counts) <- sub('.*(Ac.*)\\.bam', '\\1', 
colnames(count_results$counts)) 
 
colnames(count_results$stat)[-1] <- sub('.*(Ac.*)\\.bam', '\\1', 
colnames(count_results$stat)[-1]) 
 
raw_counts <- count_results$counts 
head(raw_counts) 
nrow(raw_counts) 
length(which(rowSums(raw_counts>=1)>1)) 
 
count_results$stat 
 
 
#visualization 
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stats <- data.frame(count_results$stat[, -1], row.names = count_results$stat[, 1]) 
stats <- stats[apply(stats, 1, function(x) any(x > 0)),] 
stats <- reshape2::melt(t(stats)) 
stats$name <- targets[stats$Var1, 'Name'] 
 
ggplot(stats, aes(x = Var1, y = value, fill = Var2)) +  geom_bar(stat = "identity", position 
= 'fill') + theme_bw() + theme(axis.text.x = element_text(angle = 90), legend.title = 
element_blank()) + xlab("Sample") + ylab(NULL) 
raw_counts <- raw_counts[rownames(annotation), rownames(targets)] 
 
 
dgList <- DGEList( 
  counts = raw_counts, 
  samples=targets, 
  group = targets$Group, 
  genes = annotation) 
dgList 
 
dgList$samples$Name <- targets$Name 
 
 
#Normalisation 
 
 
dgList <- calcNormFactors(dgList) 
 
dgList$samples 
 
 
#Explore the data 
 
 
plotMDS( 
  dgList, 
  gene.selection ='pairwise', 
  col = as.integer(dgList$samples$group), 
  labels = dgList$samples$group) 
 
 
#Filter the data 
 
 
dgList <- dgList[rowSums(cpm(dgList)>=0.1) >= 3 , , 
                 keep.lib.sizes=FALSE] 
dgList <- calcNormFactors(dgList) 
 
nrow(dgList) 
 



 
Acanthamoeba Programmed Cell Death  

 

Page | 243  
 

 
#Explore the data 
 
 
plotMDS( 
  dgList, 
  gene.selection ='pairwise', 
  col = as.integer(dgList$samples$group), 
  labels = dgList$samples$group) 
 
 
#Plotting a function 
 
 
plot_gene <- function(gene_id, inputDgList){ 
  expr <- cpm(inputDgList) 
  plot_data <- cbind(inputDgList$samples, expression = expr[gene_id,]) 
  plot_data <- plot_data[order(plot_data$group),] 
  plot_data$sample <- factor(rownames(plot_data), levels = rownames(plot_data)) 
  p <- ggplot(plot_data, aes(x= Name, y= expression, fill= group)) + geom_bar(stat = 
"identity") + theme_bw() + theme(axis.text.x = element_text(angle = 90, hjust = 1)) + 
  ggtitle(paste(gene_id, annotation$gene_name[match(gene_id, annotation$gene_id)], 
sep=": ")) 
 print(p)} 
 
plot_gene ('ACA1_XXXXXX', dgList) 
 
 
#Buidling a design matrix 
 
design <- model.matrix(~ 0 + group, data = dgList$samples) 
design 
 
 
#Sample pairing 
 
 
#Estimating dispersion 
 
 
dgGlm <- estimateDisp(dgList, design, robust = TRUE) 
plotBCV(dgGlm) 
 
fit <- glmQLFit(dgGlm, design, robust = TRUE) 
plotQLDisp(fit) 
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#Testing for DE genes 
 
 
contrasts <- data.frame(variable='group', group1='Untreated', group2='Treated', 
stringsAsFactors = FALSE) 
contrasts 
 
contrast_names <- apply(contrasts, 1, function(contrast) 
paste(paste0(contrast[1], make.names(contrast[3])), paste0(contrast[1],
 make.names(contrast[2])), sep="-")) 
contrast_names   
 
contrast.matrix <- makeContrasts(contrasts = contrast_names, levels = design) 
contrast.matrix 
 
de <- glmQLFTest(fit, contrast = contrast.matrix[,1]) 
 
top_genes <- topTags(de, n=100) 
top_genes 
 
 
#Test different genes with plot_gene 
 
 
plot_gene('ACA1_095540', dgList) 
 
 
#Heatmap 
 
 
plot_heatmap <- function(plot_genes, title= '', inputDgList){ 
  annotation_col <- inputDgList$samples[with(inputDgList$samples, order(group, 
Name)), c('Name', 'group')] 
  plot_genes <- plot_genes[plot_genes %in% rownames(inputDgList)] 
  expression <- cpm(inputDgList)[plot_genes, rownames(annotation_col)] 
  plotmatrix <- log2(expression + 0.1) 
  rownames(plotmatrix) <- annotation[rownames(plotmatrix), 'gene_id'] 
  grid::grid.newpage() 
  pheatmap( plotmatrix, 
    show_rownames = T, 
    annotation_col = annotation_col, 
    border_color = NA, 
    legend = FALSE, 
    cluster_cols = FALSE, 
    cluster_rows = TRUE, 
    scale = 'row', 
    color = colorRampPalette(rev(RColorBrewer::brewer.pal(n = 7, name = 
"RdYlBu")))(100), 
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    main = title)} 
 
plot_heatmap(rownames(top_genes), inputDgList =  dgList) 
 
 
#Extracting results 
 
 
results <- topTags(de , n=nrow(dgList), sort.by = 'none')$table 
results <- results[rownames(dgList),] 
 
write.csv(results, file = 'Differential_results_Apoptosis Xhour(s).csv') 
#Filtering significant genes 
 
 
fdr_treshold <- 0.001 
fc_treshold <- 2 
 
top_genes <- topTags(de, n=100) 
top_genes 
 
plot_gene ('ACA1_089990', dgList) 
 
diffexp_genes <- rownames(results)[abs(results$logFC) >= log2(fc_treshold) & 
results$FDR <= fdr_treshold ] 
 
print(paste(length(diffexp_genes), 'genes are differentially expressed at fold change of 
at least', fc_treshold, 'and a maximum FDR of', fdr_treshold)) 
 
 
#visualising results 
 
 
#Smear Plot 
 
plotMD(de, status = decideTestsDGE(de, p.value = 0.05)) 
abline(h=c(-1,1)) 
 
 
#Volcano plot 
 
 
volcano_plot <- function(results_table, fc_treshold, fdr_treshold, 
                         log=FALSE){ 
  results_table$significant <- 'no' 
  results_table$significant[ abs(results_table$logFC) >= 
                               log2(fc_treshold) & results_table$FDR <= fdr_treshold ] <- 'yes' 
  if(! log){ 
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    results_table$logFC <- sign(results_table$logFC)* 2^abs(results_table$logFC)} 
 
  ggplot(results_table, aes(logFC, -log10(FDR), color=significant)) + 
    geom_point(alpha = 0.5) + 
    scale_colour_manual(name = 'significant', values = setNames(c('red', 
'grey'),c('yes','no'))) + 
    theme_bw()} 
 
volcano_plot(results, fc_treshold, fdr_treshold) 
 
volcano_plot(results, fc_treshold, fdr_treshold, log = TRUE) 
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APPENDIX 2 

 

Acanthamoeba GS isolate, 18S gene sequence 

 

>GCTTGTCCCAAAGACTAAGCCATGCATGTGTAAGTATAAACTTATTTATACGGCGA

ACCTGCGGAAGGCTCATTAAATCAGTTATAGTTTATTTGATGGTCTCTTTTGTCTTT

TTTTACCTACTTGGATAACCGTGGTAATTCTAGAGCTAATACATGCGCAAGGTCCC

GAGCGCGGGGGGCAGGGCTTCACGGCCCTGTCCTCGCATGCGCAGAGGGATGT

ATTTATTAGGTTAAAAACCAGCGGCAGGGGTCAGCAATGGCCCCTGCCAAACACT

CCTGGTGATTCATAGTAACTCTTTCGGATCGCATTCATGTCCTCCTTGTGGGGACG

GCGACGATTCATTCAAATTTCTGCCCTATCAACTTTCGATGGTAGGATAGAGGCCT

ACCATGGTCGTAACGGGTAACGGAGAATTAGGGTTCGATTCCGGAGAGGGAGCCT

GAGAAATGGCTACCACTTCTAAGGAAGGCAGCAGGCGCGCAAATTACCCAATCCC

GACACGGGGAGGTAGTGACAATAAATAACAATACAGGCGCTCGATAAGAGTCTTG

TAATTGCAATGAGTACAATTTAAACCCCTTAACGAGTAACAATTGGAGGGCAAGTC

TGGTGCCAGCAGCCGCGGTAATTCCACCTCCAATAGCGTATATTAAAGTTGTTGCA

GTTAAAAAGCTCGTAGTTGGATCTAGGGACGCGCATTTCAAGCGCCCGTGTCGTC

GGGTCAAACCGGCGACTGCGTTGGCGTTGCGGGCTCGGTCCGTCGGTGGACCCT

CGTGGTCTTAATCGGCGTGTCAACCGGCCCGCCCGTCCCCTCCTTCTGGATTCCC

GTTCCTGCTATTGAGTTAGTGGGGACGTCACAGGGGGCTCATCGTCGTCATGCAA

ATGGCGGCGGTGGGTCCCTGGGGCCCAGATCGTTTACCGTGAAAAAATTAGAGTG

TTCAAAGCAGGCAGATCCAATTTTCTGCCACCGAATACATTAGCATGGGATAATGG

AATAGGACCCTGTCCTCCTATTTTCAGTTGGTTTTGGCAGGCGCGAGGGACTAGG

GTAATGATTAATAGGGATAGTTGGGGGCATTAATATTTAATTGTCAGAGGTGAAATT

CTTGGATTTATGAAAGATTAACTTCTGCGAAAGCATCTGCCAAGGATGTTTTCATTA

ATCAAGAACGAAAGTTAGGGGATCGAAGACGATCGAATACCGTCCTTCACCGTCG

AGACTGGGGTCAAACCTCTTCAACGAGGAATTCCTAATAACCGCGAGT 
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Figure 2.1: The killing of Acanthamoeba by a range of concentrations of G418 

established that the EC50 value is 32 ± 3 μg/mL while the EC90 value is 75 ± 5 μg/mL. 

Cells were incubated with G418 in NSB for 24 hours at 37ºC prior to determining cell 

death by trypan blue exclusion. 
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Figure 2.2: A line-up of cytochrome c proteins from various species with Acanthamoeba 

at the top.  The peptide used to raise the antibody used is highlighted showing that this 

is highly conserved. Note also the cysteine residue at position 13 in the Acanthamoeba 

sequence which is unusual. The blots shows a band at around 25 kDa rather than the 

expected 14 kDa but cytochrome c is known to polymerize (Hirota et al. 2010) and so it 

is likely that the epitope recognised by the antibody is a cytochrome c dimer. 
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Figure 2.3: Phylogenetic tree of Acanthamoeba metacaspsase protein. Acmcp is 

mentioned in a red frame. Maximum likelihood method, 100 bootstrap replications, MEGA 

7, (Kimura, 1980; Kumar 2016; Felsenstein, 1985). 



 
Acanthamoeba Programmed Cell Death  

 

Page | 251  
 

Appendix 3 - Publications
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