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ABSTRACT 
 

 Naegleria gruberi (NG) is a non-pathogenic amoeba that is closely related to 

Naegleria fowleri, also known as the brain-eating amoeba, responsible for primary amebic 

meningoencephalitis (PAM). Currently, the treatment involves several combinations of 

antibiotics, usually including Amphotericin B which is known to complex with ergosterol 

in the membrane. In studies described herein, NG strain NEG-M, grown axenically in 

ATCC 1034 media supplemented with heat-inactivated fetal bovine serum (FBS), was 

shown to synthesize C28 ergosterol in trophozoites and to uptake C27 cholesterol in cysts 

from the growth medium. The differentiated forms of trophozoite and cyst were examined 

microscopically by using light microscopy, scanning electron microscopy, and 

transmission electron microscopy. To understand the physiological significance of 

potential chockepoint enzymes in the NG ergosterol biosynthesis pathway the C24-sterol 

methyl transferase (24-SMT) and 14α-demethylase (CYP51) enzymes were investigated 

using ergosterol biosynthesis inhibitors that target these enzymes - 25-azalanosterol, 25-

azacyloartenol, itraconazole, voriconazole. These rationally designed steroidal inhibitors 

intefered with the ergosterol biosynthesis pathway causing accumulation of Δ24-sterol 

corresponding to 24-SMT inhibition and 14-methyl sterol accumulation corresponding to 

CYP51 inhibition and inhibition of amoeba growth in nanomolar range. The results show 

that SMT and CYP51 are essential enzymes in the ergosterol biosynthesis pathway of N. 

gruberi and can be therapeutic leads in treatment of amoeba diseases. 
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CHAPTER I   

 

 INTRODUCTION 
 

 Naegleria species 

 

Naegleria species (spp.) are unicellular eukaryotic, non-photosynthetic protozoan 

organisms. Naegleria spp. are amoebo-flagellates that are commonly found in soil and 

fresh water, however they are generally sensitive to environmental conditions such as 

aridity, extreme pH, and cannot survive in seawater.1 Naegleria fowleri is heat-tolerant and 

can survive in temperatures as high as 45°C without losing its pathogenisis.2 Today, about 

30 species of Naegleria have been recognized by sequencing data. Naegleria gruberi has a 

genome size of 41,000 base pairs (bp) with at least 12 chromosomes and about 57% of the 

genome encoding proteins.3 Naegleria spp. differ from the other genus of amoeba by 

having three life morphologies instead of two – trophozoite, dormant cyst and flagellate. 

N. gruberi was first discovered in 1899 by Schradinger however, this organism was initally 

referred to as Amoeba gruberi. Throughout early 1900s researchers referred to N. gruberi 

by different names. Alexeieff and Daneard in 1910 Amoeba punctata, Naegleria punctate 

in 1912, and Dismatigamoeba gruberi later in 1912.4 Naegleria fowleri is the only amoeba 

from the Naegleria spp. recognized as a human pathogen causing Primary Amoebic 

Meningoencephalitis (PAM). A few of other Naegleria spp. (Naegleria 

australiensis, Naegleria italica, Naegleria philippinensis) have been established to be 

pathogenic to in murine models causing Primary Amoebic Meningoencephalitis (PAM). 

PAM is causing a serious problem worldwide because of absence of successful treatment 

options, with infection resulting in 99% death rate.5 
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1.2 Evolution of Naegleria spp. 

 

Eukaryotes emerged at least over a billion years ago, giving rise to a large diversity 

and complexity of organisms including protists, plants, animals, and fungi. Current 

sequencing methods allow researchers to sequence and compare gene sets that reveal 

important evolutionary information. Naegleria belongs to Heterolobosea that is distantly 

related to Euglenozoa which include trypanosomes and Jakobid flagellates, generally 

termed JEH for Jakobids, Euglenozoa ad Heterolobosea.3 Many evolutionary studies 

suggest different roots of the eukaryotic tree, however, three major hypotheses that have 

been established. In all three hypotheses Naegleria represents a critical taxon for 

comparative studies by being the first amoeboid bikont sequenced (Root A), by analysis of 

a free-living descendants of an early common ancestor (Root B), or by analysis of a free-

living descendants of every major eukaryotic group by uniting JEH and POD (Parabasalids, 

Oxymonads, and Diplomonads) into Excavates (Root C)3,6,7 (Figure 1.1). 
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 Figure 1.1 Three proposed roots of eukaryotic tree 
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1.3 Morphology and life cycle 

 

 

Naegleria spp. have three main morphologies – trophozoites, cysts, and flagellate 

(Fig 1.2). Trophozoites differ in size and shape, usually being 10-35 µm long with a 

granular appearance and single nucleus. The cell is surrounded by a membrane about 10 

nm in width containing two dense layers.8 Cells contain large number of ribosomes they 

may or may not be attached to the endoplasmic reticulum. Typical Golgi apparatus has not 

been identified, but primitive Golgi-like apparatus has been identified in some Naegleria 

spp.9 Mitochondria is found to be dumbbell or cup shaped and lysosomes have been 

identified in the cell. Contractile vacuoles have also been identified in tail region of 

Naegleria spp.  The trophozoites are the feeding and reproductive stage of Naegleria spp. 

When feeding, they exhibit food cups or amoebastomes which are cytoplasmatic extentions 

on the surface of the cell. These food cups vary in size and number depending on Naegleria 

spp. The food cups are used to ingest bacteria, yeast, cellular debris. Food cups do not 

necessarily relate to pathogenicity due to not pathogenic strains exhibiting the same 

phenomena.10 When in trophozoite form, amoeba replicates asexually by binary fission 

making two genetically identical daughter cells with doubling time being between 8h-

19h.11 This is the only life stage that has been found to infect humans.12 

 

 

 

  
a b c d 

Figure 1.2 Cellular morphologies of Naegleria gruberi under the compound microscope. Mature live cyst 

(a), mature live trophozoite (b), dead cyst stained with 0.4% trypan blue (c), dead trophozoite stained with 

0.4% trypan blue (d) 
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 Trophozoites can change morphologically and turn into a temporary, flagellated 

stage when stimulated by reduced food source in the environment. Flagellate is a non-

feeding, non-dividing stage and it doesn’t last long, since Naegleria reverts to a trophozoite 

stage when conditions are favorable again.13 Changes in cell shape and cellular regulation 

of all organelles is involved when going from a trophozoite to a flagellate.14 On average, 

N. gruberi will complete the transformation from a trophozoite to a flagellate in about 120 

minutes and N. fowleri requires several hours.15  The trophozoite will turn into a cyst if the 

environmental conditions are not favorable, such as cold temperature, crowding, lack of 

food sources, lack of oxygen, pH changes etc. Cysts are extremally resistant to harsh 

environments, therefore increasing their chances of survival until the better environmental 

conditions are established.16 

 

 

Figure 1.3 SEM of Naegleria gruberi trophozite undergoing binary fission 
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1.4 Excystment and encystment  

 

As mentioned previously encystment occurs when unfavorable changes in the 

environment occur such as lack of nutrients, changes in pH and temperature, overcrowding 

of the cell population, accumulation of waste produces, etc.  It has been shown that cyst 

wall of N. gruberi, N. fowleri, and N. jadini differ in size, shape, outer layer of the cyst 

wall and the presence or absence of exit pores by electron microscopy.17 N, gruberi cyst 

are 8-19 µm in diameter, where N. fowleri cysts are a little bit smaller in size, 4-11 µm in 

diameter. Shape of N. gruberi cysts are spherical to slightly oval whereas N. fowleri cyst 

varied in cyst shape and surface texture18 (Figure 1.4). In Acanthamoeba spp double walled 

cyst is made up off cellulose, however immunochemical markers have not identified 

cellulose as a component of the cyst wall in Naegleria spp.19 The cyst is most likely made 

up of chitin, since the cyst wall was stained with calcofluor white M2R indicating the 

presence of some β-1-4-linked polysaccharide.20 N. gruberi cyst is encapsulated by the 

double walled structure ectocyst (outer cyst wall) about 20-25 nm thick and endocyst (inner 

Figure 1.4 SEM of a mature, control cysts of Naegleria 

gruberi 



Texas Tech University, Maja Milankovic, May 2017 

7 
 

cyst wall) being about 200-450 nm thick; the outer wall (ectocyst) of the cyst is absent in 

N. fowleri and N. jadini. Naegleria spp. contain pores in the cyst wall which are sealed by 

mucoid plug. Schuster analyzed these pores, or exit pores in several strains of Naegleria 

gruberi and Naegleria fowleri. These exit pores seem to be performed in Naegleria gruberi 

and in N. fowleri these pores were absent.21 These raptures in the cyst wall are very 

prominent with about 2µm or more in diameter. Overall, encystment of Naegleria spp. 

requires cyst wall formation, expulsion of water by contractile vacuoles and reorganization 

of the cytoplasm, cytoplasmic vacuoles are present like food and contractile vacuole. 

Encystment occurs in both axenic and xenic types of media; it was shown that both N. 

fowleri and N. gruberi grown axeniclly and xeniclly in the laboratory formed cysts; 

therefore, bacterial presence doesn’t prevent cyst formation. Also, it’s been shown that 

encystment process can be chemically induces by sublimating N. fowleri growth medium 

with 2x10-3 M CaCl2.
22 Some strains of N. fowleri do not form cysts readily in axenic media. 

N. fowleri strain LEE doesn’t form cysts promptly in axenic culture and N. fowleri strain 

LEEmp induces a cyst formation rapidly and late in stationary phase of the growth. Some 

evidence shows that when N. fowleri is in presence of P. aeruginosa, inedible bacterium, 

toxic metabolic products produced by P. aeruginosa may cause cyst formation.23 During 

encystment process, mitochondria enlarges and cisternae of endoplasmic reticulum become 

inflated. The cyst cell wall is thought to be synthesized by rough endoplasmic reticulum.9 

Cysts also contain ribonucleoprotein-containing vesicles, probably autophagosome-type 

vacuoles.24 Expression levels of the enzymes are modulated during the encystment with 

enolase being expressed during cyst formation in Naegleria fowleri. Excystment requires 

replenishment of the culture medium, CO2, and bacteria if the cells were grown xenically. 
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N. gruberi cysts were shown to excyst in the elevated levels of CO2.
25 Cell wall of N. 

gruberi cyst doesn’t dissolve after the excystment, instead it remains intact even after the 

emergening of a trophozoite (Figure 1.5). 

 

 

 

 

 

 

 

 

 

 

 Axenic and Xenic growth media 

 

Naegleria spp. can be grown axenically or xenically, with axenic culture being grown 

in the absence of other organism, and xenically meaning in the presence of the other living 

or heat-killed organism, usually bacteria. Some of the bacterium added to the medium 

include nonmucoid strains of Klebsiella pneumoniae, Enterobacter spp, and Escherichia 

coli.26 The presence of mucoid capsule around bacteria may cause phagocytosis by 

amoebas, leading to the overgrowth of bacterial population. Literature suggest many 

different medias to grow N. gruberi and other pathogenic and non-pathogenic amoebas 

(Table 1.1)26,27,28. 

Figure 1.5 Naegleria gruberi under the compound microscope 

undergoing excystment 
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Table 1.1 Naegleria gruberi media compositions and growth methods by different investigators 

 

  

 The method that is commonly suggested by American Type Culture Collection 

(ATCC) is the use of ATCC 1034 medium for cultivating Naegleria gruberi, strain NEG-

M (ATCC 30422) which was deposited by Fulton. The culture that arrives has been kept 

in dry ice (-70°C) for about a week, therefore before putting cells from the vial into the 

ATCC 1034 medium, culture must be submerged into a hot water bath set to 35°C for 2-3 

minutes.29 The cells from the vial are aseptically transferred to a T-25 tissue culture flask 

containing 5 milliliters (mL) of fresh ATCC 1034 medium and incubated at 25°C for 96 

hours. Once established, cells may contain mixed population of trophozoites, cysts, 

flagellates which are stained for cell viability using trypan blue. The longer the cells are in 

the culture medium, more cysts will form, and eventually causing cell death. 

Investigator Raederstroff, D. 

Rohmer, M. 

Schuster, F Fulton, C. 

Organism N. gruberi N. gruberi N. gruberi 

Media content 1L Distilled water 

10g Bactopeptone 

5g Yeast extract 

3g Bactocasitone 

1.325g Na2HPO4 

0.8g KH2PO4 

100mg L-

methionine 

5mg Hemin 

 

Axenically 

2% Yeast extract 

0.5% Peptone 

0.5% Glucose with 

or without 

Liver concentrate 

Calf serum extract 

Folic acid or 

hemin 

 

 

Axenically 

90mg L-methionine  

10g Yeast extract 

Dissolved in 720 ml 

of water 

Distributed in 86 ml 

portions each 

2ml sterile Dextrose 

2ml Phosphate 

buffer  

     

10 ml dialysed fetal 

calf serum  

 

Adjust pH to 6.8 

Temperature 30°C 37°C 32°C 

Time 7 days 7 days 2-3 days 

Method Rotary shaking unknown 80-88 oscillations 

per min 
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1.6 Pathogenicity, Infection and Disease 

 

It wasn’t known that Naegleria could cause disease in humans until late 1960s. The 

first three cases of primary amoebic meningoencephalitis were established in Florida in 

1966, another case in 1968, and three more cases in Virginia in 1968. Six similar cases 

were reported in Australia and 17 cases from Czechoslovakia in late 1960s.30 Many cases 

started emerging around the same time in history and were fatal in all cases. While studying 

the cases, the commonality between all patients that were suffering from primary amoebic 

meningoencephalitis was history of swimming in small, warm lakes, polluted warm 

estuary, or indoor pools. Initially it was thought that Acanthamoeba spp. to be a causative 

agent of PAM, and in cases after 1968, it was believed that Naegleria gruberi was the 

causative agent of PAM. Later Naegleria fowleri was isolated from the spinal fluid of the 

infected patients proving that Naegleria fowleri is a causative agent of PAM.31 Primary 

Amoebic Meningoencephalitis (PAM) is rare but deathly Central Nervious System (CNS) 

infection. Initial symptoms are very similar to that of bacterial meningitis while symptoms 

can also mimic granulomatous amebic meningoencephalitis. Diagnosis usually involves 

taking a sample of cerebrospinal fluid (CSF) and establish if N. fowleri is present in CSF. 

The pathogenesis occurs by splashing or inhaling water contaminated with trophozoites of 

N. fowleri into nasal cavity. First, Naegleria fowleri attaches to the nasal mucosa, followed 

by locomotion along olfactory nerve and through cribriform plate to reach olfactory bulbs 

withing the Central Nervous System (CNS). Once it reaches the CNS, it causes a significant 

immune response by activation of innate immune system.32 The presence of food cups 

which serve for ingestion of bacteria, yeast and human cells enables this pathogen to digest 

macrophages and neutrophils, thus enabling N. fowleri to avoid the innate immune system 
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response. Beside food cups, N. fowleri release cytolytic molecules like acid hydrolases, 

phospholipases, neuraminidases, and phospholipolytic enzymes that cause nerve 

destruction of the host.33 

1.7 Current treatment of Naegleria fowleri 

 

There are many treatment options currently available for the treatment of PAM, but 

not many clinical trials have been conducted to confirm the efficacy of the drugs used by 

medical professionals in treatment of PAM except Amphotericin B in combination with 

other drugs. The treatment usually involves combination therapy where most of the drugs 

used together have not been tested for their possible synergistic, additive or antagonistic 

effect. Amphotericin B has been established to have either synergistic or additive effect 

with rifampin, fluconazole, sulfadiazine, miconazole, sulfisoxazole, ketoconazole, 

dexamethasone, ornidazole, and chloramphenicol.34 Only miconazole and amphotericin B 

showed synergistic effect used in treatment of patient with PAM. Some studies showed 

synergistic effect between amphotericin B and tetracycline, however the successful 

treatment with the combinations of the two has not yet been reported.32 Effect of 

azithromycin on Naegleria fowleri has been studied. Azithromycin inhibits bacterial 

growth by inhibiting protein synthesis by binding to 50S subunit, thus blocking the peptide 

bond formation and translocation. Also, azithromycin has been shown to be distributed in 

brain in large amount thus indicating the ability of azithromycin to cross blood brain barrier 

(BBB).35 Amphotericin B is found in very low concentrations in the brain tissue, but when 

Naegleria is exposed to Amphotericin B, it rounds up, nuclear shape is altered, 

mitochondria underwent degradation (loss of cristae), and autophagy vacuoles appear.  
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 Rohmer Sterols of Naegleria gruberi 

 

Naegleria gruberi was first isolated by Schardinger in 1899 and Naegleria fowleri was 

not discovered until half of century later and established to be a causative agent of PAM.  

N. fowleri was first isolated in 1966 from the brain of the Australian patient suffering from 

PAM. N. fowleri was named by Dr. Malcom Fowler, who first recognized that this amoeba 

causes this disease.36 The first isolated sterols of Naegleria were established by Rohmer 

who suggested the pathway for the sterol biosynthesis, major sterol being ergosterol. 

However, the morphology of the cells was not revealed. He established the cycloartenol 

based pathways for the ergosterol biosynthesis. The sterols identified by Raederstroff and 

Rohmer are shown in Table 3.1. 

1.9 24-Sterol Methyl Transferase 

 

24- Sterol Methyl Transferase (SMT) occurs in wide range of organisms but does not 

occur in animal systems, thus suggesting different sterol pathway in fungi, plants, and 

protozoa then those of animals. Plants have the genes encoding two 24-SMT enzymes, 

SMT-1 being cycloartenol-SMT-1 (EC 2.1.1.142) and SMT 2 preferring 24(28)-methylene 

lophenol as a substrate. Some fungi have been shown to synthesize only one 24-SMT 

whereas some pathogenic protozoa synthesize two SMTs as well as plants. Naegleria spp, 

even though including some pathogenic organisms, it’s genome only encodes cycloartenol- 

SMT-1.37 Three-dimensional shape, stereochemistry and charge significance of the 

substrate for 24-SMT-1 are important to take into the consideration for the substrate to be 

able to fit into the active site.38 Cofactor SAM, Δ24-bond and C3-hydroxyl group of the 

substrate is also needed for the enzymatic catalytic activity. The products of the catalytic 
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reaction are Δ24(28)-sterols and Δ24(25) -sterols (protozoa). The 24-SMT-1 comes early in a 

sterol biosynthetic pathway as identified in plants and some fungi, most likely making the 

24-SMT-1 rate-limiting enzyme in the sterol biosynthesis.  

 

The sterol pathways involving 24-SMT can be used as a therapeutic target. Naegleria 

fowleri is known to have 24-SMT-1 and the mechanism-based inactivators and transition 

state analogs can be used to target this organism. Analogs of cycloartenol, zymosterol, and 

lanosterol have been explored for the substrate specificity in various organisms.39 

Interruption of the methyl group transfer from SAM onto the side chain is what SMT 

inhibitors were designed to do (Figure 1.6). 

 

Figure 1.6 Structures of four 24-SMT inhibitors: 24-Thialanosterol, 26-Fluorolanosterol, 25-Azalanosterol, 

25-Azacycloartenol utilized in NesLab 
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1.10 14α-Demethylase 

 

CYP51 or 14α-demethylase has been studied in various organisms and its function in 

the ergosterol and cholesterol biosynthesis has been well described. This enzyme has been 

targeted with many ergosterol biosynthetic inhibitors to treat various fungal diseases. Azole 

antifungals interact with the polypeptide structure of CYP51 when the heme ferric ion is 

directly coordinated with nucleophilic nitrogen on the azole heterocylic ring.40 The use of 

therapeutics inhibiting 14α-demethylase is leading to increase in resistance to these drugs.41 

Many medical azoles are commercially available and used for treatment of fungal and 

amoebic diseases. Some of the medical azoles are voriconazole, itraconazole, 

chotrimazole, keroconazole, fluconazole etc. (Figure 1.7). 

 

  

Figure 1.7 Chemical structures of 14-alpha-demethylase (CYP51) inhibitors, medical azoles 
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CHAPTER II 

 

MATERIALS AND METHODS 
 

2.1 Naegleria gruberi growth 

 

Naegleria gruberi (ATCC 30224) was received as a frozen glycerol stock from 

ATCC. Half of amoeba die in the frozen glycerol stock and shouldn’t be stored as such for 

longer than 1 week. The vial contained 1 ml of cells and it was immediately thawed in a 

35°C water bath for 2-3 minutes followed by transferring the liquid content aseptically 

from the vial into a 5 mL of fresh ATCC 1034 media in a T-25 flask. The 25-T flask was 

placed in incubator set at 25°C as instructed by ATCC protocol. ATCC media composition 

is the following: 10 g peptone, 10 g yeast extract, 1 g yeast nucleic acid, 15 mg folic acid, 

1 mg hemin (from stock solution prepared by adding 40 mg of NaOH, 20 ml dd H2O and 

50 mg hemin), and 880 ml double distilled (dd) water. The media content was autoclaved 

at 121°C for 50 min. Phosphate buffer solution was prepared as follows: 18.1 g of KH2PO4, 

25 g Na2HPO4 and 1 L of dd water which was autoclaved for 15 min at 121°C. The fetal 

bovine serum (FBS) was heat killed at 56°C for 30 min. Both buffer solution and fetal 

bovine serum (FBS) were added after the media was autoclaved, 100 ml of Fetal bovine 

serum and 20 ml of phosphate buffer. The media was also supplemented with 250µg/ml 

streptomycin-penicillin solution to avoid any contamination and keeping the culture 

axenic. The culture initially was left in the same media for a week, until the cell density 

reached 2x106 cells/ml. The cells were transferred every 96 hours, into 5 ml of media 

containing 1.0x104 cells/ml and let to grow in two orders of magnitude, which was reached 

in 96 hours.  
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Naegleria gruberi morphology was studied for a month in the same media. Fresh 5 

ml of ATCC 1034 media was added to the T-25 flask and inoculated with 1x104 cells/ml. 

The cells were checked after 12 hours, 96 hours, 1 week, 2 weeks, and 4 weeks to establish 

the ratio of the cell morphology, trophozoites, cysts, and dead cells. The cell viability was 

done using 0.4% Trypan blue, which is discussed in the next section. 

2.2 Cell viability  

 

Once the cell density reached 106 cells/ml, the cell viability was checked by using 

Trypan blue. An equal volume of 10 µL of cells and 10 µL of 0.4% Trypan blue was added 

into the 1.5 mL Eppendorf tube and mixed. The 10 µL of the dye-cell mixture injected onto 

the hemocytometer and counted under an Olympus CH-2 compound microscope. The 

growth curve and inhibitor studies involved the use of this dye for the conformation of the 

cell viability and activity.     

 
Figure 2.1 Picture from the automated cell counter, showing 100% Naegleria gruberi cell viability, using 

0.4% trypan blue 



Texas Tech University, Maja Milankovic, May 2017 

17 
 

2.3 Naegleria gruberi lipid extraction 

 

 Lipid extraction was done using adjusted Folch method when the cells density 

reached at least 1x106 cells/ml. The cells were transferred into a 1.5mL Eppendorf tube 

and centrifuged at 5,000 rotations per minute (RPM) for 5 min until all the volume (usually 

5 ml) of the cells were transferred. Because of the presence of Fetal Bovine Serum which 

is rich in cholesterol, cells were washed with Phosphate buffer pH 6.5 three times at 5,000 

RPM for 5 min. Once the cells were washed with phosphate buffer, approximately 0.5 mL 

of 10% methanolic potassium hydroxide (w/v) was added to the Eppendorf tube containing 

Naegleria gruberi cells. The tube was agitated for 1 hour at 80°C to lyse the cells. Once 

the tube has cooled down, approximately 0.5 mL of hexane was added to the tube and the 

tube was inverted several times. The top layer was extracted and placed into a vial. This 

step was repeated at least 3 times, to make sure the maximum amount of lipids is extracted. 

The vial with the top, hexane layer was placed under the nitrogen for drying.  

2.4 GC-MS of Naegleria gruberi samples  

 

 Once the sample was completely dried, about 10 µL of acetone was added to the 

vial and vortexed. 1µL of sample was manually injected into the GC. Once the data is 

collected, the sample was quantified and then injected into the GC-MS. 4 µL of the sample 

was injected into Hewlett-Packard GC model 6890 with a ZB-5 column,30m x 250µm x 

0.25µm film thickness interfaced with Hewlett-Packard MS model 5793. The injection 

temperature was 250°C, column temperature beginning at 170°C and increasing to 280°C 

gradually upon injection with a helium flow rate of 1.2mL/minute. The data was collected 

and analyzed in a later chapter. 
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2.5 IC50 studies and MIC studies 

 

 Naegleria gruberi initially inoculated into 5mL of ATCC 1034 medium in a T-25 

flask. A second and third transfer were done following the same procedure. The second 

transfer was analyzed using saponification techniques followed by GC-MS injection and 

analysis. Amoebas were kept as continuous cultures in ATCC 1034 media at 25°C. 

Susceptibility assays were performed in 24-well microtiter plates using trophozoites that 

were grown axenically in ATCC 1034 media for 48 h at 25°C prior to dilution to 1.0x106 

trophozoites/mL with ATCC 1034 media. Stock solutions of inhibitors were 1µg/10µL 

dissolved in dimethyl sulfoxide (DMSO). Final itraconazole concentrations of 0.705, 

0.3525, 0.17625, 0.088125, 0.0440625, and 0.2203125 µg/mL were achieved by serial 

dilution (1µM, 500 nM, 250 nM, 125 nM, 62.5 nM, 31.25 nM, and 15.625 nM). Final 25-

azalanosterol and 25-azacycloartenol concentrations of 0.429, 0.2145, 0.107, 0.053625, 

0.0268125, 0.01340625, and 0.00670312, µg/mL achieved by serial dilution giving the 

same molarities ranging from 1µM-15.625nM. Control wells containing 1% and 0.5% 

dimethyl sulfoxide and trophozoites also were prepared to establish the best concentration 

of DMSO to be used. An initial inoculum of trophozoites were added to each well 

(containing 2.5 mL total) for an initial count of 1.0x105 trophozoites per well. Wells were 

counted after 48 hours. An equal volume of 10µL of cells were combined with 10µL 0.4% 

Trypan blue before injecting 10µL onto the hemocytometer to be counted under an 

Olympus CH-2 compound light microscope.  

 MIC studies were done after the wells containing 1x105 trophozoites/well were 

treated with the inhibitor and incubated for 48 hours. Wells containing the highest 

concentration of the inhibitor used were centrifuged, washed with phosphate buffer of 6.5 
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pH three times, and transferred into a 25-T flask containing 5 ml of fresh ATCC media. 

The cells were placed in the 25°C incubator and left for a week. The cell recovery or cell 

death was monitored under the compound microscope using 0.4% trypan blue dye to check 

for the cell viability. 

2.6 Scanning Electron Micrographs (SEMs) of Naegleria gruberi 

 

 Poly-l-lysine coated slips and glutaraldehyde fixative were given by Mary 

Catherine Hastert (Texas Tech University, Lubbock, TX). Cells were grown, centrifuged, 

and washed with phosphate buffer as previously described. Cells were washed 5 times 

instead, to make sure any salts are removed. After the resuspension in phosphate buffer, 

the sample was placed on the ply-l-lysine slip and left for one hour to adhere. Afterwards, 

glutaraldehyde fixative was added and left overnight. The samples were further processed 

by Mary Catherine Hastert who did the critical point drying. The fixed cover slips are first 

washed with 0.1 M sodium phosphate buffer pH 7.0-7.2 three times followed by placement 

into 1.5% osmium tetroxide in distilled water. The slides are rinsed three times for 10 

minutes with 0.1 M sodium phosphate buffer pH 7.0-7.2. The coverslips are than taken 

through a gradient series at 25, 30, 50, 75, 85, 95 percent followed by four washes of 100% 

ethanol. Coverslips are transferred to the Baltec CPD 030 critical point dryer and coated 

with a technics hammer V coater.41 Scanning electron micrographs (SEM) of Naegleria 

gruberi were taken using Zeiss 540 by Dr. Bo Zhao. 

2.7 Transmission Electron Micrographs (TEMs) of Naegleria gruberi 

 

 The cells were grown as previously described but in the larger quantity since the 

higher number of cells was needed, since during cell preparation for TEMs imaging a 
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significant number of cells will be lost. Cells are cut in slices, therefore a large cell quantity 

have to remain for the experiment to be accomplished successfully. The procedure for the 

growth, pelleting, washing is the same as previously described. Once the cells were 

washed, they were left overnight in the 1.5 mL Eppendorf tube and fixed with 2% 

paraformaldehyde; 2% glutaraldehyde in 0.05 M cacodylate buffer 7.2-7.4 pH at 4°C. 

Pallets were washed three times for 10 minutes in 0.05M cacodylate buffer and then fixed 

for 1 hour in 1% osmium tetroxide in Nerl water. Next, pallets were washed again three 

times, 10 minutes each, in 0.05M cacodylate buffer followed by embedding in 1% liquid 

agarose. After the agarose hardened, pallets were cut into 1x1x3 mm strips and the strips 

were dehydrated using graded series of ethanol (50%-100%), followed by two changes of 

100% acetone. Dilutions of acetone to resin were 2:1, 1:1, and 1:2 to accomplish infiltration 

into plastic resin. Two changes of 100% resin were made at the duration of 2 hours. Strips 

were emerged in 100% resin and placed into a 60°C oven where the blocks were left to 

polymerize for 48 hours followed by cooling and trimming of the area containing the 

embedded organism. Sections were cut using ultramicrotome fitted with a glass knife. Cut 

sections were placed on the drops of water on glass slides. The slides were then placed on 

a hot plate set on low for drying purposes. Sections were then stained with 1% methylene 

blue/azure solution. The sections were visualized under the light microscope to identify 

exact areas containing the highest density of the organism. These blocks were retrimmed 

to contain the area of interest and placed on the copper grids which were stained with 4% 

uranyl acetate and Reynolds lead citrate.41 The sections were visualized using a Hitachi H-

8100 Transmission Electron Microscope fitted with AMT digital camera. 
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CHAPTER III   

 

STEROL BIOSYNTHESIS IN NAEGLRIA GRUBERI 

 
 

  Sterols of Naegleria gruberi as previously identified 

 

In 1987 Raederstroff and Rohmer isolated major sterols from Naegleria gruberi 

(strain 1518/1e) and Naegleria loveniensis (Aq/9/1/45D) and proposed a cycloartenol 

based sterol biosynthetic pathway. The cells were grown as described in Table 1.1 and 

sterols were isolated from the freeze-dried cells using 100 ml chloroform/methanol 2:1 

ratio by volume three times. The extract was filtered and evaporated under the vacuum and 

treated.42 The sterols were analyzed by GC-MS and separated with TLC and reverse-phase 

HPLC. Some unusual sterols, that were reported for the first time in protozoa, were also 

analyzed by NMR.27 The sterols, their amounts, and structures that have been isolated by 

Raederstroff and Rohmer from Naegleria gruberi are shown in Table 3.1. 

The major sterol of Naegleria gruberi isolated was ergosterol, however the 

morphologies of the cells during these extractions were not identified. Majority of the other 

sterols isolated were Δ5,7 sterols as in many other protozoa. The absence of C-24-

ethylsterols was observed, indicating the absence of the 24-SMT 2. It was concluded from 

[1-14C] acetate labeled studies that Naegleria spp are capable of synthesizing cycloartenol 

de novo.27 Synthesizing membrane inserts via cycloartenol pathway is a characteristic of 

photosynthetic organisms. Naegleria spp are  non-photosynthetic organisms, thus 

indicating some evolutionary relation to photosynthetic phyla. 
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Table 3.1  Naegleria gruberi sterol profile as identified by Raederstroff and Rohmer 

 

 

Sterol Relative amount Structure 

4,4– Dimethylsterols 500 µg/g of dry weight 

Cycloartenol 92% 

 
Unidentified 8%  

4α-Methylsterols 3-4mg/g dry weight 

4α, 14α- dimethylcholesta-8,24-dienol 6% 

 

4α, 14α- dimethylcholest-8-enol 

 
8% 

 

4α-methylcholesta-8,24-dienol 6% 

 

4α-methylcholest-8-enol 40% 

 

4α-methylcholesta-7,24-dienol 8% 

 

4α-methylcholest-7-enol 20% 

 

4α-methylergosta-7,24(28)-dienol 4% 

 
Unidentified 8%  

4,4-Desmethylsterols 3-4 mg/g of dry weight 

Cholesta-5,7-dienol 5% 

 

Cholesta-5,7,22-trienol 4% 

 

Ergosta-5,7-dienol 3% 

 

Ergosterol 85% 

 
Unidentified 1%  
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 Sterols isolated from Naegleria gruberi 

 

Naegleria gruberi was grown axenically, sterols were extracted and analyzed as 

previously described. Although our data does agree with Raederstroff and Rohmer, 

differences were noted. Naegleria spp. have three different morphologies -trophozoite, 

cyst, and flagellate- therefore, different signaling pathways involved in those changes, 

resulting in differing chemical signatures, should be accounted for (Figure 3.1).  In this 

study, different cell morphologies were noted before the extraction to observe if changes 

in the sterol profiles occur.  

 

 

 

 

 

 

 

 

It was found the cultures that were predominantly trophozoite population contained 

mostly Δ5,7-sterols, ergosterol, ergosta-5,7-dienol, and other intermediates in the pathways 

were identified. Also, Rohmer identified accumulation of cycloartenol in his control cells 

which is due to the cells not being sterol adapted at the point of the extraction. The relative 

amount of cycloartenol decreases with the increasing number of transfers. With more 

1a. 
 

2a. 
 

3a. 
 

1b. 
 

2b. 
 

3b. 

. 

Figure 3.1 Comparison of the cell morphologies under the compound microscope, 

trophozoite (1a), cyst (1b), SEM trophozoite (2a), cyst (2b), TEM trophozoite (3a), cyst 

(3b) 
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transfers, the cells become more sterol adapted and the biosynthetic pathway is 

upregulated. When in cyst form, the biosynthetic pathway seems to shut down and 

accumulate cholesterol from the media in the large amounts.  
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Figure 3.2 Sterol profiles of Naegleria gruberi. Sterol profile of the control trophozoites (A), sterol profile 

of Naegleria gruberi cyst population (B) 
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Figure 3.3 The fragmentation patterns of the sterols (m/z ratio) extracted from Naegleria gruberi 

trophozoites and cysts showing identified sterol structures and relative retention times (RRTc) 
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Table 3.2 The relative amounts of each sterol isolated from Naegleria gruberi trophozoites and cysts based 

on the Figure 3.2 

 

3.3 Naegleria gruberi growth in the presence of Fetal Bovine Serum (FBS) 

 

 Cholesterol was present in the media which is supplemented with Fetal Bovine 

Serum. Trophozoites were inoculated as previously described but the media was 

supplemented with 50 mM of U-13C glucose and incubated for 48 hours. Cells were 

collected and extracted as previously described. The isotope enrichment was calculated 

using IsoCor software and it was found that Naegleria gruberi may take up cholesterol 

from the medium and metabolize it to cholesta-5,7-dienol. 

Sterols identified 
Control 

(% total sterol) 

Name Trophozoite Cyst 

cholesterol (1) 7.7 89.5 

cholesta-5,7-dienol (2) 10.8 0.3 

4α,14α-dimethylcholest-5-enol (15) 0 1.9 

ergosterol (3) 35.5 5.9 

fecosterol (4) 0.2 0 

31-norlanosterol (5) 2.0 1.9 

4α-methylzymosterol (6) 0.7 0 

ergosta-5,7-dienol (7) 31.2 0 

4α-methylcholest-7,24-dienol (8) 1.2 0.5 

31-norcycloartenol (9) 1.9 0 

4,14-dimethylcholest-8-enol (10) 0.2 0 

24,25-dihydrolanosterol (11) 0.3 0 

24,25-dihydrocycloartenol (12) 1.6 0 

parkiol (13) 0.2 0 

cycloartenol (14) 6.5 0 
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3.4 Proposed sterol biosynthetic pathway for Naegleria gruberi 

 

From these findings, Raederstroff and Rohmer’s sterol profiles and proposed 

pathway were mostly correct. However, some of the intermediates were not identified on 

and the proposed pathway gives many different possible routs of ergosterol biosynthesis. 

Therefore, we propose a pathway of Naegleria gruberi trophozoites and the life cycle based 

on our findings. Raederstroff and Rohmer failed to identify 31-norcycloartenol, 

zymosterol, and fecosterol. As mentioned previously, Naegleria spp utilize cycloartenol 

based pathway for synthesis of ergosterol which is a major sterol used as a membrane insert 

in Naegleria cells. The enzymes utilized in this pathway were previously described and 

classified. 37,28,39 From our sterol profile analysis, inhibitor and enzymology work, 24-SMT 

does not take 31-norlanosterol and converts it to obtusifoliol as suggested by Raederstroff 

and Rohmer. Overnight assays that were run in our laboratory by Boden Vanderloop with 

Naegleria gruberi 24-SMT-1 and 31-norlanosterol gave only about 3% conversion. The 

preferred substrate for 24-SMT-1 is zymosterol giving 100% conversion to fecosterol. The 

inhibitory work discussed in the next chapter, shows the accumulation of 31-norlanosterol 

when the cells are incubated with 1 µM itraconazole. Itraconazole is a 14α-demethylase 

inhibitor, therefore from our suggested pathway, 14α-demethylase takes up 31-

norlanosterol and converts it to 4α-methylzymosterol (Figure 3.5). 
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Figure 3.4 Naegleria gruberi 

suggested sterol biosynthetic 

pathway based on our findings 
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  Naegleria gruberi life cycle 

 

 Differentiation of Naegleria spp. life cycle is considered to proceed from 

trophozoite to cyst accompanied by a change in ergosterol biosynthesis abilities. 

Raederstroff and Rohmer identified the sterol biosynthetic pathway in Naegleria spp. but 

failed to identify the cellular morphologies studied. The flagellate cells of NG were not 

analyzed in this study, however the sterol profile is most likely mostly ergosterol 

containing. Understanding the life cycle of the organism can help with the drug design and 

curing of PAM. The trophozoite mostly contained Δ5,7-sterols such as ergosterol and 

ergosta-5,7-dienol and can either undergo binary fission giving two genetically identical 

daughter cells, or encystment where cells can undergo autophagy. Cholesterol was 

identified as a major sterol in Naegleria gruberi cysts. The relative amounts of sterols 

isolated from trophozoite and cysts stayed relatively the samesuggesting the 

downregulation of the ergosterol biosynthesis and uptake of cholesterol to maintain sterol 

homeostasis. Low amounts of ergosterol was identified in cysts suggesting sparking 

function of Δ5-sterol, therefore ergosterol is essential for the proliferation of Naegleria spp. 

but cholesterol can be uptaken from the medium and replace ergosterol in the cell 

membrane of the cysts. While undergoing morphological change from a trophozoite to a 

cyst, cholesterol from the media was uptaken and further metabolized to cholesta-5,7- 

dienol, creating a formidable host conditions. These findings show that when a trophozoite 

infects a human host, trophozoite can start uptaking cholesterol when the conditions are 

unfavorable, such as presence of a drug, therefore, avoiding cell death and causing human 

host to die. Cysts which are resistant to the drugs, can excyst when conditions are favorable 

again. The cyst wall gets raptured and emerging trophozoite comes out leaving the empty, 
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raptured cyst wall. The emerged trophozoite undergoes binary fission and the cycle 

continues.  

 

Figure 3.5 Naegleria gruberi suggested life cycle including major sterol compositions of the two major 

studied morphologies. Flagellate were not examined in this study. 
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CHAPTER IV   

 

 INHIBITOR STUDIES OF NAEGLERIA GRUBERI 
 

4.1 Growth curve 

 

 Naegleria gruberi was grown as previously described. The growth curve was 

established over 96 hours. Three 25-T flask containing 5 ml of ATCC 1034 media 

supplemented with 250µg/ml of penicillin/streptomycin mixture were inoculated with 

1x104 cells/ml. The cells were counted every 12 hours. The cell number increased in two 

orders of magnitude in 48 hours, and the stationary phase was reached in 72 hours. The 

error bars show the percent error with n=3 (n = sample size). 
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Figure 4.1 Naegleria gruberi growth curve with the cell counts taken every 12 hours, over 96 hours. Cell 

number indicates live trophozoites and cysts. The percent error is for n=3 



Texas Tech University, Maja Milankovic, May 2017 

36 
 

 Naegleria gruberi cells were left in the same medium for one month to monitor 

morphological changes. The cells were checked under the compound microscope after 12 

hours, 96 hours, 1 week, 2 weeks and 4 weeks. Initially, cells were 99% in trophozoite 

form, small percent of those were in flagellate which are easy to notice swimming under 

the microscope. Small percentage of cysts was observed with no dead cells which would 

be indicated using trypan blue. Once population reaches the stationary phase in 96 hours, 

the cell population starts shifting from trophozoites to cysts, followed by cell death 

increasing with time. After a month, about 80% of the cell population was dead but still 

containing small population of in cysts of trophozoites. However, trophozoites were much 

smaller and rounder than when they are in the same medium for a few days. 

 

 

0

20

40

60

80

100

Dead cells Live cysts Live trophozoites

Figure 4.2 The histogram showing the ratios of live trophozoites (blue), to 

live cysts (orange), and dead cells, both dead trophozoites and dead cysts 

(grey) over a period of 4 weeks in the same media 
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4.2 IC50 studies of Naegleria gruberi  

 

 The IC50 studies have been done using four inhibitors: 25-azalanosterol, 25-

azacycloartenol, itracanoazole and voriconazole, first two being 24-SMT inhibitors and the 

last two being commercially available medical azoles inhibiting 14α-demethylase. IC50 

values were established using IC50 tool online at IC50.tk. The IC50s were 21 nM for 25-

azalanosterol, 69 nM for 25-azacycloartenol, 137 nM for itraconazole, and 3 µM for 

voriconazole. The experiment was run in the sets of three, with error bars indicating percent 

error of averaging about 7%. Inhibitors were dissolved in DMSO, but it is known that 

DMSO has the inhibitory effect on the Naegleria cells, therefore the effect of DMSO was 

established. The control, 0.5%, and 1% DMSO was added to each well containing 1x104 

cells/ml and incubated for 48 hours. The results showed that 1% DMSO has a slight 

inhibitory effect on Naegleria gruberi, decreasing the cell population by about 10%. The 

cell morphology was mostly cysts in the 1% DMSO, therefore no more than 0.5% DMSO 

was added to each well for the inhibitor studies.  
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  The two commercially available medical azoles IC50s were compared to the 

published values on voriconazole and itraconazole against Naegleria fowleri. Voriconazole 

has the IC50 value between 2.86 µM – 14.3 µM depending on a strain of Naegleria fowleri 

used for the studies.43 Itraconazole had much higher IC50 value published on Naegleria 

fowleri being around 14 µM.44 The differences between the IC50 values, could indicate the 

difference between pathogenic Naegleria fowleri and non-pathogenic Naegleria gruberi. 

Also, it has been shown that different isolates from the patients of Naelgeria fowleri had 

different cytopathic effect on the mammalian cells. One of the strains tested was isolated 

from the patient that survived the infection and it was shown that that Naegleria fowleri 

strain (HBC-1) had no cytopathic effect on the mammalian cells thus maybe contributed to 

the patient recovery with the treatment.45 Since, Naegleria gruberi is non-pathogenic, the 

Figure 4.3 DMSO effect on Naegleria gruberi after 48 hours. Red frame picture shows the control with no 

DMSO, blue frame shows Naegleria gruberi cells grown in the presence of 0.5% DMSO, and green frame 

picture show cells grown in the presence of 1% DMSO 
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IC50 values may be lower. The data shows the effect of 24-SMT inhibitors used at the very 

low concentrations. These finding are very useful for the future studies, where the 

combinational therapies could be studied to develop a synergistic effect and thus 

successfully treating PAM. 

 Cells treated with the highest concentration (1 µM) of the inhibitor were 

centrifuged, washed with phosphate buffer and transferred to the fresh medium to see if the 

effect of the inhibitor was amoebastatic or amoebacitic. The cells were left in the fresh 

medium for 7 days and checked for reestablishment of the amoeba population. The cells 

treated with 25-azalanosterol, 25-azacycloartenol, and itraconazole did not recover after a 

week in the same medium. Cells treated with 1µM voriconazole did recover confirming 

that 1µM of voriconazole is not sufficient for the kill of Naegleria gruberi.  
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Figure 4.4 IC50 of Naegleria gruberi trophozoites treated with 25-azalanosterol 
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Figure 4.5 IC50 of Naegleria gruberi trophozoites treated with 25-azacycloartenol 
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Figure 4.6 Naegleria gruberi trophozoites treated with itraconazole 

Figure 4.7 Naegleria gruberi trophozoites treated with voriconazole 
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  Sterol profiles of the treated Naegleria gruberi cells  

 

 Naegleria gruberi trophozoites that were grown for 48 hours were incubated with 

itraconoazole and 25-azalanosterol for additional 48 hours. The total sterol was extracted 

as previously described, dried under the nitrogen gas, quantified by GC and analyzed by 

GC-MS.  Sterol profile of Naegleria gruberi incubated with 1µM of 25-azalanosterol 

showed the accumulation of cholesterol (1) due to cyst formation, 31-norlanosterol and 

decrease of the amount of cholesta-5,7-dienol (2), ergosterol (3), ergosta-5,7-dienol (7), 

and cycloartenol (14). Other intermediates stayed in the relative amounts compared to the 

control profile. The sterol profile of Naegleria gruberi incubated with itraconazole showed 

the same effect on the accumulation of cholesterol most likely due to the cyst formation 

and accumulation of 31-norlanosterol (5) and 4α-methylzymosterol (6). Accumulation of 

zymosterol was not observed, most likely due to the reflux of the zymosterol to the 4α-

methylzymosterol.  

Figure 4.8 Sterol profile of Naegleria gruberi trophozoites treated with 1 µM of 25-azalanosterol 
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Table 4.3 Sterol profile of the Naegleria gruberi trophozoites treated with 1 µM of 25-azalanosterol 

 

 

 

4.4 Comparative analysis of the control and treated Naegleria gruberi SEM and 

TEM pictures 

 

 Scanning electron micrographs (SEM) were taken of the Naegleria gruberi 

controls, Naegleria gruberi treated with 1 µM of 25-azacycloartenol and 1µM 

voriconazole. The SEMs are shown in the Appendix A. The control cells show mostly 

trophozoite morphology, with a very low number of cysts. Both trophozoite and cysts of 

Naegleria gruberi depict the rough surface and web like structures. Treated cysts exhibited 

large amount of cyst containing numerous exit pores. These raptures are prominent and 

about 2 µm in diameter. This was also observed by Lastovica. 46 These are present during 

excystment process, most likely the exit pores are dissolved by exciting amoebae. 

However, this was only present in the cells treated with 25-azacycloartenol and no intact 

Sterols identified 

Treated with 1 μM 

(% total sterol) 

25-azalanosterol 

Cholesterol (1) 41.9 

Cholesta-5,7-dienol (2) 1.2 

4α,14α-dimethylcholest-5-enol (15) 0 

Ergosterol (3) 29.6 

Fecosterol (4) 0.6 

31-Norlanosterol (5) 7.1 

4α-Methylzymosterol (6) 3.3 

Ergosta-5,7-dienol (7) 13.0 

4α-Methylcholest-7,24-dienol (8) 0.3 

31-NorCycloartenol (9) 1.1 

4,14-Dimethylcholest-8-enol (10) 0.4 

24,25-Dihydrolanosterol (11) 0 

24,25-Dihydrocycloartenol (12) 0 

Parkiol (13) 0.9 

Cycloartenol (14) 0.6 
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trophozoite was observed. The exit pores were not observed in control cells or with the 

cells treated with voriconazole.  

 Transmission electron micrographs (TEM) were taken of Naegleria gruberi control 

cells and Naegleria gruberi cells treated with 1 µM 25-azalanosterol. The TEMs of both 

control and treated cells are shown in Appendix B. Multiple cellular organelles are clearly 

visible and indicated in the Figure 4.9. More TEMs of both control and treated cells are 

shown in Appendix B. The Figure 4.9 (a), (b), and (c) show control N. gruberi cells and 

arrows point at the important cellular components. Mitochondria (m) is clearly visible and 

cristae are present; nucleus (n) is not visible on every picture due to the cells slicing for 

imaging, nucleus (n) is present in the Figure 4.9 (b). Vacuoles (v) are indicated as well as 

autophagic vesicles (av) Figure 4.9 (c) showing control cell undergoing encystment and 

(d) being treated cell. Figure 4.9 (e) and (f) are zoomed in on mitochondria of the treated 

cells showing the loss of cristae, therefore indicating cellular death. Membrane blebbing is 

also present. These structures were previously identified in multiple publications.45,46,47, 48     

 Autophagy in an intracellular degradation system that act as a delivery system, by 

transporting cytoplasmic components to the lysosome for the degradation.49 Recent finding 

shows that autophagy plays variety of physiological and pathophysiological roles in 

protozoan systems such as being involved in cellular growth, starvation and programmed 

cell death.50 It has been reported that autophagy is present in both Acanthamoeba castellani 

and Naegleria spp. Also, cytoplasmic structures that look like autophagy vacuoles have 

been observed in N. gruberi and N. fowleri treated with amphotericin B.51 Here, the same 

effect is observed on N. gruberi treated with 25-azalanosterol. 
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Figure 4.9 TEM of Naegeria gruberi cells. Control live trophozoite with clearly defined vacuole (v) and 

mitochondria (m), clearly defined nucleus (n) (b), autophagic vesicle (av) (c), (d), loss of cristae (e), 

dysfunctional mitochondria (f) 

a 
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c 
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CHAPTER V 

 

CONCLUSION 
 

 Naegleria spp are amoebo-flagellates that are commonly found in soil and water. 

About 30 species of Naegleria have been identified to this day and their genome sequenced. 

Three morphological stages are clearly visible under the microscope: trophozoite – feeding, 

dividing, and infections stage, cyst – stationary, protective stage, and flagellate- 

nondividing, moving from the environment when it becomes slightly stressed. Naegleria 

fowleri is pathogenic to mammals and causes Primary Amoebic Meningoencephalitis 

(PAM), causing 99% death if a person gets infected. The trophozoite, infective stage can 

only infect a human host by entering through the olfactory nerve, crossing the blood brain 

barrier (BBB) and causing deathly central nervous system (CNS) infection. Current 

treatments include many antimycotics, antibiotics, and neuroleptics which have been used 

either as a single drug treatement or in the combination. The high death rate and with no 

effective treatment available, more research is needed to understand how to treat this 

infection.  

 In this study, we investigated the sterol profiles of Naegleria gruberi paying 

attention to the cellular morphology and sterol profile changes that followed. From there, 

modified Rohmer ergosterol biosynthetic pathway was proposed. The life cycle of 

Naegleria gruberi was also slightly modified. Enzymological analysis was done by Boden 

Vanderloop on Naegleria gruberi 24-SMT-1 where it was confirmed that the preferred 

substrate is zymosterol. The IC50 and MIC studies were done using two 24-SMT-1 

inhibitors, 25-azalanosterol and 25-azacycloartenol, and two 14α-demethylase inhibitors, 
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itraconazole and voriconazole. TEM and SEM pictures were obtained to analyze the 

cellular changes during treatment with one of the listed drugs. However, autophagy 

structures seem to be present in the treated Naegleria gruberi cells giving a whole new 

window of opportunities for studying and understanding this process that is involved in 

tumorigenesis, Alzheimer’s and many other incurable or deathly diseases. 

 Future work will involve analyzing 3 medical azoles, and 8 compounds that act as 

24-SMT-1 inhibitors. Also, synergy experiments involving combination of the medical 

azoles and 24-SMT-1 inhibitors will be conducted and synergistic, additive or antagonistic 

interactions of the drug combinations will be established. Next, the compounds would have 

to be analyzed against mammalian cells and established if the compounds that are effective 

can cross the blood brain barrier and hopefully resulting in new, successful treatment of 

primary amoebic meningoencephalitis (PAM). 
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APPENDIX A   

 

SCANNING ELECTRON MICROGRAPHS OF NAEGLERIA 

GRUBERI 
 

Imaging has been done at Texas Tech University, Lubbock, Texas, in the College of 

Arts and Sciences Microscopy facilities. My gratitude goes to Mary Catherine Hastert and 

Dr. Bo Zhao for collaboration and guidance in obtaining these images.  

 

 

 

 

Figure A.1 Control trophozoite of Naegleria gruberi 
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Figure A.2 Control trophozoite on the right, cyst on the left of Naegleria gruberi 
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Figure A.3 Control cyst of Naegleria gruberi 
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Figure A.4 First picture shows a trophozoite undergoing early stage of binary fission; second picture shows 

a trophozoite undergoing later stage of binary fission of Naegleria gruberi 
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Figure A.5 Smaller, rounded trophozoite, undergoing encystment process 
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Figure A.6 Cells treated with 1 µM 25-azacycloartenol. The exit pore is shown in the middle indicating 

fully raptured cyst 
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Figure A.7 Cells treated with 1µM 25-azacycloartenol, cysts showing exit pores, fully raptured cysts 



Texas Tech University, Maja Milankovic, May 2017 

60 
 

 

 

 

 

  

Figure A.8 Cells treated with 1 µM voriconazole, smaller, rounder trophozoite 
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Figure A.9 Cell treated with 1 µM voriconazole, cyst mosphology lost web like appearance 
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Figure A.10 Rounded trophozoite treated with 1 µM voriconazole 
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APPENDIX B   
 

  TRANSMISSION ELECTRON MICROGRAPH OF 

NAEGLERIA GRUBERI 
 

 

Figure B.1 Control trophozoite, mitochondria and cristae are visible (arrow pointing at the structure) 
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Figure B.2 Control trophozoite, functional mitochondria are visible (arrow at the center), vacuole is present 

(arrow pointing in the top right corner) 
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Figure B.3 Control trophozoite undergoing encystment, presence of autophagy vacuole in the center 
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Figure B.4 Control trophozoite, mitochondria and its cristae are visible as previously described, presence 

of the vacuoles, nucleus is also visible (arrow pointing at nucleus) 
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Figure B.5 Cells treated with 1 µM 25-azalanosterol. Dark cyst structure that underwent autophagy (arrow 

to the left), all the cytoplasmic detail seems obscure, mitochondria is visible but cristae are loss suggesting 

loss of mitochondrial function, membrane blebbing present (arrow on the right)  
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Figure B.6 Cells treated with 1 µM 25-azalanosterol displaying multiple mitochondria with not well 

defined cristae, indicating the cell undergoing cell death 



Texas Tech University, Maja Milankovic, May 2017 

69 
 

 

 

 

 

  

  

Figure B.7 Cells treated with 1 µM 25-azalanosterol, mitochondrial cristae are lost, the cytoplasmic detail 

is obscure indicating cell death 
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Figure B.8 Zoomed in image of 25-azalanosterol treated cell showing loss of cristae, indicating loss of 

mitochondrial function (arrow) and cell death 
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Figure B.9 Treated cells showing membrane blebbing (arrow), cellular material is obscured, mitochondrial 

loss of function 


