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Abstrakt:  
Volně žijící améby  Acanthamoeba spp. a Balamuthia mandrillaris jsou původci závažných 

onemocnění člověka: vzácné, většinou fatální granulomatózní amébové encefalitidy (obě) 

nebo keratitidy (akantaméby). Jedním z důvodů neúspěšné terapie je schopnost trofozoitů 

obou organizmů vytvářet rezistentní stádia - cysty, které lze najít také v postižených tkáních. 

V naší práci jsme zjistili, že encystace u akantaméb vyžaduje kromě jiného přítomnost 

fungujícího Golgiho aparátu, který se podílí na trasportu materiálu pro stavbu cystové stěny 

na povrch buňky; glykogenfosforylázy, enzymu, který degraduje glykogen na podjednotky 

glukózy využívané  encystující buňkou pro syntézu celulózy a dvě nově exprimované 

celulóza syntázy. Syntéza celulózy u akantaméb není inhibovaná známými herbicidy. Kromě 

celulózy jsme v cystové stěně akantaméb detekovali -mannan a -1,3-1,4-glukan (lichenin).  

Zatímco celulóza je přítomna ve vnitřní (endocystě) a zevní stěně (exocystě) cysty, -mannan 

a lichenin se nacházejí pouze v endocystě. Lichenin, který byl u protozoí v naší studii 

detekován vůbec poprvé, má podobnou stavbu jako lichenin  ječmene. Je tvořen především 

celobiózou a celotriózou s menším podílem  celotetrózy. Použitím stejných metod jako u 

akantaméb se nám nepodařilo detekovat žádný cukerný zbytek v cystové stěně balamutií. 

Naopak, pomocí specifických proteáz jsme zjistili, že B. mandrillaris má cystovou stěnu 

složenou zejména z proteinů s vysokým podílem cysteinu. V cystové stěně obou améb jsme 

také detekovali buněčný odpad, zejména lipidová granula. Popsali jsme dosud nepopsaný 

způsob diferenciace akantaméb za vzniku  dormantního stádia, které jsme nazvali 

pseudocysta. Tvorba pseudocyst je rychlou odpovědí na expozici akantaméb vůči organickým 

rozpouštědlům: metanolu, dimetylsulfoxidu nebo acetonu. Pseudocysty se liší od zralých cyst 

rychlostí tvorby (2 hodiny), architekturou povrchové struktury (plášť připomínající 

glykokalyx) a složením pláště (glukózové/manózové podjednotky).  Pseudocystový plášť 

chrání buňku před alkalickým pH a vyšší teplotou. Dále jsme zjistili, že propylenglykol (PG) 

a roztoky na čištění kontaktních čoček, které PG obsahují, také indukují tvorbu pseudocyst. 

Z našich výsledků plyne, že chronické nepříznivé podmínky vnějšího prostředí jako hladovění 

indukují encystaci, zatímco akutní změny prostřední, zejména přítomnost látek, které mohou 

poškodit plasmatickou membránu (nebo propylenglykol), vedou k tvorbě pseudocyst. 
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Abstract:  
Free-living pathogenic amoebae Acanthamoeba spp. and Balamuthia mandrillaris are 

causative agents of important diseases of human: rarely occurring but highly fatal 

granulomatous amoebic encephalitis (both) and keratitis (Acanthamoeba). One of the reasons 

for the problematic therapy is differentiation into highly resistant cysts often found in affected 

tissues. In our study we have found that correct encystation in Acanthamoeba requires apart 

from others, the presence of functioning Golgi apparatus transporting the cyst wall material to 

the cellular surface; glycogen phosphorylase degrading glycogen into glucose which seems to 

be further used for cellulose synthesis and two non-constitutive cellulose synthases. 

Acanthamoeba cellulose synthases seem not to be inhibited by known herbicides. In the cyst 

wall of acanthamoebae, we detected cellulose, -mannan, and -1, 3-1, 4-linked glucan 

[lichenin or mixed-linkage glucan (MLG)]. Cellulose is present in the inner (endocyst) and 

the outer (exocyst) layers of the cyst wall, whereas-mannan and MLG are found in the 

endocyst wall. In a protozoan organism, MLG was detected for the first time. The MLG of 

Acanthamoeba  has a similar composition  to that found in barley with  high amount of 

cellobiosyl and cellotriosyl followed by cellotetraosyl units. In contrast, with the same 

approach we do not detect any polysaccharides or carbohydrate moieties in Balamuthia cyst 

walls. Instead, using proteases with distinct specificities we found out that the cyst walls of 

balamuthias are mostly composed of proteins with high amount of cysteine. Cellular debris in 

form of lipid granules was also detected. Further we found that beside cysts, acanthamoebae 

are able to differentiate into a distinct dormant stage, which we described as a pseudocyst. 

Formation of the pseudocyst occurs as a prompt reaction to treatment with organic solvents, 

namely methanol, dimethylsuphoxide, or acetone. The pseudocyst differs from the mature 

cyst in velocity of formation (2 hours post-treatment), architecture of cell envelope (surface 

coat resembling glycocalyx), and carbohydrate composition of the envelope (mainly glucose 

subunits). The pseudocyst coat protects the cell from alkaline pH and higher temperatures.   

Moreover, we found that also propylene glycol (PG) and contact lens solutions containing PG 

induce the pseudocyst formation. It seems that chronic stressful conditions such as starvation 

induce differentiation of acanthamoebae into a cyst, whereas acute toxic changes of the 

environment, especially the presence of substances, which can interfere with plasma 

membrane (or propylene glycol) lead to thepseudocyst formation.   
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Introduction: 
Free living pathogenic amoebae are represented by four species: Naegleria fowleri, Acanthamoeba 

spp., Balamuthia mandrillaris and Sappinia dipploidea. In my study I focused on two sister organisms 

Acanthamoeba spp. and Balamuthia mandrillaris. 

The interest in the studying of free-living amoebae started in Czech Republic by Dr L. Červa who 

discovered Naegleria fowleri as a causative agent of 16 fatalities occurred in Northern Bohemia 

between 1962-1965 (Červa and Novák, 1968) and it continued after the first case of Balamuthia 

mandrillaris in Europe was diagnosed in the Laboratory of tropical parasitoses, 1st Faculty of 

Medicine, Charles University in Prague, in cooperation with Dr G. Visvesvara, CDC, USA ( Kodet et 

al., 1995).  

Acanthamoeba and Balamuthia  are sister genera of group Amoebozoa, class Acanthamoebidae (Adl 

et al., 2005). Both belong to free-living aerobic protists occurring worldwide. Their life cycle consists 

of switching between multiplying trophozoite and resistant, dormant cyst formed upon exposure to 

unfavourable conditions of the environment such as starvation and changes in temperature or pH 

(Weisman, 1976; Byers et al., 1980; Cordingley et al., 1996; Turner et al., 1997; Matin et al., 2008). 

Acanthamoebae are causative agents of keratitis occurring in immunocompetent contact lens wearers 

or people with trauma of the eye, while granulomatous amoebic encephalitis affects mostly 

immunocompromised population. Balamuthia mandrillaris affects both immunocompetent and 

immunocompromised population causing skin infections which might precede the granulomatous 

amoebic encephalitis (Marciano-Cabral and Cabral., 2003; Niederkorn et al., 1999; Visvesvara et al., 

2007). 

The treatment of all these diseases is complicated, prolonged and requires the use of a combination of 

drugs. The CNS infections are usually fatal. Apart from the pathogenicity of the amoeba, several 

factors contribute to the high fatality rates: a) no drugs targeting both, trophozoites and cysts exist, the 

latter representing a highly resistant stage contributing to the possible relapse of the disease b) the 

multidrug toxicity of the treatment c) level of immunodeficiency (Martinez and Visvesvara, 1997; 

Dart et al., 2009).  

During Acanthamoeba encystation four morphological stages were identified by electron microscopy: 

trophozoite, precyst, immature cyst and mature cyst (Bowers and Korn, 1969; Lasman, 1982; Chavez-

Munguia et al., 2013). The cells remain ameboid within 6-7 hours after induction of encystation 

(Weisman, 1976). Later (12-14 hours) the cell becomes rounded with dense cytoplasm most probably 

due to the dehydration (Bowers and Korn, 1969, Chavez-Munguia et al. 2013).  The inner cyst wall 

layer (exocyst) is firstly observed as a discontinuous layer of amorphous material which appears 

before the cell rounds up. By the time the cell is completely rounded this layer is covering the entire 
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surface (Bowers and Korn, 1969; Weisman, 1976). In mature cyst both layers of the cyst wall (exocyst 

and endocyst) are already present.  

Acanthamoeba cyst wall is composed of 33% of protein, 4-6% lipid, 35% carbohydrates , 8% ash and 

20% unidentified materials (Neff and Neff, 1969). It seems that the exocyst (outer layer of the cyst 

wall) is mainly composed of acid-resistant proteins, but lipids and cellulose were also found in this 

layer (Bowers and Korn, 1969; Neff and Neff, 1969; Barrett and Alexander, 1977). The endocyst 

(inner cyst wall layer) is thought to be composed mainly of cellulose representing approximately 10% 

of total dry weight of the cyst, but approximately 1/3 of the endocyst (Tomlinson and Jones, 1962). 

Apart from glucose (44.4%), galactose (48.1%), galactosamine (3%), mannose, glucosamine residues 

were detected in the cyst wall of Acanthamoeba (Stewart and Weisman, 1974, Elloway et al., 2004; 

Dudley et al., 2009).  

Only little is known about the composition of triple-layered cyst wall of Balamuthia mandrillaris: 

0.3% carbohydrates represented by 20.9mol% of mannose and 79,1mol% of glucose and 

polysaccharides with -1, 4-linkages were detected in purified walls by Siddiqui et al. (2009a, b).  

Molecular mechanism of encystation in acanthamoebae is so far only partially described. Several 

different genes participating in the encystation (3 cellulose synthases, cellulase, cellobiosidase, 

trehalose-6-phosphate synthase) have been so far identified in the genome of acanthamoebae but their 

role in differentiation was studied only in few cases (Aqeel et al., 2012).  

According to the latest results it seems that encystation is associated with the upregulation of genes 

that encode proteins with homology to xylose isomerase and Na P-type ATPase but also subtilisin-like 

serine protease, cysteine proteases, cyst specific protein CSP21, protein kinase C, heat shock protein, 

culling 4, autophage protein 8, ubiquitin-conjugating enzymes and enolase (possibly participating in 

glycolysis regulation) (Moon et al., 2007; Moon et al., 2008a,b; Moon et al., 2009; Bouyer et al., 2009; 

Leitsch et al., 2010).  

Cellulose synthesized de-novo by cellulose synthases (Potter and Weisman, 1971; Potter and 

Weisman, 1972) seem to be of crucial importance for correct encystation as silencing by specific 

siRNAs (Aqeel et al., 2012) or inhibition by herbicides inhibits the encystation process  (Dudley et al. 

2007). Correct synthesis of cellulose apart from others requires sufficient amount of UDP-glucose, and 

lipids and phospholipids as well as glycogen were proposed by previous studies as a source of this 

carbohydrate during encystation (Mehdi and Garg, 1987; Stewart and Weisman, 1974). 

There are no detailed information about encystation of Balamuthia mandrillaris but is seems that the 

process requires de novo RNA and protein synthesis (Siddiqui et al., 2007; 2010). 
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Objectives and aims of thesis 
Both Acanthamoeba spp. and Balamuthia mandrillaris are causative agents of highly fatal infections 

in human. The existence of the resistant cyst stages accounts for one of the reasons for unsuccessful 

therapy. It is therefore important to characterize specific targets which can be affected by therapeutics 

blocking the differentiation and exposing fragile trophozoites. Understanding of the cyst wall 

composition and metabolic pathways involved in encystation, could lead to characterization of the key 

moments of the process which could be effectively targeted by therapy. Pathways, which are specific 

for free-living amoebae but absent in mammals are in particular interest. Synthesis and assembly of 

the cyst wall layers with special emphasis on the polysaccharides synthesis might be one of the 

options.   

Aims of the study:  
1. to describe the course of encystation with special focus on the carbohydrate synthesis and 

assembly of the cyst wall 

2. to identify the source of glucose for cellulose synthesis during encystation of Acanthamoeba 

spp. 

3. to identify the organelles participating in the process of cyst wall assembly 

4. to evaluate the carbohydrate composition of cyst wall layers in both amoebae 

Materials and methods: 
Cell cultures and culture conditions: Four pathogenic isolates of Acanthamoeba spp., including three clinically-derived isolates from 

corneal scrapes of keratitis patients from the Czech Republic and one environmental isolated from an outdoor swimming pool in the Slovak 

Republic were used. All isolates belonged to the T4 genotype based on the 18S rDNA and were routinely maintained axenically in a 

modified proteose peptone, yeast extract, glucose broth medium (PYG) (Garcia 2001) supplemented with 500 IU/ml Penicillin and 

125mg/ml Amikacin at 37 ◦C.  

Balamuthia mandrillaris CDC V194 (kind from Dr. Govinda Visvesvara, CDC, Atlanta) was either grown on the tissue culture of VERO cell 

lines to maintain its virulence or in the BM-3 medium.  

Induction of encystment and stress response: For encystation induction, the spent PYG was quantitatively poured off and the attached 

trophozoites were overlaid with nonnutrient Neff’s encystment medium (NEM) [0.1M KCl/8mM MgSO4 +7 H2O/0.4mM CaCl2 +2 

H2O/1mM NaHCO3/20mM ammediol (2-amino-2methyl-1, 3-propanediol; Sigma, USA), pH 8.8] at 37 ◦C (Neff et al. 1964). For stress 

response induction cells were overlaid with NEM with addition of either methanol, DMSO or acetone. For each solvent, a range of 

concentrations from 0.1 to 50% (v/v) was tested in the pilot experiments and 1% methanol was used for further experiments. 

Effect of the contact lens solutions on the pseudocyst formation: To assess the effect of propylene glycol (PG) or contact-lens solution 

[MeniCare Soft (Menicon, Japan) and AMO Complete MoisturePlus (Advanced Medical Optics, AMO Ireland), each containing 0.5% PG 

(Lonnen et al., 2010)], exponentially growing cultures were exposed to 0.1, 0.25, 0.5 or 1% PG (Sigma) in NEM or overlaid by the contact-

lens solution. The presence of pseudocysts was evaluated by light, fluorescence and electron microscopy. 

Balamuthia mandrillaris encystation induction: Encystation medium Neff pH 8.8 (Neff and Neff, 1964) or with adjusted pH to 7.2, BM-3 

axenic medium (Schuster and Visvesvara, 1996), DMEM or RPMI 1460 medium (Siddiqui et al., 2010) with addition of either MgCl2  

(Chagla and Griffiths, 1974), and CaCl2 (Marciano-Cabral, 1988), 8% glucose (Dudley et al. 2005) or 100 mM galactose (Siddiqui et al., 

2010) were used in the study. Amoebae were incubated in 37°C with or without agitation at 120 rpm/min. The presence of the mature cysts 
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(three layers of the cyst wall) was evaluated every 24 hours until 96 hours post induction; the cysts were calculated manually by 

haemocytometer.  

Collection of the cell walls: Induced or spontaneously formed cysts were collected by centrifugation (3000 g 10 min 4°C) and the pellet was 

resuspended in PBS pH 7.2. The cells were homogenized by Mini Bead Beater (Biospec, USA) 3x 1 min, 30 s pause on ice. The cell walls 

were collected by centrifugation 10 000 g 10 min 4°C. The pellet was resuspended in PBS pH 7, 2.  

Intravital staining by Calcofluor white: Living cells were viewed with an inverted Olympus CK-2 microscope. Intravital staining with a 

fluorescent brightener Calcofluor white (Sigma) (Choi and O’Day 1983), was used to monitor formation of cell walls in all isolates. Final 

concentration of 0.00005% Calcofluor (w/v) in NEM was poured over the attached trophozoites. Cells on the cover slips were later fixed 

with 100% methanol for 5 min, washed three times in PBS (pH 7.4) and, after drying, mounted in Vectashield with propidium iodide (PI) 

(Vector, USA). Cells were further examined with a BX51 fluorescence microscope equipped with a DP70 digital camera (Olympus). Digital 

images were analysed and further processed using Adobe Photoshop CS2.  

Post fixation staining by Calcofluor white: Collected cells/cyst walls attached to the glass slide and fixed by methanol (5 min) were stained 

with 1% Calcofluor white in PBH pH 7.2 for 10 minutes, washed with PBS pH 7.2 and post stained with 0.5% methylene blue in PBS pH 7.2 

for 30 s. The cells were washed with PBS pH 7.2, mounted into Vectashield PI (Vector, USA) and examined by fluorescence microscopy as 

described above. 

Lectin-binding studies: Carbohydrate moieties of the pseudocyst coat and the mature cyst wall were identified microscopically using 

fluorescein-conjugated lectins (WGA, DBA, RCA120, PNA, SBA, LCA, GSL I, ConA; Vector laboratories, USA) according to Elloway et 

al. (2004). Briefly, a stock solution of each lectin (2 mg/ml in HEPES buffer, pH 7.5) was diluted with HEPES buffer immediately before use 

to a final concentration of 10 g/ml. The cells were exposed to the FITC-conjugated lectin for 30 min at 4 ◦C in the dark. The stained cells on 

cover slips were then fixed with 100% methanol (5 min), washed three times in PBS (pH 7.4), counterstained with PI in Vectashield and 

examined. 

Golgi apparatus staining:During Golgi apparatus staining, different fixatives  were  used:  methanol, 4% paraformaldehyde, 2% 

paraformaldehyde, 0.5% glutaraldehyde/10% sucrose/100 mM PIPES, methanol/acetone with or without the permeabilisation by 0, 1% 

Triton X-100 v PBS pH 7. 2 were evaluated.  

Anti58 kDA (Abcam): The cells grown on the cover slide and exposed to NEM for 8 hours were fixed with methanol , rehydrated with PBS 

pH7.2 for 10 minutes, preincubated in 5% sheep serum (Sigma) in PBS pH 7.2 for 30 minutes and stained with Anti58 kDA (Sigma) 1:100 in 

3% BSA in PBS pH 7.2 for one hour. After staining, the cover slide was washed 3x and incubated with secondary antibody anti IgG F-3008 

(Sigma) in 3% BSA in PBS pH 7.2 for 1 hour. After three washing steps the slides were mounted in Vectashield PI.  

Fluorescein conjugated ceramides (Invitrogen): The staining procedure was done according to manufacturer. Briefly, the cells obtained as 

described above were rinsed with HBSS/HEPES buffer and exposed to 5 Mmol ceramides in HBSS/HEPES for 30 minutes in 4°C. After the 

spent staining medium was poured off and the cells were washed by ice cold NEM and further kept in 37°C NEM for 30 minutes. After that 

were either fixed with methanol or observed as living by fluorescent microscopy. 

WGA (Vector): The same procedure as for  the staining with lectins described above was used.  

Organelle Lights Intracellular Targeted fluorescent proteins (Invitrogen): were used according to the manufacturer instructions. Briefly, the 

cells were left in PYG medium to attach to the glass slides for 24 hours. The transduction solution was diluted in Dulbecco´s phosphate 

buffered saline.  PYG medium was replaced by diluted transduction solution and the living cells were kept in dark in the room temperature 

for 4 hours while gently shaking at 30 rpm. After, the solution was replaced by enhancer solution in NEM for 2 hours. Finally, the enhancer 

solution was poured off and was replaced by appropriate NEM. Living treated and control cells were examined by fluorescent microscopy at 

appropriate time intervals.  
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Golgi apparatus inhibition: Brefeldin A treatment: Acanthamoeba cells left to encyst in NEM + 0,0005% Calcofluor white for 6 hours were 

exposed to the same NEM with 10 g/ml or 20 g/ml Brefeldin A (Sigma-Aldrich) in methanol for two hours, after which the medium was 

poured off, and the cells were fixed with methanol and examined by fluorescence microscopy. Concanamycine A treatment: Acanthamoeba 

cells left to encyst in NEM + 0,0005% Calcofluor and 100 nMOL, 500nMOL, 1 MOL, 5MOL, 10 MOL of Concanamycin A (Sigma-

Aldrich) in DMSO for 24 hours. After 24 hours the cells attached to the cover slide were fixed with methanol and examined by fluorescence 

microscopy.  

Detection of cellulose, beta-mannan and beta-1,3-1,4-glucan: The staining method was adapted from previous studies (Trethewey et al, 

2005; McCartney et al., 2003). Briefly, disrupted cell walls or mature cysts collected by centrifugation were fixed with methanol (7 min -

20°C) and acetone (5 min -20°C), rehydratated with PBS pH 7.2 (10 min) and  preincubated with 5% BSA in PBS pH 7.2 for 30 minutes. 

The cells were incubated with either CBM3a (Plant Probes, UK),  antibody against beta-mannan (Biosupplies, Australia) or antibody against 

beta-1,3-1,4-glucan (Biosupplies, Australia) 1:10 in 5% BSA in PBS pH 7.2 overnight. After three washing steps with the buffer, the cells 

were incubated with Anti His-Tag antibody (Sigma) 1:10 for 90 minutes (CBM3a) or with 1:50 FITZ anti IgG F-3008 (Sigma) (beta mannan, 

beta-1,3-1,4-glucan) for 90 min. After three washes with PBS pH 7.2, the cells (CBM3a) were incubated with FITZ anti IgG F-3008 (Sigma) 

for 90 min or mounted into Vectashield PI (beta-mannan and beta-1,3-1,4-glucan) and examined by fluorescence microscopy. CBM3a 

stained cells were also 3x washed in buffer and mounted into Vectashield PI. 

Digestion of cellulose and mixed linkage glucans: For detection of specificity of the fluorescent reaction detecting cellulose and lichenin, 

the cells were treated with cellulase and licheninase (Megazyme, Ireland) according to the manufacturer instructions. Briefly: Licheninase: 

The mature cysts (24 hrs) were collected by centrifugation and disrupted as described above. The pellet was dissolved in 50 ul 50% Ethanol 

in 20 mM Sodium phosphate buffer pH 6,5 and incubated at 100°C for 2 min, vortexed, incubated for another 3 min and cooled down to 

40°C. 10 IU of licheninase was added and the solution was incubated at 40°C for 60 min. After that, the cells were centrifugated 10 000 g for 

10 min. Pellet was dissolved in equal amount of glucosidase (0,2 IU/ml, incubated for 15 min at 40°C and left to dry on a glass slide. The 

staining was done as described above.  Cellulase: The pellet of disrupted cyst walls was incubated in 50°C in 0,2 ml PBS pH 7,2 and 0,1 ml 

cellulase/beta glucosidase for 15 min. Treated cells were collected by centrifugation, left to dry on a glass slide and the staining for cellulose 

was done as described above. 

Transmission electron microscopy: At a given time interval, differentiating and control cells were harvested by centrifugation (3500 x g; 

10 min, 4 ◦C) and processed for transmission electron microscopy (TEM) by a routine method used in our laboratory (Tůmova et al. 2007). 

Briefly, the pellets were resuspended in a fixative (2.5% glutaraldehyde/5mM CaCl2/0.1M cacodylate buffer, pH 7.2), then post-fixed in 1% 

OsO4/0.8% potassium ferrikyanide/5mM CaCl2/0.1M cacodylate buffer, washed thoroughly with PBS, dehydrated through an acetone series 

and subsequently embedded in Epon (Poly/Bed 812 BDMA, Polysciences). The ultrathin sections were stained with lead citrate and uranyl 

acetate and viewed using a JEOL 1010 transmission electron microscope. 

Scanning electron microscopy. Amoeba aliquots were fixed in 2.5% glutaraldehyde in cacodylate buffer at 22°C for 12 h. The samples 

were then postfixed with 1% (wt/vol) osmium tetroxide, and dehydration was carried out by using a graded series of ethanol solutions. Fixed 

cells were sedimented onto electron microscopy stubs previously covered with poly-L-lysine. The critical point was reached by drying with 

liquid carbon dioxide. The dried samples were gold coated, and the electron microscopy pictures were obtained with a LEO (Zeiss) 

GEMINI-1530 scanning electron microscope. 

Gene expression: RNA was isolated using the High Pure RNA Isolation Kit (Roche) according to the manufacturer’s instructions. The cells 

were collected by centrifugation (3500 x g, 10 min, 4 ◦C). The mature cysts (formed at 24, 48 and 72 h) were homogenised (Magna Lyser, 

Roche) prior to RNA extraction. The isolated RNA was then transformed into cDNA with the RevertAidTM First Strand cDNA synthesis Kit 

(Fermentas, EU) according to the manufacturer’s instructions. Expression levels of CSP21, cellulose synthase I and II (CSI and CSII), 

glycogen phosphorylase (GP) and 18S rDNA genes were determined semi-quantitatively by RT-PCR according to Culligan et al. (2006). For 

further details please see the publications. 

Northern blot analyses. Briefly, Acanthamoeba strain poly(A) mRNAs were isolated using the poly(A) Purist kit (Ambion Inc., Austin, 

TX). The electrophoretically separated nucleic acids were transferred onto nylon membranes (Roche Diagnostics). A glycogen 

phosphorylase cDNA from the A. castellanii Neff strain (ATCC 30010), prepared as previously described (25), was used as a control probe. 

Northern blot analyses were performed. For details please see the publication. 
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Gene silencing technique. Small interfering RNAs (siRNAs) targeting the catalytic domain of the glycogen phosphorylase of the A. 

castellanii Neff strain were designed based on the previously described sequence mentioned above (EMBL database accession no. 

EC109277) by using the BLOCK-iT RNAi designer (Invitrogen Corp., Carlsbad, CA) and synthesized by Invitrogen Ltd. (Carlsbad, CA). 

The siRNA duplex with the following sense and antisense sequences was used: 5-CCGGCUACCGCACCAACAA and 

UUGUUGGUGCGGUAGCCGG-5. For further details see the appropriate publication. 

Preparation of protein extracts. Acanthamoebae were harvested by centrifugation (5 min at 2,000 g or 10 min at 4,000 g), and the obtained 

pellets were resuspended in 2 ml of phosphatebuffered saline, pH 7.2, containing 0.5 mM phenylmethylsulfonyl fluoride (Sigma). All 

suspensions underwent 10 rounds of freeze-thaw procedures (in a liquid nitrogen bath at 37°C). Trophozoites suspensions were sonicated 

(three times for 1 min each, with 30-s pauses) using an ultrasonic homogenizer model 47105 (Cole Parmer Instrument Corporation). Cysts 

were disrupted by homogenization with a mini Beadbeater (Biospec Products, OK) using 0.5-mm glass beads. The unbroken cells were 

removed by centrifugation at 20,000  g for 20 min at 4°C. The supernatant was stored at 20°C until analysis. The protein concentration was 

measured according to the method of Bradford by using bovine serum albumin as the standard. 

Western blot analysis. Total protein extracts collected and prepared as described above were electrophoretically separated on 10% SDS-

PAGE gels and transferred onto nylon membranes using a Mini-Protean III system (Bio-Rad, Hercules, CA). Membranes were incubated 

with an anti-human polyclonal glycogen phosphorylase BB rabbit antibody (Spectral Diagnostic, Canada), and the results were developed 

with an anti-rabbit immunoglobulin G antibody labelled with alkaline phosphatase (Sigma, Tres Cantos, Madrid) by using the 

antidigoxigenin method. 

Zymogram assays of glycogen phosphorylase. The activity of glycogen phosphorylase in the direction of glycogen synthesis was 

determined using a method of Steup. Proteins (18 g per line) were electrophoretically separated on PAGE slab gels containing 0.1% 

(wt/vol) glycogen (type II, from oyster; Sigma), and zymograms of phosphorylase glucan-synthesizing activity were prepared. Briefly, the 

gel with the separated proteins was equilibrated in 0.1 M sodium citrate (pH 6.5)–14 mM 2-mercaptoethanol buffer for 30 min and then 

incubated in 0.75% (wt/vol) glucose-1-phosphate in the same buffer at 37°C overnight. After being washed twice in bidistilled water, the gel 

was flooded with 0.13% iodine–0.3% potassium iodine in bidistilled water and incubated until staining was observed (approximately 10 min 

at room temperature). Glycogen phosphorylase b from rabbit muscle (Sigma) was used as a control. 

Resistance studies. Resistance of Acanthamoeba pseudocysts and cysts to heat, acids and alkali was assessed in viability tests. The cells 

were exposed to a range of temperatures or pH values for a given time interval and viability was determined by inoculation of 5 l of the 

treated culture onto non-nutrient agar plates covered with heat-inactivated Enterobacter aerogenes. The plates were incubated at 25 ◦C and 

observed daily for the presence of viable trophozoites for up to 7 days. To test thermotolerance, cells were exposed to a range of 

temperatures (40 ◦C–65 ◦C in a water bath) for 5 or 10 min. To test sensitivity to acids and alkali, cells were exposed to a range of pH values 

(3-11) for 10 min and 24 h, respectively. Citrate-phosphate buffer (0.1M citric acid/0.2M dibasic sodium phosphate, pH range 3-5.5), 

phosphate buffer (0.2M monobasic sodium phosphate/0.2M dibasic sodium phosphate, pH range 6-8) and ammediol buffer (0.2M ammediol, 

pH range 9- 11 adjusted with 1M NaOH) were used to prepare pH-specific non-toxic environments.  To test resistance to desiccation, NEM 

with or without 1% organic solvent was quantitatively poured off from the flask, and the cells (pseudocysts or cysts) were kept dry at 37 ◦C 

for seven days. After this time, cells were overlaid with fresh PYG medium, and viability was determined microscopically by observation for 

trophozoite emergence. 

Results and discussion:  
Reaction of acanthamoebae to the solvents: Pseudocyst formation 

Novel differentiation reaction as a result of exposure of Acanthamoeba trophozoites to solvents such 

as methanol, acetone or, DMSO or propylene glycol in low concentration (0.1% to 10%) was 

described. Exposed cells promptly round up, and detach from the surface. Within 2 hours a smooth, 

thin, single-layered calcofluor positive wall is visible on the surface of the rounded pseudocysts. When 

the medium with solvent is exchanged for a fresh one, the pseudocysts promptly (within 2 hours) 
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transform into amoeboid trophozoites leaving their coat behind and continue to multiply (in growth 

medium) or encyst (in encystation medium).  

Pseudocyst is basically different from mature cysts: the single-layered finely fibrillar coat composed 

of glucose/mannose residues and resembling glycocalyx is externally covering the plasma membrane 

and the cytoplasm contains many mitochondria and lysosomes as well as prominent cisternae of RER. 

The coat seems to protect the cell from higher temperatures, alkaline pH and desiccation.   

Moreover, proposed encystation specific marker CSP21 (Hirukawa et al. 1998) is not expressed at any 

time point during the pseudocyst formation. During differentiation into both the cyst and the 

pseudocyst the expression of two cellulose synthases, cellulose synthase I and II (CSI and CSII, 

respectively) and glycogen phosphorylase was detected.  

Based on the results it can be concluded, that acanthamoebae differentiate into the cyst when chronic 

conditions such as changes in osmolarity or starvation threaten the cell survival. Encystation can be 

considered as relatively slow response as it takes minimum 24 hours to differentiate into mature cyst. 

However, if the cell is exposed to acute stress in the environment where its plasma membrane integrity 

might be affected, it responds by pseudocyst formation.  

In further experiments, propylene glycol, additive to contact lens solutions as ocular lubricant or 

osmotic agent was evaluated for the possibility of induction of pseudocyst formation in various 

genotypes of acanthmaoebae. It was confirmed that exposure of acanthamoeba trophozoites to this 

substance in concentration ranges from 0.25% to 10% indeed leads to formation of pseudocyst. 

Moreover, two contact lens solutions containing this diol (AMO Complete Moisture Plus and 

MeniCare Soft) induced the same reaction in all observed genotypes (from 45% in A. castellanii Neff 

up to 75% in the T5 genotype).  

Complete Moisture Plus contact lens solution is infamously known for the outbreak of AK and had to 

be recalled from the market. As exposure of acanthamoebae to this solution leads to pseudocyst 

formation, it is tempting to speculate, that it were the pseudocysts which were responsible for the 

infection of a human host and caused keratitis (Kliescikova et al., 2011a,b).  

Cells resembling morphologically the pseudocyst were since our publication observed several times: 

as a response of acanthamoebae trophozoites to chloramine treatment (Mogoa et al. 2011), as a 

reaction to the treatment with alkylphosphocholines (Lukac et al., 2012), as a response to exposure to 

the multipurpose contact lens solutions (Ahearn et al., 2012; Imayasu et al., 2013).   
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Golgi participation in the cyst wall assembly 

Approximately six hours after induction of encystation, Calcofluor white positive vesicles appear in 

the cytoplasm of acanthamoebae. These seem to be transported to the cell surface where they release 

their content and resemble encystation specific vesicles of Entamoeba invadens (containing chitin), 

Giardia intestinalis (containing cyst wall material) and also in Acanthamoeba spp. (Lujan et al., 1997; 

Chavez-Munguia et al., 2007).  

Treatment of encystating cells with specific inhibitor of the cell trafficking Brefeldin A (BFDA) leads 

to the decrease of  the cells with Calcofluor positive vesicles from 35% in the control to 11%. BFDA 

seems to slow down the encystation, but does not inhibit the process. However, the doses used in the 

study were rather low (10 or 20 g/ml) as higher doses which were previously shown to inhibit the 

encystation in Giardia intestinalis (Lujan et al., 1995) lead to the pseudocyst formation.  

Co-staining experiments also suggested the Golgi origin of the vesicles as the vesicles stained by 

conventional marker of trans Golgi network WGA (Wheat Germ Agglutinin) (Kanawaza et al., 2008) 

corresponded to those stained by Calcofluor white.  

Correct acidification of the endomembranous system seems to be crucial for differentiation as 

acanthamoebae cells treated with Concanamycin A (inhibitor of vacuolar H+ATP-se) were unable  to 

differentiate into mature cyst with double layered cyst walls within 24 hours of exposure: 51% cells 

resembled precyst, 23% resembled pseudocyst and approximately 26% formed large vacuole fulfilling 

whole cytoplasm of the cell. However, the mechanism by which the encystation is inhibited is 

unknown, and it might not involve interference with synthesis of carbohydrates (Rivinoja et al., 2009) 

as pseudocysts formed in the presence still possess Calcoflour white positive coat. Formation of large 

vacuole in the treated cells resembled that already observed in Dictyostelium discoideum by Temesvari 

et al. (1996). Nevertheless, further studies addressing the phenomenon needs to be conducted to 

explain the process in more detail.  

Composition of the mature cyst walls of acanthamoeba 

Based on the results we can conclude, that acanthamoeba endocyst has got a very complex 

architecture. Cellulose (detected by CBM3a/Cellulose binding module), -mannan and mixed-linkage 

glucan (both detected by specific antibodies) were detected in this layer. Whole appearance of the 

endocyst on fluorescence microscopy resembles a football ball where the ostiole can be easily 

distinguished as a rounded structure free of signal, inside of which operculum is found. In exocyst, 

only cellulose was detected. The specificity of the staining was confirmed by enzymatic digestion of 

endocyst by licheninase or cellulase and immunogold labelling of the cyst. All staining gave very 

similar appearance suggesting that endocyst has complex structure, where similarly to plants, cellulose 
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might be embedded in the matrix created by the other polysaccharides and possibly glycoproteins 

(Fincher, 2009). 

Mixed-linkage glucan was in our study for the first time detected in the protozoa. This polysaccharide 

was previously thought to be very scarce in nature: restricted to Poales, and rarely found in other 

organisms (Fincher, 2009). Based on the Maldi TOF/TOF analysis it seems that the mixed-linkage 

glucan of acanthamoebae has got similar composition to that of barley. The most abundant oligomer 

seem to have degree of polymerization 2 (DP2), followed by DP3 and DP4. Based on these results it 

seems that acanthamoeba mixed linkage glucan consist primarily of cellobiose units, followed by 

cellotriose and cellotetraose units connected by single -1,3-linkages.  

Cellulose synthesis 

Unlike the plants where minimum 3 different cellulose synthases create a functional terminal complex 

and Dictyostelium discoideum, where only single gene is sufficient for the synthesis (Blanton et al., 

2000; Doblin et al., 2002), acanthamoebae during encystation express two cellulose synthases. These 

seem to be expressed in two distinct phases: as early as 30 minutes post induction and later the 

expression increases again during 6th and 8th hour.  

Low concentrations of herbicides known to inhibit cellulose synthesis in plants (Isoxaben and 

Dichlorobenzonitrile) had no effect on the encystation process and Calcofluor white staining in 

acanthamoeba cells. The the effect of higher concentrations could not be evaluated due to the 

pseudocyst formation. However in pseudocysts formed in the presence of inhibitors we were still able 

to detect the cellulose by specific staining with CBM3a as described below. 

Our results correspond to those obtained in the study of Dudley et al. (2007) but our conclusions are 

different. Authors of study concluded that the inhibition of cellulose synthesis by high concentrations 

of Dichlorobenzonitrile inhibited the encystation by 70%, as the treated cells exposed to 0.5% SDS 

lysed, whereas mature cysts were resistant. It was noted by the authors that dichlobenzonitrile 

treatment did not abolish the positivity of Calcofluor white staining. The authors hypothesized 

Calcofluor white reacted in treated cells with chitin or callose rather than with cellulose. However, as 

the authors used methanol to dissolve dichlorobenzonitril, the inability to detect resistant mature cysts 

could be rather due to the presence of pseudocysts which are not resistant to SDS lysis.  

The source of UDP-glucose for cellulose synthesis  

Cellulose, linear polymer of glucose connected by -1,4-linkages is one of the major carbohydrates 

present in the cyst walls of acanthamoebae. Adequate substrate (UDP-glucose) was thought to be 

generated in acanthamoebae by two possible pathways: glyoxylate pathway using via AcetylCoA from 
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lipidic sources or glycogen degradated by glycogen phosphorylase (Mehdi and Garg, 1987; Stewart 

and Weisman, 1974).  

Glycogen phosphorylase seem to be regulated transcriptionally in Acanthamoeba spp. being expressed 

in the early phase of encystment, between 8 and 24 h poststimulation. Western Blot analysis and 

zymogram assays detected glycogen phosphorylase and its activity at 12, 24, and 48 h after the 

induction of encystment.  

Transfection of encystating cells with these siRNAs resulted in complete silencing of the glycogen 

phosphorylase gene which was not detected by Northern or Western Blot analysis. Majority of 

acanthamoebae cells treated with siRNA were unable to complete the encystation process as observed 

by light, fluorescent and scanning electron microscopy. The course of encystation was similar in both 

treated and untreated cultures until 12th hour post induction. Trophozoites in both cultures remained 

ameboid until approximately 10th hour, then they rounded up and the exocyst deposition was detected 

in both cultures by intravital staining with Tinopal white as described above. Untretead cultures 

continued with the differentiation and at 72nd hour 83% of the population was represented by mature 

cysts with two layers of the cyst wall. In siRNA treated cultures, even after 72 hours, 70% of the cells 

remained as immature precyst, with only the single outer layer of the cyst wall was present.  Mature 

cysts (presenting both layers of the cyst wall after 72 h of encystment) were fully resistant to the 

treatment with 0.5% SDS, whereas single-walled precysts (observed mainly in the siRNA-treated 

cultures after 72 h) did not survive the exposure and underwent cell lysis. 

The results point out the importance of glycogen phophorylase for the encystation, which seems to 

participate in glycogen degradation to glucose which could be further used for cellulose synthesis.    

Encystation induction in Balamuthia mandrillaris 

The CDC-V194 isolate of Balamuthia mandrillaris which readily encysts in tissue cultures using a 

Vero cell feeder layer did not respond by synchronous encystation to the various any stress signals 

conditions used in our study. Neither starvation represented by lack of nutrients , high pH , addition of 

cellulose synthase co-factors Mg
2+

 and Ca
2+

 (Liu and Hassid, 1970, Li and Brown, 1993) or 

mechanical stress (agitation) did not induce sufficient cyst formation in balamuthia. Moreover, the role 

of osmotic stress was also not confirmed as only addition of glucose (8%) to the DMEM but not to 

other media and no other monosaccharides stimulated the encystment. 

The highest encystation rates were acquired in DMEM medium supplemented with 8% glucose. 

Approximately 21% of present amoebae differentiated into “mature cysts” with three layers of the cyst 

wall as observed by light microscopy within 96 hours. Addition of glucose to the other media led to 

inadequate encystment rates. However, careful examination by electron microscopy showed that these 

induced “cysts” did not share the same morphological characteristics with the spontaneously formed 
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cysts. Only minority had three distinguishable layers of the cyst walls but thickness of the wall was 

significantly lesser than in the cysts formed during co-culture with Vero cells and except of the 

mesocyst, the wall layers were badly differentiated. Remaining “cysts” were rather rounded cells 

enveloped with layers of cyst wall material resembling immature cysts.   

In the other ‘encystation media’ amoebae retracted their podia within first 48 hours,  rounded up their 

cytoplasm becoming more dense (up to 65% of cells in EM Neff), however, no further progress 

characterized by presence of visible CW layers was observed in the following 48 hours after which the 

experiment was terminated.  

 To summarize, none of the tested media produced adequate amount of the cysts within 96 hours after 

which the experiments were terminated. It seems that evaluation of the encystation rate solely based 

on automatic haemocytometry might not be sufficient as without proper description of the 

morphology, rounded cells with dense cytoplasm might get mistaken for mature cysts. However, other 

explanations of the differences between these results have to be taken into consideration such as 

response variabilities between different strains and/or influence of the culture media, in which the 

amoeba was kept, similarly to that observed in acanthamoebae strains (Stratford and Griffiths, 1978; 

Shoff et al., 2007).  

Cyst wall composition of Balamuthia mandrillaris 

Surprisingly, our study did not confirm the presence of cellulose in Balamuthia cyst wall layers as 

previously suggested by Siddiqui et al. (2009).  When mature cyst were stained intravitally or post 

fixation by Calcofluor white, no layer of the cyst wall exhibited positive signal,  although some level 

of autofluorescence was noted. Moreover even after disruption of the cysts by homogenisation none: 

Calcofluor white, antibodies specific for -mannan or MLG or CBM3a detected any carbohydrate 

structures. In addition to that no positive signal was detected when panel of fluorescein conjugated 

lectins detecting glucose, mannose, galactose, N-acetylgalactosamine, N-acetylglucosamine, 

galactosyl-β-N-acetylgalactosamine, α/β-N-acetylgalactosamine was used in mature cysts, cyst walls 

or cells treated by proteases prior to the staining.  

Interestingly, cysts of Balamuthia mandrillaris treated by proteases for 24 hours had completely 

dissolved cyst walls in the presence of pronase and papain  but remained intact when trypsin and 

pepsin were used, suggesting that the cyst wall is composed mainly of cysteine-rich proteins. In 

contrast to balamuthiae, all acanthamoebae cysts treated by the same proteases did not show any 

defects in the morphology. 

Staining with Nile red (detecting lipids) revealed the presence of small granules located in between the 

exo and endocyst (in acanthamoebae) or mesocyst (in balamuthiae).  The number of granules ranged 

from 1-10 per cell and resembled cellular debris already described during acanthamoeba encystation. 
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Siddiqui et al. (2010) has shown that CWs of Balamuthia contain very little carbohydrates – less than 

0.1%. Out of this, majority is represented by glucose (79%) and 21% of mannose of the dry weight. 

This result was quite surprising as usually, the amount of carbohydrates in the cyst stage of different 

protozoa is much higher: Acanthamoeba CW contains more than 0.7% carbohydrates, out of those 

35% of cellulose (Dudley et al.2009, Neff and Neff, 1969) and there is more than 63% carbohydrate 

content in the Giardia cyst (Jarroll et., 1989). Therefore, it is possible, that our methods were not 

sensitive enough to detect the low amount of polysaccharides in the CW of Balamuthia.  

Based on these preliminary results it seems, that balamuthia cyst wall is composed mainly of cysteine 

rich proteins. While employing fluorescence microscopy we were unable to detect any structures 

containing carbohydrates. Lipids resembling cellular debris are found in the form of granules in the 

mesocysts.  
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Summary of the results 

 

 
1. Acanthamoeba pseudocyst formation 

 

 Yet undescribed differentiation of Acanthamoeba spp. as a response to acute stresses of the 

environment threatening the survival of the cell by interfering with plasma membrane was 

described. In the so called ‚toxic‘ reaction the pseudocyst is formed within 2 hours of 

exposure to low concentrations of solvents such as methanol, DMSO, acetone or propylene 

glycol.  

 

 Pseudocyst is basically different from mature cyst: rounded cell is covered by coat resembling 

glycocalyx in its ultrastructure, in which the only detected carbohydrate moiety, is glucose. 

The pseudocyst is resistant to alkaline pH and high temperatures. 

 

 Pseudocyst formation seems to be of great medical importance in ophthalmology as contact 

lens solutions containing propylene glycol can induce this reaction in acanthamoebae.   

 

2. Acanthamoeba encystation: Assembly of the cyst wall 

 

 Encystation seems to be a response to chronic changes of the environment such as starvation, 

changes in temperature or pH which is not threatening the cell survival acutely. The whole 

process takes approximately 24 hours and results in a mature cyst with  Calcofluor white 

positive double-layered cyst wall.  

 

 During the first phases of Acanthamoeba encystation (6-8 hours after induction), tiny 

Calcofluor white positive vesicles containing cyst wall material are transported to the cell 

surface where they release their content. These vesicles seem to be of Golgi origin as 

suggested by inhibition by Brefeldin A and co-staining experiments.  

 

 

 Brefeldin A in low concentration leads to decrease in the number of Calcofluor positive 

encystation specific vesicles. Exposure to this agent prolongs the time required to complete 

the encystation but is not able to stop the process entirely.  
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 Functional vacuolar ATPases maintaining intra Golgi pH seem to be essential for correct 

encystation as suggested by inhibition of encystation upon treatment with Concanamycin A, 

but the exact mechanism remains to be further investigated.  

 

3. Acanthamoeba cyst wall composition and synthesis 

 

 Acanthamoeba cyst wall has got complex carbohydrate composition with cellulose present in 

the exocyst and endocyst, whereas -mannan and mixed linkage glucan are present solely in 

the endocyst . 

 

 Two cellulose synthase genes are expressed de novo during encystation. Plant cellulose 

synthase inhibitors isoxaben and dichlorobenzonitrile do not seem to interfere with the 

synthesis in acanthamoebae suggesting other architecture of the synthase complexes 

(dichlorobenzonitrile) or differencies in the amino acid composition of the enzymes 

(Isoxaben).  

 

 Glycogen is likely the main source of glucose for cellulose synthesis as silencing of  

glycogenphosphorylase by specific siRNAs prevents the endocyst assembly and blocks the 

encystation. Treated cells are more fragile and are lysed upon treatment with detergents unlike 

the mature cysts. 

 

 Mixed-linkage glucan was detected in the Acanthamoeba cyst wall. The architecture of the 

mixed-linkage glucan regarding the number of oligosaccharides composition is similar to that 

of plants: containing high number of cellobiose, followed by cellotriosyl and small number of 

cellotetraosyl units connected by -1,3-linkages. Detection of this „rare“polysaccharide in 

protozoan organism indicates that it might me more prevalent in the nature than previously 

thought. 

  

4. Balamuthia mandrillaris encystation and cyst wall composition 

 

 Any in vitro conditions represented by different  encystation media promoting synchronised 

encystment in Balamuthia mandrillaris was not discovered.  

 

 The cyst wall of Balamuthia seems to be mostly proteinaceous containing mostly cysteine-rich 

proteins. We were unable to detect any polysaccharides or carbohydrate moieties in the cyst 

wall in our study. Mesocyst seems to contain cellular debris such as lipidic granules.  
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