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ABSTRACT 

BELLINI, N.K. Diversity of free-living amoebas in the Monjolinho River in São Paulo state – 
morphological and molecular approaches. 2020.222p. Thesis (Doctor in Science). Instituto de 
Física de São Carlos, Universidade de São Paulo, São Carlos, and University Institute of Tropical 
Diseases and Public Health of the Canary Islands, University of La Laguna, San Cristóbal de La 
Laguna, Tenerife, 2020. 

Free Living Amoeba (FLA) has gained increasing visibility due to human health concerns. They 

are unicellular heterotrophic protozoans, widely spread in nature. Water is the main source of 

amoebic contaminations that may result in encephalitis, keratitis, and skin infections. Pathogenic 

species belong to the Naegleria, Acanthamoeba, Sappinia, Balamuthia, and Hartmannella 

genera. To date, there is a lack of effective treatment and accurate diagnosis for amoebic 

infections, which has motivated the environmental characterization of FLA as a human health 

risk assessment strategy. However, FLA epidemiology in Brazil is scarce, contrasting with the 

country’s freshwater abundance. To address this gap, the present research aimed at the FLA 

characterization along the Monjolinho River, São Carlos, Brazil. The water abiotic evaluation as 

well as the morphological, and molecular investigation of FLA encompasses the central 

methodology. Dissolved oxygen and electrical conductivity were measured as the most 

informative features to inspect anthropogenic driving forces acting upon the hydric ecosystem. 

Eutrophic sites, downstream of the urban areas, were revealed as hotspots to a diversity of FLA. 

Non-nutrient agar (NNA) plates seeding confirmed the amoeba growth by light and electron 

microscopy characterization. Based on these results, relevant taxonomic details (e.g.: flagella, 

cyst walls, and pseudopodia branching patterns) were described to all FLA life cycle stages. 

Axenization attempts revealed the persistence of bacteria contamination, suggestive of the 

presence of amoebic resistant microorganisms, enhancing its threat to humans. Molecular 

characterization enabled us to detect the potentially pathogenic genera Naegleria (N. 

australiensis and N. phillipinensis), Acanthamoeba (A. genotype T4 and A. hatchetti), and 

Hartmanella (V. vermiforms); besides the non-pathogenic Vannela sp, Stenamoeba, Filamoeba, 

and Naegleria (N. canariensisi, N.gruberi, and N. dobsoni). In this work, the knowledge of FLA 

distribution allowed the recognition of Brazilian freshwaters as suitable ecological niches to FLA 

spread, as well as the development of the methodology necessary for the future identification and 

characterization of FLA in the environment. Although conducted to a local extend, this research 



 
 

suggests that other FLA genus can be equally isolated in Brazilian freshwater systems that can 

finally booster later expansion to other water streams.  

Key-words: Free-living amoeba. Waterborne protozoan. Amoeba resistant microorganisms. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

  

RESUMO  

BELLINI, N.K. Diversidade de amebas de vida livre no Rio Monjolinho no estado de São Paulo 
– abordagens morfológicas e moleculares. 2020. 222p. Tese (Doutor em Ciências). Instituto de 
Física de São Carlos, Universidade de São Paulo, São Carlos, e Instituto Universitário de 
Enfermidades Tropicais e Saúde Pública das Ilhas Canárias, Universidade de La Laguna, San 
Cristóbal de La Laguna, Tenerife, 2020. 

Amebas de vida livre (AVL) tem ganhado visibilidade devido à preocupação que provocam à 

saúde humana. São protozoários unicelulalres heterotróficos amplamente distribuídos na 

natureza, importantes para a saúde humana. A água é a principal fonte de contaminação por 

amebas, causando encefalites, ceratites, e infecções de pele. Espécies patogênicas pertencem aos 

gêneros Naegleria, Acanthamoeba, Sappinia, Balamuthia, e Hartmanella. Atualmente, os 

tratamentos e diagnósticos são pouco efetivos, o que impulsiona a caracterização ambiental de 

AVL como estratégia para monitoramento do risco de contaminação ao homem. Entretanto a 

epidemiologia de AVL no Brasil é pouco explorada, contrastando com a abundância do país em 

fontes de água doce. Para abordar esta lacuna, a presente pesquisa teve como objetivo a 

identificação de AVL no Rio Monjolinho, São Carlos, Brasil. A avaliação dos parâmetros 

abióticos da água, assim como investigação morfológica e molecular de AVL compuseram a 

metodologia central deste trabalho. Oxigênio dissolvido e condutividade elétrica foram os 

parâmetros limnologicos mais informativos para caracterizar as ações antropogênicas atuando 

sobre o ecossistema aquático. Sítios eutrofizados, à jusante da área urbana, revelaram ser foco 

para uma diversidade de AVL. As caracterizações por microscopia de luz e microscopia 

eletrônica confirmaram o crescimento de amebas em placas de ágar não nutritivo. Baseado nestes 

resultados, relevantes detalhes taxonômicos típicos dos estágios trofozoito, cisto, e flagelar (ex: 

flagelos, parede dos cistos e padrão de ramificação dos pseudopodes) foram evidenciados. 

Ensaios de axenização indicaram persistente contaminação bacteriana, possível consequência das 

AVLs atuando como reservatório para microrganismos resistentes à AVL, aumentando sua 

ameaça ao homem. A caracterização molecular permitiu a detecção de gêneros potencialmente 

patogênicos: Naegleria (N. australiensis and N. phillipinensis), Acanthamoeba (A. genotype T4 e 

A. hatchetti) e Hartmanella (V. vermiformis); além de não patogênicos Vannela, Stenamoeba, 

Filamoeba e Naegleria (N. canariensisi, N.gruberi, e N. dobsoni). No presente trabalho, o 

conhecimento da distribuição de AVLs permitiu o reconhecimento de corpos de água doce no 

Brasil como nichos ecológicos apropriados para a dispersão de AVL, assim como o 



 
 

desenvolvimento da metodologia necessária para a identificação e caracterização de AVL no 

ambiente em trabalhos futuros. Embora realizada em uma escala local, esta pesquisa sugere que 

outros gêneros de AVL podem ser igualmente isolados em sistemas de água doce do Brasil e, 

consequentemente impulsionar a expansão das investigações de AVL para outros sistemas 

aquáticos. 

Palavras-chave: Amebas de vida-livre. Protozoários transmitidos pela água. Microrganismos 

resistentes a amebas. 
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nucleus (n), hyaline cap (h); granuloplasm (g), ectoplasm (ec) and endoplasm (ed). Based on 18 S 
rDNA sequencing data, these amoeba isolates from SD26_1st_α sample, correspond to Stenamoeba 
sp………………………………………………………………………………………………………….. 
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Figure 3.23 - Morphology of Filamoeba isolates - trophozoites (A-E) and cysts (F-J).B - multiple arrowed 
trophozoite demostrates the density of contractile vacuoles. Annotations are highlighting contractile 

 
 



 

  

contractile vacuole (cv), nucleus (n), hyaline cap (h), granuloplasm (g), ectoplasm (ec), endoplasm (ed), 
furcate pseudopodium (f), acanthopodia-like projections (a). Based on 18 S rDNA sequencing data, 
these isolates from SD26_2nd_β sample, correspond to Filamoeba sp…..….….………………….. 
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Figure 3.24 – Morphology of Vannella isolates - trophozoites (A-G) and floating forms (H-I). Wet-mount microscope 
slides (A – C) and staining slides based on methylene blue (D-F and H-I) and eosin stains (G). 
Annotations are highlighting contractile contractile vacuole (cv), nucleus (n), hyaline cap (h), a split in 
the hyaline cap (sh), granuloplasm (g),and tapering pseudopodia (tp). Scale bar = 10 µm. Based on 18 S 
rDNA sequencing data, these isolates from SD26_2nd_α,  correspond to Vannella sp. 
genotype…………………………………………………………………………………………………...  
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Figure 3.25 - Light microscopy of A. castellanii Neff (1) taken as example to set parameters prior to the image 
acquisition. Yellow rings correspond to automated cyst detection by the software. Scale bar = 50 
µm…….…………………………………………………………………………………………………... 
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Figure 3.26 - Automated cyst diameter evaluation. A) Boxplot of cyst diameter ranges obtained trhough wet mount 
preparations. B – The sistribution of cyst diameters to A. castellanii (B1), N. australiensis (B2) and V. 
vermiformis (B3). In graphs B1 – B3, the number (#) of cysts  was divided by 1000 to compose “y” 
axis……………………………………..……………………………………………………………….. 
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Figure 3.27 - The landscape of Naegleria spp. morphology based on light microscopy images acquired by the author 
(A), reported in the PAGE classification guide (B), and additional FLA literature (C1- (24); C2 – (145) 
and C3 - (271)). nh- nucleus with halo; f – flagella; p – pore. Black and white scale bars = 10 
µm…………………………………...……………………………………………………………………. 
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Figure 3.28 - Acanthameoba morphology landscape based on light microscopy images acquired in the present thesis 
(A), reported in PAGE classification guide (B) and in additional FLA available literature (C1-(272) and 
C2 –(216)) . Black scale bars represents 10µm (A1, A2) and 20 µm (C1)……………………………..... 
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Figure 3.29 – Hartmannella morphology landscape based on light microscopy images acquired in the present thesis 
(A), reported in PAGE classification guide (B) and additional FLA available literature (C1- (239) and 
C2 - (167)) . Scale bars - 10µm…………………………………………………………………………. 
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Figure 3.30 – Stenamoeba morphological landscape based on light microscopy images acquired in the present thesis 
(A), and reported in FLA available literature (B1, B2 - (276)and B3, B4, B5 –(277)) . nh- nucleus with 
halo; contractile vacuole. Black and white scale bars represent 10µm……..……………………………. 
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Figure 3.31 - Filamoeba morphology landscape based on light microscopy images acquired in the present thesis (A), 
reported in PAGE classification guide (B) ,and in additional FLA available literature (C1 - (272) and 
C2 – (278)) . Black scale bars represent 10µm (A1 - A2b) and 20 µm (C1)……..……………………… 

 
 
129 

Figure 3.32 - Landscape of Vannella morphology based on light microscopy images acquired in the present thesis 
(A), reported in PAGE classification guide (B), and in additional FLA available literature (C1- (280) 
and C2 –(27)). Black and white scale bars = 10µm……………………….….…………………………... 
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Figure 3.33 - Amplification of Acanthamoeba 18S rDNA gene by using CRN5 and 373r primer pair. (A) 2% 
Agarose gel revealing amplicon bands obtained from eDNA samples extracted with KASVI Kit (Lane 
1), Phenol-chloroform (Lane 2) and Power Soil Kit (Lane 3) methods. Negative control (-) refers to 
DNA-free water sample, and the molecular marker (M) refers to DNA ladder PCRBio Ladder IV; (B) 
Partial ribosomal DNA sequence of Acanthamoeba castellanii (Genbank KT165626.1). Highlighted 
regions correspond to 18S rRNA gene (I), ITS1 (II), 5.8S rRNA gene (III), ITS2 (IV) and 28S (V). 
Grey arrowed region indicates the target amplicon (A1) of about 450 base pairs (bp) length………….... 
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Figure 3.34 - Validation of river water pre-processing steps. 2% agarose gel with PCR results to Naegleria 
evaluating DNA samples extracted directly from river water (A.1), and NNA cultures (A.2). Positive 
controls consisted of river water from D sampling site supplied with N. gruberi (+D), and N. gruberi 
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Figure 3.35 - PCR amplification of the Naegleria ITS rDNA region. SA to SE refers to the sampling sites screened in 
the 1st sampling in the Monjolinho River. Notes M and (-) refer to the DNA ladder PCRBio Ladder IV, 
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Figure 3.36 - PCR amplification of Naegleria ITS rDNA regions of NNA plate samples extracted from the sampling 
sites SA, SB, SC (gel A), sampling site SD (gels B and C) and sampling site SE (gel D). Positive (+N) 
and negative (-) controls comprise Naegleria gruberi _ ATCC 30224 and DNA-free water sample, 
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Figure 3.37 - Amplicon length (bp) prediction, gray arrowed fragment, to Vermamoeba vermiformis fragments 
obtained with VeergsF/VeergsR based PCR. Annotations refer to: I - 18S rRNA gene; II - ITS1 region; 

 
 



 
 

III - 5.8S rRNA gene; IV - ITS2 region; V - 28S gene…….….….………………………………………. 137 
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THESIS OUTLINE 
 

The present thesis has been written in four chapters containing:  

Chapter 1: conceptualization based on relevant literature discussing Free-Living Amoeba (FLA) 

issues, the Brazilian background on FLA investigations, and corresponding literature gaps that 

motivated our work;  

Chapter 2: devoted to the description of the methodology employed in the limnological 

characterization of the Monjolinho River, and the corresponding morphological and molecular 

approaches were undertaken to characterize FLA diversity. Additionally, this chapter presents a 

brief mention of institutions and researchers involved in the experimental work. 

Chapter 3: presents the findings of this research. It is concerned with detailing achievements in 

physicochemical water quality assessment (3.1), morphological (3.2), and molecular (3.3) 

screening of environmental samples. An integrated discussion section can be found at the end of 

each topic from 3.1 to 3.3 to debate the data obtained with the current literature. Moreover, this 

chapter names suggestions for further initiatives towards the expansion of this study.   

Chapter 4: contains concluding remarks and reveals the potential of the thesis on shedding light 

on FLA epidemiology by highlighting the major contributions to the scientific community. 

Finally, two appendices had been included to complement the information discussed in this 

document in which the first (APPENDIX I) consists of a review on Primary Amoebic 

Meningoencephalitis (PAM) caused by Naegleria fowleri and the second (APPENDIX II), a 

report of Naegleria diversity in Monjolinho river, both authored by the student, and collaborators, 

during her PhD study.   
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Chapter 1 Introduction 

Scanning electron microscopy of Naegleria gruberi trophozoites. Emphasis on the cell division process.  

Source: By the author. 
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1.1 Free-Living Amoeba (FLA) 

 

Amoebas are unicellular eukaryotic organisms whose species diversity share the presence 

of pseudopods, as a motility strategy promoted by cytoplasmic projections, and for phagocytosis 

as a feeding strategy. Ancient morphology-based phylogeny classified amoeba in the Sarcodina 

subphylum, within the kingdom Protist, a model adopted for more than a century (Figure 1.1. part 

A). Basically, the presence of pseudopodia was the synapomorphy clustering the Sarcodina. (1-2) 

The kingdom Protist, positioned in the base of the tree of life, in the ancient phylogeny proposed 

by Whittaker in 1969, was defined based on photosynthesis and carbon intake strategies adopted 

by the organisms (photosynthesis, ingestion, and adsorption).(3) Then, during the 70s, Carl 

Woese proposed a tree of life containing the Eukarya, Bacteria, and Archaea domains, based 

upon ribosomal DNA data.(4-5)  

In regard to Protists, based on continuous revisions towards resolving the tree of life, it is 

no longer recognized as a kingdom. Likewise, the subphylum Sarcodina has been reviewed and 

its members distributed into other lineages due to novel methods used to comprehend relatedness 

among eukaryotes. These approaches relied upon complementary molecular and biochemical 

information that enabled new proposals to the eukaryotic clustering and allowed to reposition the 

Protist groups. Pioneering studies reported between 2004 (6) and 2005 (7) gathering phylogenetic 

examinations of all eukaryotic organisms, argued for the first time the division of eukaryotes into 

six major groups: Amoebozoa, Opisthokonta, Rhizaria, Archeoplastida, Chromalveolata, and 

Excavata. Among them, all amoeba organisms are placed in four groups: Amoebozoa, Rhizaria, 

Chromalveolata, and Excavata highlighting the polyphyletic relationship, (7) as illustrated in 

Figure 1.1, part B.   
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Figure 1.1 - Phylogeny of FLA, the ancient and modern points of view. A and B representations gather examples of FLA 

discriminated as potentially pathogenic (red rectangles). B contains additional examples of non-pathogenic genera 
(blue rectangles). 

Source: Adapted from MARTINEZ et al.(2); AD et al.(7); SIMPSON et al.(6)  
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Figure 1.1. is illustrative of the evolutionary history of life that comprises potentially 

pathogenic FLA genera grouped in the supergroups Excavata and Amoebozoa (Fig. 1.1, part 

B).(7) Additional free-living amoeba groups non-presenting clinical health concerns (blue 

rectangles, Fig 1.1 B) have also been clustered within both Excavata and Amoebozoa. The 

former is a clade that comprises Heterolobosoea (e.g.: Naegleria and Vahlkampfia) and the latter 

gathers the genera Acanthamoeba, Sappinia, Balamuthia, Hartmannella, Filamoeba, and 

Stenamoeba. (7)  

Heterolobosea, grouping the amoeboflagellates, was previously presented as the sister 

taxa of Euglenozoa, based on protein analysis (e.g. α- and β-tubulin),(8,9) however, gene-based 

studies (e.g. SSU rRNA) have further positioned it as the sister taxa of Jakobids. (1,10) 

Nowadays, Excavata has been dissolved into Discobids and Metamonads. (11) Among 

protozoologists, there is still disagreement on the phylogenetic positioning of the different groups 

of amoebas and new propositions have been put forward to arrange the FLA clades. Even the 

latest phylogenetic study concerned with resolving the phylogeny of all living eukaryotes resulted 

in a polytomy of those taxa formerly grouped as Excavata. (12) Due to be a robust phylogenomic 

study, (12) the uncertainness related to ancient groups reinforced that the evolutionary 

reconstruction of the protists remain a concern regularly updated and reviewed. Thus, at the 

present research, we are following the revised classification proposed in 2005 (Fig1.1. B).  

Presently, several environmental and clinical reports concerned with isolating FLA have 

proposed the phylogenetic characterization based mostly on SSU rRNA gene sequencing. (13–

15) Specifically of Naegleria phylogeny, studies highlighted that instead of the 18S rRNA 

sequences, the ITS1-5.8S and ITS2 regions are more suitable for molecular detection due to its 

potential to detect species heterogeneity and on revealing biological phenomena, as speciation. 

(16) Meanwhile, advances on FLA phylogeny have been focused on those species well 

recognized due to its human health interest. FLA pathogenic genera call attention due to three 

major disorders in humans and other animals: granulomatous amoebic encephalitis (GAE), 

primary amoebic meningoencephalitis (PAM) and amoebic keratitis (AK). (17-18) Aetiological 

agents of FLA related diseases are distributed in five genera: Acanthamoeba, Balamuthia, 

Naegleria, Sappinea (19) and the latest recognized Vermamoeba (formerly Hartmannella). (20-

21) These genera are ubiquitously spread in nature in which water is its main environment, and as 
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a consequence, the main path they take to reach its hosts. The dual life cycle behavior, free-living 

and pathogenic, gives to this FLA groups the attribution of amphizoic amoebas. (22) 

These aforementioned free-living amoeba genera are morphologically diverse, and in 

whatsoever class they belong, there are two lifecycle features shared by them: the presence of 

trophozoites and cyst stages as the vegetative and dormant forms, respectively. Particularly the 

Naegleria genera present a third, the flagellate stage. (22) Several studies employ the 

morphological characterization as a pre-classification step to group an amoeba into its respective 

genus, a task commonly guided by a morphological manual proposed by F. C. Page, named "A 

new key to freshwater and soil gymnamoebae". (23) Particular features distinguishing 

trophozoites, cyst and flagellate forms can be compared as illustrated in Figure 1.2. 

 

 
  

(to be continue) 
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(continuation) 

 
 Figure 1.2 - Photomicrographs of Acanthamoeba (I) and Naegleria (II) isolates. Trophozoite (a), cyst (b) and flagellate (c) 

stages. Scale bars represent 10 µm (Ia and Ib), 5 µm (IIa and IIb), and 4 µm (IIc). Ia and Ib were isolated from rice 
field samples (24) and IIa-c isolated from a water sample. (25) 

Source: Adapted from LIANG et al.24; VISVESVARA et al.25 
 

 Figure 1.2, Ia and IIa, depicts trophozoite forms, the stage in which the amoeba spends 

most of its life, and a characteristic stage in which the amoeba can move, feed mainly on bacteria, 

and divide by binary fission. (19,26) Trophozoites usually feature phagocytic related structures 

named food-cups. (27) The food-cups have also been associated with “trogocytosis”, a process 

used by the amoeba to promote injuries on target host cells. (28)  

Trophozoites commonly move through constrictions of the body that promotes 

hyaloplasmic projections (pseudopodia), whose terminal end diverges from the lobopodia zone 

with the presence of eruptive hemispheric bulges (Fig1.2-IIa) or spine-like projections emerging 

from the hyaline zones, the so-called acanthopodia (Fig 1.2– Ia). (26) Pseudopods and adhesion-

like protuberances function to allow cell movement and its change in direction. Trophozoites are 

generally distinguished as flattened or cylindrical, whose corresponding pseudopodia types range 

from monotactic hyaloplasmic projections, typical of Vermamoeba, to extremely branched 

subpseudopodia similar to acanthopodia, typical of Stenamoeba. (29) Regarding 

subpseudopodium, in water, some trophozoites can be found as floating forms, in which 

subpseudopodium turns to a tapering form, typically stellate or star-shaped, mainly found in the 

Amoebozoa genera belonging to the Vannellidae family. (28,31-32)  

The morphotypic characterization of trophozoites is often observed in the cytoplasmic 

portion in which, to most trophozoites, the hyaloplasm can be easily distinguished from the 

granuloplasma, as shown in the trophozoite illustrated in Fig. 1.2- part IIa. Hyaloplasm 

commonly harbors the nucleus, a large number of mitochondria, ribosomes, and food and 

contractile vacuoles. (26) Most FLA is uninucleate, (26) although binucleate amoeba has been 
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reported mainly in Sappinia isolates. (32) Additionally, the overall outline of a trophozoite is 

irregular and its greatest dimension range from about 6 to 37 µm in Vermamoeba isolates, (23,33) 

12 to 35 µm in Acanthamoeba, (34) 7 to 25 µm in Naegleria (26,35), 12 to 60 µm to Balamuthia 

(26) and 40 to 80 µm to Sappinea. (26) 

Taking into account the environmental diversity in which free-living amoeba inhabits, 

they have to have adaptive mechanisms of cell protection against stress factors in water, a role 

exerted by the cyst stage (Figure 1.2, Ib and IIb). Cysts present a high resistance against extreme 

physical and chemical conditions. (19) The overall outline of a resistant cell is oval or spherical 

with a double or single wall, usually containing pores for further amoeba excystment. (26) The 

overall cyst size ranges from 5-20 µm of diameter in Acanthamoeba (34) and can present 

wrinkled inner and out layers  (Fig. 1.2, Ib). The endocyst usually assumes a characteristic 

stellate form. (36) Otherwise, typically rounded cysts (Fig.1.2, part II b) range from 5-14 µm in 

Naegleria, (24,26) 10 – 30 µm in Balamuthia, (37) 15 – 30 µm in Sappinea (26) and about 4 - 9 

µm in Vermamoeba. (33)  

Finally, a non-diving, non-feeding flagellate form (Fig 1.2, II c) is characteristic of the 

Naegleria genus and, in the initial stage of the differentiation, flagellates are spherical and called 

a pre-mature (pm) stage, whereas the mature (m) stage is elongated with unidirectional moving 

flagella, normally biflagellate. (20,42-43) Both, pre-mature and mature flagellates can be seen in 

Figure 1.3-F. Cell dimensions of the flagellate form commonly ranges from 10 – 16 µm. (26) 

Alternatively, FLA shapes were represented here in an integrated life cycle to name the 

transitions adopted by these cells to change from one shape to the other (Figure 1.3).  

 



35 
 

  

 
Figure 1.3 – The FLA life cycle. Cyst (C), trophozoite (T), and flagellate (F) stages. Annotations “pm” and “m” refer to pre-

mature and mature flagellates. The red lines indicate those FLA genera capable of performing encystation and 
excystation (Hartmanella, Sappinia, Acanthamoeba and Balamuthia) and the genus capable of transforming into 
both, cysts and flagellate stages (Naegleria). 

Source: By the author. 
 

Briefly, as represented in Figure 1.3, a vegetative form (T), whether faces stress by 

starvation, environmental dryness, or physicochemical unbalance in the water environment can 

develop into the dormant stage (C) through the process of encystation (a). (17,40,41) In 

favorable conditions of nutrient availability and suitable humidity levels, a viable cyst can 

recover the trophozoite stage commonly through pseudopod projections outside from a pore in 

the process of excystation (Fig. 1.3, b). (9,40,42) As represented in Figure 1.3., Acanthamoeba, 

Sappinia, Balamuthia, and Vermamoeba experience “a” and “b” processes in their life cycles 

whereas Naegleria presents the additional enflagellation capability (c). The enflagellation 

process allows the cells to quickly move toward a better environment avoiding the ones under 

ionic unbalance, high hydrostatic pressure, extreme temperatures, or nutrient scarcity. (9) At the 

time that the amoeboflagellate (F) escaped from such adverse habitats, it can recover the 

trophozoite form (T) through exflagellation process (Fig. 1.3, d). Regarding the molecular 

machinery involved in the transition from one stage to the other, comprehensive surveys have 
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contributed to elucidating these differentiations from trophozoites to cysts (42-43) and from 

trophozoite to flagellate form elucidating the flagella apparatus maturation and other details. 

(9,44) The investigation of amoeboid cells, as well as cysts and flagellar stages, are commonly 

seen as a study model to elucidate canonical cell processes as motility, phagocytosis, cell 

division, encystation elicitors, flagella maturation among others. (9,40) 

 However, although knowing the morphologic outline of each stage, their fine-structures 

and biochemical elucidation remain under continuous investigation, mainly regarding the 

pathogenic FLA species. This gap encourages a continuous scientific effort in the field. 

 

1.2   Clinical importance 
 

In nature, the trophozoite stage feeds mostly upon bacteria, algae, fungi, amoeba, and other 

protozoans.(45,46) However, infecting the human host it can affect at least one of four different 

tissues: corneal tissue, causing amoeba keratitis (AK); nervous system cells, causing amoebic 

encephalitis; skin or lung cells causing skin abscesses and pulmonary infections, respectively. 

(47) Its capacity of infecting humans was the milestone to the striking recognition of the FLA 

group. Although Naegleria cysts and flagellate stages have been reported to enter into the human 

body, only the trophozoite stage is capable of establishing an infection. (37,48–50) Thus, cyst, 

trophozoite, and flagellate stages can reach the host, in an opportune human-protozoan contact, 

through three main routes, as summarized in the following life cycle (Figure 1.4). 
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Figure 1.4 - FLA related infections - life cycle. Trophozoites, cysts and even flagellates can get access into the human body 

through either eyes (a), nostrils (b) or skin lesions (c) causing respectively keratitis, encephalitis or respiratory 
illness and skin ulcers. Adapted from the Center for Disease Control and Prevention (CDC) life cycles to FLA 
pathogenic genera and adapted from literature references (37), (51) and (47).  

Source: Adapted from LORENZO-MORALES et al.37 ; KRÓL-TURMIŃSKA et al.47; LORENZO-MORALES et al.51 
 

As shown in Figure 1.4., the pathogenic FLA genera may cause human maladies whether 

contacting the host by the eyes (e), nasal (n), and skin (s) entries. In regard of skin maladies (s), 

trophozoites and cysts enter its hosts through cuts or wounds, and the respective reported 

symptoms can range from ulcers, abscesses, and reddish nodules, as shown it Figure 1.5: 

 

 

  
(to be continued) 



38 
 

 

(continuation) 

 

Figure 1.5 - Skin injuries caused by pathogenic FLA strains. Acanthamoeba ulcers (A, B), (19) Balamuthia mandrillaris 
disseminated infection (C) (52) and a Vermamoeba vermiformis skin ulcer next to the eye (D). (53)  

Source: Adapted from VISVESVARA et al.20; SCHAFER et al.53; SCHEID et al.54 

 

Vermamoeba vermiformis, Acanthamoeba spp, and Balamuthia mandrillaris have been 

commonly reported as etiological agents of skin infections, as illustrated in Figure 1.5. Although 

not illustrated above, Sappinia pedata is also capable of causing tissue lesions. (47)  

Overall, the number of patients afflicted by amoebic skin lesions is not well known; however, 

it has been often easily treated. Successful treatments relied on using ketoconazole, (54) 

chlorhexidine gluconate, (47,54) pentamidine isethionate, flucytosine or fluconazole and zinc 

paste. (53) Unlike local infections (e.g. AK and GAE), Acanthamoeba and Balamuthia have the 

ability to causing disseminated infections (47) afflicting lungs, kidneys, and bones (47) in which 

the trophozoites enter through skin lesions and gain access to the circulatory system. (19)  

Resuming the FLA life cycle illustration (Figure 1.4), trophozoites and cysts reaching the 

host through the eyes (e) can elicit an amoeba keratitis onset. The first symptoms usually include 

eye pain, blurred vision, abnormal tearing, eye redness and light sensitivity. (50,55) The infection 

course spans corneal ulcers that typically evolve to tissue necrosis and ultimately blindness, (56) 

as shown in Figure 1.6. 
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Figure 1.6 – Clinical symptoms of amoebic keratitis. Eye clinical photographs highlighting eye redness (A) and the stage pre 

receiving corneal transplantation (B).  A- Hartmmannela keratitis; (57) B – Acanthamoeba infected eye. (58) 
Source: Adapted from ABEDKHOJASTEH et al.58; SIDDIQUI et al.59 

 

  Amoebic keratitis often affects contact lens wearers and persons previously presenting 

corneal abrasions or corneal transplantation. (38,51) It is usually caused by Acanthamoeba spp. 

with more than 3000 reported cases, (47) although some cases of Vermamoeba vermiformis and 

Balamuthia mandrillaris corneal infections have been reported. (56-57,59-60) The 

aforementioned genera have been isolated from corneal biopsy separately and even mixed, 

coexisting in the same patient as the example of Acanthamoeba and Hartmanella mixed 

infection. (38,61)  Poor hygiene on storing and handling contact lenses, as well as swimming or 

showering wearing contact lenses, are some of the leading behaviors to be avoided to prevent 

keratitis. (47) 

A 2016 review on Acanthamoeba keratitis emphasized the high incidence of cases globally 

reported, greatly leveraged by the spreading of using contact lenses in the latest 20 years. Once 

diagnosed on time, the commonest chemotherapy approach is based on a combination of 

propamidine isethionate and polyhexamethylene biguanide or chlorhexidine. (62) However, after 

the completion of the treatment, viable cysts able to differentiating into trophozoites are often 

prevalent, explaining the number of cases evolving into blindness. (51) Thus, concerned about 

the urgency to develop new chemotherapies, recent findings revealed caffeine and maslinic acid 

as potential agents against cysts´ prevalence. (63) Likewise, other attempts have aimed at 

blocking the amoebae entrance in human tissues through interfering with several amoebic 

pathways and enzymes. One example is the recent RNAi serine proteases genes knockdown 

attempts. (64) Moreover, therapeutic strategies against Acanthamoeba keratitis have emerged 

toward mixtures of synthetic and natural products as examples of atorvastatine, (56) ursolic acid 

derivatives, (65) and staurosporine. (66) The latter has been suggested as a promising compound 
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to solve the cyst persistence bottleneck. (66) Figure 1.4. also illustrates the most common path 

usually taken by pathogenic FLA amoeba to reach the host, the nostril (n) contact, leading mainly 

to the onset of encephalitis. Central nervous system (CNS) infections caused by pathogenic FLA, 

species termed “brain-eating amoebas”, can be classified according to the aetiological agent. 

Thus, granulomatous amoebic encephalitis (GAE) is caused by Acanthamoeba spp.;(51) primary 

amoebic meningoencephalitis (PAM) caused by the emerging parasite Naegleria fowleri; (67) 

Balamuthia amoebic encephalitis (BAE) by Balamuthia mandrillaris (68) and Sappinia amoebic 

encephalitis (SAE) by Sappinia pedata. (69) SAE comprises a unique report, credited to a species 

formerly named Sappinea diploidea and, based on further molecular studies, the infection was 

considered to be caused by Sappinea pedata. (47,70) Balamuthia mandrillaris encephalitis, like 

the Acanthamoeba cases, has been reported infecting immunosuppressed hosts generally 

suffering from HIV/AIDS, cancer, diabetes, intravenous drug-addicted or patients of organ 

transplant. (18,37,45,75-76) PAM cases are commonly reported in summer months, considering 

the thermophilic potential of N. fowleri. GAE and AK infections have no seasonality prevalence 

(26) To date, a single case of Sappinia infection has been reported, in Texas USA (17,19,70) and, 

BAE are sporadic and therefore no sufficient information is available to reveal any pattern. 

Overall, amoebic brain infections have major aggravating aspects that lead to death within a 

few weeks post the infection. (77-78) Thus, likewise AK, early diagnosis is essential to 

encephalitis treatment. However, the lack of specific symptoms leads to its common misdiagnosis 

as a bacterial infection. FLA encephalistis diagnosis is generally obtained post-mortem and there 

are few cases of amoebic encephalitis treatment success. (75–77) The symptom coincidence with 

bacterial meningitis and viral encephalitis is the first major aggravating issue hampering a prompt 

and accurate diagnose. (54,78–80) Fever, headache, vomiting, abnormal neurologic behavior, 

comprise the first symptoms faced by amoeba infection patients. Over a few weeks, the illness 

can develop to a chronic (GAE) or a rapidly progressive, fulminant (PAM) central nervous 

system (CNS) infection, features challenging to the treatment of the disease.(62,81) Literature 

reports have identifiied 300 cases of GAE and 440 cases of PAM worldwide.(47,80,82) An 

exceedingly low survival rate, of less than 10% and 5% is associated with GAE and PAM 

encephalitis, respectively.(81) BAE fatality rate ranges from 90-94%, considering about 200 

Balamuthia encephalitis reported cases.(47) BAE has also been reported in non-human hosts as 
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gorillas, dogs, sheep, and horses.(19) Sappinea was also identified in a cerebral infection, 

nonetheless, it did not result in death.(83) 

Overall, once suspecting about amoeba encephalitis, neuroimaging is used to confirm the 

investigation, as shown in Figure 1.7. 

 

 

Figure 1.7 - Magnetic resonance imaging (MRI) revealing a focal PAM (A) (84) and Balamuthia encephalitis with a 
hemorrhagic lesion (B) (85), both in the superior left frontal lobe (white arrows). 

Source: Adapted from LINAM et al.84; GRENINGER et al.85 

 

However, radiological investigations may not be a definitive diagnostic method. Indeed, it 

has been reported that other nervous system impairments such as viral encephalitis, bacterial 

encephalitis, and even cysticercosis symptomatic edemas may result in similar radiological 

images.(86) Thus, neuroimaging is commonly followed by cerebrospinal fluid (CSF) biopsy, an 

invasive analysis, obtained for culturing, microscopic observation, and molecular 

identification.(71,87) The identification of pathogenic species on CSF has also been performed 

through immunological methods, as western blot and immunofluorescence.(75,80) Intracranial 

pressure, polymorphonuclear leucocytes count, and protein concentration are complementarily 

assessed in the diagnosis framework.(47) 

Once diagnosed in an early stage, all available treatments are considered towards a successful 

outcome, although the therapeutic arsenal still lacks efficiency due to its high toxicity or, on the 

contrary, loss of concentration while penetrating the blood-brain barrier.(88–90) This is the third 

major issue related to amoebic encephalitis. The therapeutic first line of choice includes drugs 

commonly used to treat antifungal, antibacterial, anti leishmaniasis infections, and even 

anticancer compounds.(91) Among them amphotericin B, miltefosine, corifugin, metronidazole, 

fluconazole, rifampin are reported.(92-93) Amphotericin B has been also used associated with 
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voriconazole, ketoconazole, itraconazole, and sulfadiazine, for treating GAE (62). These 

compounds are commonly given through intravenously or by intrathecal injection.(94-95) 

Normally, amphotericin B is the most common drug used against N. fowleri infections and the 

latest cases have combined one or more of the following compounds: miltefosine (anti-

leishmanial drug), rifampin (antibiotic), and azoles (antifungal) (39) (Appendix I, table 3). 

Auranofin, also a repurposing example, has demonstrated promising results on Naegleria 

encephalitis.(96-97) For Balamuthia infections, the ongoing drugs include miltefosine, 

pentamidine, azithromycin, fluconazole.(71,95,98–100) Aside from being a broad therapeutic 

arsenal, the combination of chemotherapy conjures a variety of side effects hampering the 

treatment.(19,62) A successful treatment reported to Balamuthia patients included a drug 

combination with amphotericin B, doxycycline and ceftriaxone. (77) 

Overall, considering all FLA caused infections (Fig. 1.4.), the encephalitis cases are the most 

lethal ones. Moreover, there is another health issue promoted by pathogenic FLA, as well as non-

pathogenic FLA species: the amoeba potential for hosting pathogenic microorganisms. (101) 

Typical intra-FLA bacteria examples include Afipia spp., Bosea spp. and Parachlamydia spp., 

genera disclosing healthy interest due to nosocomial pneumonia caused by them.(102) Also 

Aeromonas, Arcobacter, Mycobacterium, Pseudomonas, and Salmonella, resistant to FLA, are 

related to a diversity of infectious onset to humans. (103-104) Acinetobacter and 

Aeromonas,(105) both Acanthamoeba spp. resistant bacteria (15) pose a threat to human health 

due to its multidrug resistance (e.g: sulphonamide, aminoglycoside, penicillin, and ampicillin 

resistance).(106-107)  

Summarizing, FLA pathologies present several biological aspects not well-known, have been 

misdiagnosed, and can be the vehicle of secondary diseases elicited by intra amoebic 

microorganisms. Thus, it is urgent to search for effective therapies, to characterize in detail the 

diseases caused by each amoeba, as well as to conduct its environmental identification aiming to 

prevent new cases of accidental contact with the human host. Considering that most of the 

reported FLA patients have a history of water contact (e.g.: bathing in freshwater) before the 

FLA infection onsets, the scientific community has applied efforts to expand the amoebic 

identification in environmental sources as an attempt to prevent new cases and to characterize the 

habitat preferences for amoeba proliferation. (56,108–110) Molecular investigations become a 

worthwhile approach to broaden the knowledge about FLA geographic distribution and have 
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been used by the newest studies concerning pathogenic FLA to obtain a faster and more reliable 

detection of the aetiological agent in clinical samples.(70,111-112) Likewise, studies aiming at 

FLA environmental occurrence have combined the molecular strategies, with the morphological 

investigations.(113) Even though in the past 50 years, outbreaks have been related to PAM  and 

GAE infections, (48,114) heightening the concern with water as an important path to new cases, 

FLA is considered as a neglected waterborne parasitic protozoan group. (114)  Such lack of 

knowledge of the relevance of FLA increases the need for studies aiming to understand the FLA 

ecological presence through the world to define if the scarcity of reported cases are related to 

underreporting due to a deficiency of knowledge or indeed FLA infections are naturally rare. An 

updated overview of the environmental distribution of FLA, mainly in an aqueous system, is 

detailed ahead. 

 

1.3 Epidemiology  

 

The FLA group is ubiquitous in the world and its pathogenic genera (1.2. section) have 

been widely reported. Although there is a set of reports isolating FLA from the soil, air, and other 

habitats (e.g.: dental unit systems, conditioned air system, contact lenses solutions),(92) water 

sources comprise the most significant source to its spreading. For instance, literature reports have 

identified FLA pathogens in water samples isolated in Pakistan (Acanthamoeba),(115) Western 

Australia (Naegleria fowleri and Vermamoeba),(116) Southeast Asian countries (Acanthamoeba 

sp., Naegleria spp., Vermamoeba spp.),(38)  Spain (Naegleria spp), (117) Northern Iran 

(Naegleria spp.), (118) and Venezuela (Naegleria fowleri). (119) Table 1.1 better clarify the huge 

diversity of water sources in which FLA has been detected. 

Overall, table 1.1 content endorses the ubiquitous profile of FLA to be spread in water 

sources. Its capability of surviving in habitats under extreme environmental conditions (e.g.: 

wastewater, chlorinated swimming pools, and water treatment system) is likely due to its ability 

to transforming into the cyst stage.(120-121) Table 1.1 also suggests that Acanthamoeba is the 

most frequent FLA genus encountered in environmental samples, reinforced by the 

literature.(101) The impressive Acanthamoeba cyst resistance to chemical compounds used in 

water disinfection systems, its resistance to dissection and harshened environments justifies its 

abundance in the environment.(33)   
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Table 1.1 – The main aqueous matrices in which potentially pathogenic FLA have been isolated through five continents. The colors orange, pink, 
purple, blue and green indicate FLA genera, respectively, Acanthamoeba, Vermamoeba, Naegleria, Sappinia and Balamuthia. The 
numbers listed in the table refer to the literature used as references to amoeba identifications. 

Aqueous Habitat South America North America Europe Australia Asia 

Emergency combined shower 
Acanthamoeba; 

(113) 
    

Sewage water and wastewater 

  Acanthamoeba; 
Vermamoeba; 
Balamuthia; 

(122,123) 

  

Industrial wastewater 
Acanthamoeba; 
Vermamoeba; 

Naegleria; (124) 

 Acanthamoeba; 
Vermamoeba;(125) 

  

Tap water 

    Acanthamoeba; 
Vermamoeba; 

Naegleria; (38,126) 

Drinking water samples 

Acanthamoeba; 
(127) 

Naegleria; (128) Acanthamoeba; 
Vermamoeba; 
Balamuthia; 
Naegleria; 

(15,123,129,130) 

Naegleria; 
Vermamoeba; 

(131,132) 

Acanthamoeba; 
Naegleria; (133,134) 

Man-made recreational water 
Naegleria; (135) Naegleria; (136)    

Hospital related water 
  Vermamoeba;(20)   

 

    (to be continued) 
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(continuation)      

Household water 

 Acanthamoeba; 
Vermamoeba; 

Naegleria; 
Balamuthia; 

(137,138) 

 Naegleria; (139)  

Water treatment system 

  Acanthamoeba; 
Vermamoeba; 
Naegleria;(13) 

  

Biofilm networks 
   Vermamoeba; 

Naegleria;(116,140) 
 

Swimming pool 
Acanthamoeba; 

(141–144) 
   Acanthamoeba; 

Naegleria; 
(38,134,145) 

Snow 
  Vermamoeba;(146)   

Lakes 

 Naegleria;(147) Acanthamoeba; 
Vermamoeba;(33) 

 Acanthamoeba ; 
Vermamoeba; 

(38,148) 

Surface river water 

Acanthamoeba; 
Vermamoeba 
;Naegleria; 
(13,149,150) 

Acanth; 
Vermamoeba; 

Naegleria; (151) 

Acanthamoeba; 
Naegleria;(15,33,152) 

 Acanthamoeba; 
Vermamoeba; 

Naegleria; 
(38,153,154) 

Thermophilic water sources 

Acanthamoeba; 
Vermamoeba; 

Naegleria;(155) 

 Vermamoeba;(156)  Acanthamoeba; 
Vermamoeba; 

Naegleria; 
(118,157,158) 

Freshwater pounds   Sappinia; (14)   
Source: By the author. 
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Moreover, Table 1.1. depicts the scarcity of environmental data about Sappinia and 

Balamuthia in comparison to Acanthamoeba, Naegleria, and Vermamoeba. It can be a natural 

consequence of the low number of amoeba cells in the water or a consequence of the 

identification methods employed, based on microbiological culturing without a complementary 

molecular analysis, a practice that has been indicated as ineffective to reveal the whole 

environmental diversity, since several FLAs are unable to grow in vitro.(120-121) Thus, to 

overcome this issue, the molecular investigation complementing the culture methods are 

employed.(150) In this regard, surveys have combined polymerase chain reaction (PCR), real-

time PCR, and even next-generation sequencing approaches to investigate human and waterborne 

pathogens, and to obtain a comprehensive insight into FLA microbiome presence in the water 

sources.(159) Recently, environmental FLA based studies detected Vermamoeba, Naegleria, and 

Acanthamoeba through 18S rDNA amplicon-based sequencing approach and through whole 

metagenomics sequencing on drinking water (160) and irrigation water,(152)  respectively.  

Many water sources inspected for FLA epidemiological purposes (Table 1.1.) present a link 

regarding protozoan detection and human pressures in the environment. For instance, it has been 

shown relationships between the use of the area in the surrounding of the river for agriculture 

practices, sewage disposal or water treatment plants, and cases of infection elicited by pathogenic 

amoeba. (121,161–163) Anthropogenic activities (e.g.: land usage) bring ecological disturbances 

in natural water quality that directly influence the microbiota community.(22) On the other hand, 

intense urbanization and human-nature close interactions favor human exposure to pathogenic 

FLA present in natural waters.(164) Important hydric habitats with a close relation to human 

exposure include drinking water systems, for example the Pakistan Drinking Water Distribution 

Systems (DWDS) samples that tested positive for N. fowleri. An interesting assay revealed that 

due to the delivery of contaminated water to the population through tap water, 50 cases have been 

reported between 2008-2015.(164) Particular attention should be given to thermal waters as a 

hotspot to thermophilic amoeba growth, such as Vermamoeba,(59) Acanthamoeba (157), and 

Naegleria.(158) For instance, thermal watercourses revealed N. fowleri (22) prominence and its 

proliferation in river water has been a concern in light of the climate change perspective of global 

warming. (165) The survey resulting from the present PhD research suggested that Brazil needs 

to be under periodic surveillance aiming to predict any evidence of water heating and pathogenic 
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thermophilic FLA concerning risks to humans (150) (Appendix II). In this respect, the next topic 

is devoted to offering an updated context of FLA in Brazil. 

Regarding FLA ecological role, due to its niche (e.g.: Table 1.1), they share the habitat with a 

diversity of microorganisms such as bacteria and eukaryote, known as a food source to them. 

Distinct food preferences according to FLA genus can later influence water microbiota structure 

and availability of nutrients.(166-167) Another feature of ecological relevance is FLA capability 

of forming biofilms due to the excretion of nutrients and thus offering protection to the remaining 

microorganisms in co-occupancy. A 2017 report contributed to this insight by pointing out 

Legionella spp and Naegleria spp coexisting at biofilm networks.(168) However, there have been 

few reports describing niches and occupancy patterns linking FLA and water 

microbiota.(131,169–171) Most of the available literature addressed this topic in terms of the 

FLA potential as a vehicle to a diversity of microorganisms, the so-called amoeba-resistant 

microorganisms (ARM).(72,172) Additional analyses have demonstrated FLA harboring 

intracellularly smaller cells and extra-biological material from the environment.(45) Altogether, 

these ecological features attributed to FLA the analogy to a “Trojan horse” regarding the 

microbial community.(45,80,173) Related to this, the intra-FLA bacterial community in natural 

sources was examined by metagenomics in 2013 in which results highlighted 21 bacteria genera 

living intra FLA. (160) Currently, FLA has been classified as a waterborne protozoan of 

emerging concern.(48) Although emergent, its ecological role as a vehicle to microorganisms and 

co-occupancy patterns in distinct habitats remain as major open questions to FLA scientific 

community.(167) 

 

1.4   Brazil as a potential hotspot to FLA proliferation 

 

The environmental distribution and diversity of FLA in the Brazilian context consist of a 

history that began 35 years ago. From 1985 to 2020 there have been published 58 papers 

concerned with FLA investigations. Here, they are classified on four major topics, as shown in 

Figure 1.8. 
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Figure 1.8 - FLA literature stressing the Brazilian context, from 1985 to 2020. The literature was distributed on four types of 

publications, classified as review, in vitro, clinical and environmental surveys. 
Source: By the author. 

 

As shown in figure 1.8, Brazilian FLA literature is an emerging theme. About 80% 

(46/58) of the literature was published over the past 10 years while the remaining 20% (12/58) 

was reported in a 25 years window. This lack of information observed until 2011 is reinforced by 

a review that ranked South American countries with a lack of information on Naegleria 

occurrence in contrast with the frequently reported data from European, North American and 

Asian researches.(81) However, the potential of the country to overcome this scene is endorsed 

by a 2017 review arguing that among all waterborne protozoa parasites, FLA outbreaks are 

currently in the fourth position in the Brazilian context. (174) Although the literature has 

expanded, a 2019 study reported that Brazil has likely misdiagnosed FLA environmental and 

clinical detections due to those studies whose culture-based method was the first line of choice, 

lacking complementary molecular approaches.(175)  

On this concern, current Brazilian studies have used conserved regions of PCR amplified 

18S rDNA to perform FLA identification. Regarding literature encountered between 2011 to 
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2020, mots of the FLA environmental and clinical investigations conducted a molecular based 

assay (127,141,143,150,176–182) in contrast with few studies based on amoeba 

immunodetection tools. (183-184) Classified as environmental isolated groups, the first one is 

dated from 1986 by pointing out N. fowleri presence in an artificial lake.(135) Further 

identifications broaden the knowledge on Naegleria genus by revealing five Naegleria species 

besides N. fowleri inhabiting river water samples. In addition, Vermamoeba isolates were shown 

coexisting with Naegleria species at the same River.(150) Brazilian river water evaluated through 

amplicon based metagenomics ranked positive to the presence of Amoebozoa, however without 

describing the class or genus that they belong.(180) Reports have amplified Acanthamoeba genes 

in tap water samples, (176-177,185) cooling towers (186) and swimming pools.(141,143-144) 

Not only freshwater but also estuarine systems were sampled in Brazilian habitats in which 

Acanthamoeba T3 and T4 genotypes were encountered.(179) Other matrices, as urban university 

buildings (187) and hospital units (181,188) also tested positive to Acanthamoeba and Naegleria. 

Other molecular based investigations of Acanthamoeba revealed its presence on domestic dust at 

the Espírito Santo state (178), in contact lens storage cases (189) and in hospital locations, (190)  

both in the Rio Grande do Sul state. A recent report describing hospital dust samples has 

identified a diversity of Acanthamoeba strains and a Balamuthia mandrillaris isolate.(182) A 

2019 survey aiming at soil fungi predators has isolated Vermamoeba vermifromis and 

Acanthamoeba spp strains discussing its food preference upon Paracoccidioides genus.(191) 

Similarly, another national survey on Acanthamoeba identification from drinking water, 

highlighted the importance of environmental isolation of FLA due to its role as a vehicle to 

pathogenic bacteria.(127) In this respect, the Acanthamoeba identification in air-conditioned 

cooling tower samples also revealed the potential of this FLA genus, as well as Vermamoeba and 

Naegleria, on harboring Pseudomonas spp..(186) 

In Fig 1.8, 10 out of 58 publications are classified as clinical FLA reports. Among them, 

PAM (135), GAE (192) and amoebic keratitis (193-194) were reported in humans. The former 

includes five PAM cases from 1976 to 1983 (135). The second refers to two opportunistic GAE 

infections in an alcoholic (192) and an AIDS patient.(195) And the latter comprised a co-

infection case in which the patient, contact lenses user, was diagnosed with both, Acanthamoeba 

genotype T4 and Candida albicans. (193) 
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Acanthamoeba keratitis has also been reported in Brazil. (178,196) Acanthamoeba 

presence in urine samples collected from critically ill patients has been indicated as a suitable 

niche for pathogenic bacteria proliferation and reinfection. The literature also suggested that 

bacteria can likely use the amoeba as a host to escape from drug treatments.(197) Apart from 

humans, two additional studies identified N.fowleri as the etiological agent of encephalitis in 

cattle grazing flooded pastures.(183-184) Both reports depict an important role that FLA can 

exert not only to human health but also to the ecosystem, as intermediate in this relation. 

In figure 1.8, those reports grouped as in vitro comprise: gene silencing in Acanthamoeba 

(198); molecular detection of Acanthamoeba by showing randomly amplified polymorphic DNA 

(RAPD) as a suitable strategy to rapid genotyping new isolates; (196) metabolism studies in 

Naegleria (199-200) and Acanthamoeba, (201-202); interactions among FLA and intracellularly 

resistant microorganisms, (173,203–206); serach for antibodies as detection tool for 

Acanthamoeba infections, (207) and assays demonstrating amoeba capability of infecting 

mosquitoes, by using Acanthamoeba polyphaga and Aedes aegypti as studies of case. (208) In 

vitro assays by using natural substances as bacteriocin-like compounds (209) or synthetical 

substances as biguanides (e.g.: chlorhexidine) (210) in Acanthamoeba strains, whose dose-

response assays confirmed amoebostatic and cysticidal effects related to these substances, 

respectvilly to bacteriocin and biguanides. 

Regarding the association of virus with amoebas, two Tupanvirus strains, Mimiviridae 

family, have been identified to infect Acanthamoeba and Vermamoeba genera.(204,211) 

Belonging to these Acanthamoeba polyphaga mimivirus (APMV), a 2014 Brazilian report 

presented a novelty describing the so called Samba virus isolated from Amazon basin.(212) 

Complementary to this, in silico studies of genetic signature among Acanthamoeba and intra-

Acanthamoeba living microorganisms demonstrated a strong correlation with the amoeba genus 

and its virus and bacteria content.(213) Other group of virus, the giant virus group, has been 

isolated from rive water and it has shown cytopathic effect in Vermamoeba vermiformis. As a 

defense strategy, amoeba releases signaling factors to the surrounding cells that initiate the 

encystment, aiming at resisting to further infections.(214) Genetic properties of giant virus used 

to infect FLA amoeba hosts have been investigated by Brazilian researchers enabling the 

discovery of a new genus, named Tupanvirus. (215) The newest amoeba resisting virus identified 

in 2020 comprises the discovery of a new lineage of virus hosted by Acanthamoeba castellanii. 
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Boratto et al. named them as Yaravirus in honor to the mother of the waters, the Brazilian 

mythological figure, Yara.(216) 

Studies investigating the fungi infecting amoeba strains identified in vitro interactions in 

Acanthamoeba and Cryptococus neoformans. It is possible that amoeba can prior select fungus 

predation based on further benefit that this interaction can bring to the amoeba while hosting their 

vertebrate at a prospect of amoeba infections.(173) 

Finally, composing the set of FLA reviews authored by Brazilian researchers, two 

comprehensive surveys addressed the main mechanisms developed by intra Acanthamoeba 

microrganisms to enhance its survival chances and consequently raising the hazard caused by 

FLA .(104,217) In addition two literature reviews presented the most common drugs used for 

FLA treatment and clinical features of FLA infections, caused by both Naegleria (39) (Appendix 

I) and Acanthamoeba infections.(218) Likewise, a 2019 review scrutinized the importance of 

extracellular vesicles to A. castellanii pathogenicity highlighting its cell singling roles, 

proteolytic activity relatedness and biomedical interest.(219) A 2020 review concerned with 

Acanthamoeba presence in hospitals indicated the extreme importance on assessing the 

ecological knowledge and distribution of Acanthameoba to comprehend its threat to humans. 

(220) Other recent reviews have discussed the interaction exerted by a giant virus and their 

Acanthamoeba host, manners of affect amoeba replication and trapping amoebic molecular 

mechanisms enabling it spread to new cells.(215,221)  

Summarizing the Brazilian perspective on elucidating FLA epidemiology, about 28% 

(16/58) of publications have isolated amoeba in natural and man-made habitats, as 

aforementioned. This percentage exposes a binary issue: FLA investigation still lacks to be 

exploited in large extend [1], and the literature reinforces the relevance of the country as a fertile 

area to FLA spreading [2]. The second issue is confirmed by the increase in literature reports 

over the past decade with studies that point out the Brazilian potential on harboring FLA. 

Likewise, accounting hydrographic landscape of Brazil, there are important features that call 

attention to its potential to FLA dispersion. At a global extend, Brazilian hydrology has about 

twelve percent of the world total freshwater. Compared with South American countries, 53% of 

total surface water is located in Brazil.(222) According to the last Food and Agriculture 

Organization (FAO) report about world water resources by country, Brazil is ranked as the 

richest country in terms of volume of water. Moreover, following water reports written by 
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Brazil´s national water agency (ANA), the country is divided in twelve hydrographic regions that 

include rivers, lakes, wetland, amongst others [40], whose hydric heterogeneity covers all those 

water reservoirs commonly associated with FLA identifications (Table 1.1.). It reflects the 

potential of the country to harbor waterborne protozoan, as FLA and the consequent endangering 

affected populations, in a perspective of pathogenic FLA presence and human water exposure. 

Altogether, these aspects enhance the role of the country for FLA epidemiological 

purpose, reinforce the need to establish comprehensive strategies to obtain faster and more 

effective environmental identification and highlight the relevance of the present PhD research.  

Three complementary features related to free-living amoeba have been accounted to 

design our objectives: FLA as a waterborne protozoan, Brazilian hydric systems as a fertile 

country to FLA epidemiology and the urgent need to increase the ecological knowledge related to 

FLA. 

 

1.5 Objectives 

 

1.5.1 General objective 

 

To propose an elucidative investigation of FLA diversity and distribution in Brazilian 

aqueous systems by initially targeting the local Monjolinho river located in the city of São 

Carlos, São Paulo state, as a model of study; 

 

1.5.2 Specific objectives  
 

Specific objectives are of three categories of interest: water quality evaluation to 

comprehend amoebic aqueous reservoir profile, morphological and molecular investigation of 

FLA diversity, as follows: 

1. Aqueous reservoir profile: 

1.1. To compare the diversity of FLA genera along longitudinal sections of the 

Monjolinho river, in sites with different human impact;   

2. Morphological investigation of FLA 
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2.1. To evaluate the morphological diversity among environmental FLA isolates 

comparing trophozoite, cyst and flagellate typical features by performing a microscopic based 

analysis;  

2.2. To test thermophilic capability of environmental isolates; 

2.3. To investigate flagellation capability;  

2.4. To establish axenic cultures of the trophozoites encountered in the Monjolinho River;  

3. Molecular investigation of FLA 

3.1. To elucidate FLA molecular identification through complementary PCR based 

analysis suitable to FLA detection, by using molecular targets established in the literature to 

perform PCR screening; 

3.2. To determine species of FLA of Monjolinho river based on Sanger sequencing results 

and reveal its taxonomic identity;  

The present PhD research is motivated by the hypothesis that the Monjolinho river is a 

water source containing FLA, it is in contact with the population and therefore can be a source of 

FLA contamination.  

The aforementioned generic and specific objectives are in line with the ongoing BIOTA 

São Paulo Research Foundation (FAPESP) program, research grant #2018/20693-4, in which the 

student is a member of the scientific team. Both thesis supervisors, Prof. Otavio Henrique 

Thiemann and Prof. Jacob Lorenzo-Morales, have established a PhD cotutelle agreement that 

resulted in the present double PhD thesis. CAPES scholarships supported the PhD student on 

developing this research: a PhD scholarship (88882.328731/2019-01) and an internship 

scholarship (88887.368039/2019-00).  
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Chapter 2 Material and methods 

Scanning electron microscopy of Naegleria gruberi trophozoite emphasizing surface projections related with cell 

adhesion (lower right). 

Source: By the author. 
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The methodology included in this thesis is summarized in Figure 2.1. 

 

  
Figure 2.1 - This flow chart describes the methodological design performed to investigate FLA diversity in the Monjolinho 

River. Steps marked with * were performed in both universities, University of São Paulo (USP) and University of 
La Laguna (ULL). Steps marked with ** were performed only in the ULL and steps without marks only at USP. 

Source: By the author. 
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Figure 2.1. summarizes experimental steps undertaken as strategies to investigate FLA 

diversity present in the river water samples, whose collection routine included two distinct 

campaigns at Monjolinho River, a pilot-scale and a full-scale design named first (1st) and second 

(2nd) samplings, accomplished in August 2017, and April 2018 respectively. The main 

differences among the two campaigns include improvements on molecular and morphological 

technical choices tackled by the second 2nd sampling. The student accomplished the whole 

methodology described in Figure 2.1 at the Structural Biology Laboratory (USP), accompanied 

by a six months training at the Laboratory of Free Living Amoeba, at the University of La 

Laguna (ULL), Spain. During the development of Brazilian assays, at USP, the PhD student has 

co-supervisioned, along with Prof. Otavio assistance, two undergraduate students: Ana Letícia 

Maria da Fonseca and Matheus Issa. Their projects shared part of the experimental steps depicted 

in Figure 1. Ana Letícia da Fonseca worked with items 2.1-2.5 at the pilot campaign (1st) and 

Matheus da Silva was committed with steps 2.5.1 and 2.5.2, second sampling (2nd). Regarding 

the ULL internship, it was motivated to perform axenization (2.4.5), light microscopy and cyst 

characterization (2.4.3. and 2.4.6.) whose assays were assisted by the head of the laboratory and 

co-advisor, Prof. Dr. Jacob Lorenzo-Morales, and Dr. Maria Reyes-Battle. Both, contributing to 

the progress of the internship.  

Moreover, two other collaborations assisted in specific steps along this work: Prof. Dr. 

Odete Rocha and Prof. Dr. Douglas Cedrim. The former, ecologist research at the Federal 

University of São Carlos (UFSCar), assisted with the definition of the sampling sites, water 

collection and water limnologic characterization (Fig 2.1- 2.1 to 2.2). The latter, a computer 

scientist at the Federal Institute of Goiás (IF-Goiás), contributed with the development of an 

automated morphological characterization of cyst shape (Fig1.2 - 2.4.6). Finally, 2.4.4. has been 

conducted as a third-party service by the Materials Engineering Department, São Carlos School 

of Engineering (MED). Methodological details regarding each step shown at Figure 2.1. are 

described as follows. 

 

2.1 Study of area and water sampling 

 



59 
 

  

The sampling site study was performed taking into account aquatic reservoirs commonly 

reported to harbor FLA (Table 1.1). Considering Brazilian surface water diversity along twelve 

hydrographic regions, as mentioned here (CHAPTER 1), this research focused in the Monjolinho 

River basin that belongs to one of the most relevant hydrographic regions, named the Paraná 

region. This hydrographic area covers seven Brazilian states in which the São Paulo state, the 

target of the present research, hosts the Monjolinho river basin. Since FLA can be present in 

particular aqueous systems in low concentration, rendering its detection challenging, we selected 

a diversity of five locations with different levels of human intervention throughout the river in the 

hope to comprehend FLA diversity, compliant with specific objective 1.1. 

Five sampling areas of interest, A to E, were examined in both 1st and 2nd collections, at 

the river sub surface, of 30 cm, for all samples. In the 1st campaign, a volume of 1L of water was 

collected with sterile glass flasks and used to both, the direct FLA molecular detection (2.5.) and 

the cultivation method enrichment (2.4.1.). To the second campaign, besides a 1 L water sample 

site, used to culture purposes, an additional 10 L water sample was collected into sterile plastic 

bottles for metagenomics purpose, related to water microbiome monitoring. These latter 

experiments are under ongoing evaluation within the BIOTA FAPESP objectives (data not 

reported here). 
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Figure 2.2 - Overall workflow of water collection.  
Source: By the author. 

 

Figure 2.2 illustrates a representative image of water collection (2.1), as well as 

highlighted details of limnology and preprocessing topics (2.2 and 2.3), both described ahead.  

 

2.2 Limnology 

 

Limnologic characterization to monitor the chemical and physical water properties 

influencing the microbial community was performed in situ, as seen at Figure 2.2 (step 2.2.). By 

using a portable water quality checker, Horiba U-10, the dissolved oxygen (mg/L), hydrogenionic 

potential (pH), electric conductivity (μS/cm), water temperature (°C), and geographical location 

through Universal Transverse Mercator (UTM) coordinates were obtained. The dissolved oxygen 
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and electrical conductivity are often assessed as indicators of anthropogenic pressures in the 

environment, usually inform about organic matter availability that exerts a direct effect on the 

local species diversity. (223) Complementary, the temperature and pH values have been assessed 

to monitor temperature range in which FLA can be found and water acidity levels in which they 

are able to withstand, according to the literature description.(149,169,223) Afterward, all values 

were contrasted against Brazilian environmental legislation that provide the national standards 

about water quality status (e.g., CONAMA resolution 357/05). (224) 

 

2.3 Water pre-processing 

 

Immediately after the limnologic examination, the water samples were stored in proper flasks 

and water preprocessing steps (e.g. sieving, filtering and centrifugation steps) were performed 

within a maximum of 6 hours. Once at the laboratory, a representative sampling site from the first 

campaign was elected for the addition of cultured amoeba establishing a positive sample to 

determine the downstream methodology efficacy on identifying FLA (Figure 2.2, item 2.3). In its 

regard, D sampling site, due to its physicochemical profile, was selected to validate the 

experimental pipeline (Fig. 2.1.). To induce the positive control, Naegleria gruberi American 

Type Culture Collection (ATCC) 30224 was previously axenically cultured on ATCC 1034 

medium according to the literature recommendations (225) and 1.105 trophozoites were 

harvested, centrifuged, and the precipitate was homogeneized with 100 µL of river water, next 

added directly into 1L of river water and mixed by vortexing at maximum speed for 30 sec.  

To both 1st and 2nd sample sets, water sieving was performed through a granulometric ultra-

sieve (BERTEL - ABNT/ASTM 400) to remove suspended material, as illustrated at Fig. 2.2 

(step 2.3.1). Then, flowthrough fractions were conducted to both filtration and centrifugation 

whether aiming at a morphological or molecular characterization, respectively. 500mL of water 

was filtered through a sterile 0.45 µm cellulose nitrate membrane (Nalgene® Analytical Test 

Filter Funnel, 47mm) coupled to a vacuum filtration system, inside a biosafety cabinet, for 

amoeba enrichment purpose (Fig 2.2, 2.3.2.). Membranes were seed on nutrient agar plates 

(NNA) as detailed at 2.4.1. section. Simultaneously, water centrifugation was conducted at 3000 

g for 15 min at room temperature (RT, 25 º C) in a Thermo Scientific™ Sorvall™ RC 3BP+ 

centrifuge, to access FLA community directly from river water (Fig 2.2 - 2.3.3.). After the first 
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centrifugation step, 5 ml of phosphate-buffered saline (PBS) was used to resuspend the pellet 

followed by a second centrifugation step in 15 ml tubes at 2500 g for 10 min, room temperature 

(RT), in an Eppendorf Centrifuge 5810 R, followed resuspending the pellet with 200-500 µL 

Tris-EDTA (TE) [Tris-HCl 10mM; EDTA 1mM; pH 8.0]. Thus, the material was stored at -20º C 

until the opportune nucleic acid extraction procedure, detailed at 2.5.1.  

 

2.4 Morphological examination 

 

Morphological characterization of environmental FLA isolates included culture-based 

evaluation coupled with microscopic analysis guided by classification keys for amoeba 

taxonomy.  

 

2.4.1 In vitro culture  

 

Proceeding with the water filtering step (Fig 2.2., item 2.3.3), cellulose membranes were 

transferred to 2% (w/v) non-nutrient agar (NNA) plates prepared with Page’s amoeba Saline 

(PAS) solution by following literature recommendations. (226-227) The following image 

illustrates membrane handling and seeding onto NNA plates: 
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Figure 2.3 – Process to obtain non nutrient agar (NNA) plate cultures.  
Source: By the author. 

 

Cellulose membranes, partitioned into smaller fractions (Fig. 2.3, B), were seeded onto 

Escherichia coli-coated NNA plates (Fig. 2.3, C), owing to the fact that most FLA genera are 

bacterivorous. (19) NNA plates overcoated with 100 µl layer of inactivated E. coli, by exposing 

the bacteria culture in a 60 ºC water bath for 30 minutes, following the literature 

recommendation. (228). Addittionally, cellulose membranes (Fig. 2.3, B) were transferred onto 

pure NNA plates, without the bacteria layer, as a comparative essay. NNA plates were prepared 

in triplicate, and maintained in a temperature range of 26°C, 37°C and 44°C (Fig. 2.3, C), as 

recommended in the literature. (33,116,229) Amoeba growth was monitored for 14 days by using 

a Nikon-Eclipse TS100/F inverted microscope. Areas with trophozoites were carefully 

transferred, face down, onto new NNA plates as shown in Figure 2.3., D. This cloning step 

process was repeated every day aiming to remove of bacterial and fungi contaminants. By 
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following the literature recommendations, the cloning step was used as well to enrich the amoeba 

density.(113,117,230-231)  

The next step (Fig 2.3, E) comprised amoeba harvesting to the morphological downstream 

characterization and the complementary DNA based confirmation. The agar surface was washed 

with 5 ml of PAS solution, plates were sealed with parafilm and gently mixed at 60 rpm for 10 

min in an orbital shaker (Orbit™ 300 Multipurpose Vortexer). The suspended trophozoites 

floating at PAS solution were poured into a canonical 15 ml tube and centrifuged at 1000g, 10 

min, RT (centrifugation step “c1”). Next, 1 ml PAS solution was added to homogenizing the 

precipitate followed by the second centrifugation, 10 min at 1500 g (centrifugation step “c2”). 

Finally, precipitates were used to cell cryopreservation, cell microscopic examination, and cell 

DNA extraction (Fig. 2.3, E). Each method has been detailed at following topics.  

Adjustments in the pipeline shown in Figure 2.3 were performed to the second sampling in 

the Monjolinho River, including extension of the incubation period to 60 days with longer 

cloning step process, and new NNA formulations by adding antibiotics and antifungals to avoid 

heterogeneity of microorganism persisting in the amoeba cultures. Antibiotic mix (100 U/ml 

penicillin; 100 µg/ml streptomycin) and antifungal (100 µg/ml amphotericin B) were mixed with 

NNA after its temperature reached about 50 °C. The downstream morphological characterization 

of FLA included scanning electron microscopy (SEM), flagellation test and efforts to reach 

axenic cultures. 

The most promising NNA plate samples, in both 1st and 2nd samplings, were harvested and 

frozen aiming to perform a deeper morphological investigation in the Laboratory of Free Living 

Amoeba, at the University of La Laguna (ULL), Spain. In ULL, each sample was seeded onto 

fresh 2% NNA plates and maintained at room temperature assuming prior temperature screening 

at USP (Fig. 2.3, C). NNA plates were daily examined with Leica DMi1 Inverted microscope. 

The remaining morphological and molecular examination carried during the internship (Fig. 2.1, 

* and **) are detailed along the present section. 

 

2.4.2 Enflagellation test 

 

Flagellation test was carried out by harvesting trophozoites from target NNA plates, as 

described at topic 2.4.1., washing cycles were adjusted and performed with 1x phosphate 
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buffered saline (PBS) [7.5 mM Na2HPO4, 3.3 mM NaH2PO4, 108 mM NaCl, ph 7.4] instead of 

PAS solution. The precipitate was homogenized with 1 ml of 20 mM NaCl solution and placed 

onto 24 wells plate to 4 hours incubation at 22º C, 100 rpm, as recommended in previous research 

focused on Naegleria gruberi. (225) Flasks were monitored each 30 min seeking and once 

positive to flagellate transforming, the suspension of cells was transferred to 1.5 ml 

microcentrifuge tubes and centrifuged 1500 rpm, 10 min. After precipitate homogenizing with 

200 µl of 20 mM NaCl solution, a drop of flagellates was placed onto glass slides, stained with 

methylene blue stain (further detailed), covered with the coverslip and observed into the 

microscope. To obtain the flagellate taxonomic description, the features examined comprise: 

flagella number, nucleus and contractile vacuole position. 

 

2.4.3 Light Microscopy (LM) examination 

 

The morphological analysis of FLA was documented with distinct microscope settings 

according ro the availability of equipment in each institution, as summarized at Table 2.1. 

 

Table 2.1 - Instrumentation used to perform the light microscopy evaluation.  

 1- Assay 2- Institution 3- Microscope 4- Camera 

A - NNA plate  USP Nikon-Eclipse TS100/F  Nikon Coolpix 990  

ULL Leica DMi1 Inverted microscope Samsung camera version 

9.0.02.38 

B - Staining slides USP in Nikon´s Eclipse E600  Nikon DS-Ri1  

C - Wet mounts ULL Leica DM1000 LED  Leica ICC50W Camera  

Source: By the author. 

 

Regarding NNA plate visualization (Table 2.1, Line A), plates were directly examined at 40x, 

100x, 200x and 400x magnification through microscopes described in column 3. The image 

acquirement was carried out with camera specifications as detailed in column 4, and the resultant 

images were evaluated to determining the greatest trophozoites dimension. 

Staining slides (Table 2.1 - B) were employed to reveal morphological details, method 

composed of methylene blue, eosin and hematoxylin stains, with adaptations on literature reports. 

(232–237) To eosin and methylene blue, a 50 µl drop each dye was directly added to 25 µl 

suspension of trophozoites previously dropped into a glass slide, immediately covered with the 
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coverslip. To hematoxylin staining, samples were fixed with a 100 µl drop of 100% (v/v) 

absolute methanol added to a drop of amoeba culture, placed onto a glass slide, for 5 min fixing 

time. Three washing steps with 100 µL distilled water were performed, 3 min each washing. 

Then, a 50 µl hematoxylin drop was added and allowed to cover the attached cells for 5 min. 

Cells were rinsed with distilled water drops for 3 min each washing (3x). Glass slide was 

immersed into crescent solutions of 70%, 95% and 100% (v/v) absolute ethanol for 5, 5 and 1 

min, respectively. Then, a drop of 20% (v/v) glycerol solution was added; the glass slide was 

mounted with a coverslip, sealed with Nail Polish and microscopically examined. 

To wet-mounts preparation (Table 2.1, Line C), 2 ml PAS solution was added into NNA plates 

aiming trophozoites detaching. Plates were sealed with Parafilm® and maintained at 4 °C for 10 

min. Next, an additional 2 ml PAS solution was added to trophozoites harvesting by means of a 

sterile Pasteur pipet. The suspending volume was collected, poured into 1.5 mL tubes and 

centrifuged at 1500 rpm, 10 min. 1 ml PAS solution was used to washing the precipitate, 

followed by a centrifugation step at 1500 rpm, 10 min. The washing step was repeated once and, 

after the last centrifugation, 900 µl supernatant was discarded and the precipitate was 

homogenized with the remaining 100 µl PAS solution. The suspension of cells (50 µl) was 

dropped into a slide and covered with a coverslip. Fresh mounts and staining slides were 

examined at 200x, 400x and 1000x magnifications. To enhance FLA morphological evaluation, 

not only its intracellular characterization was evaluated, by light microscopy, but also cell surface 

information was assessed by scanning electron microscopy.  

 

2.4.4 Scanning electron microscopy (SEM) 

 

Scanning electron microscopy (SEM) has been used in FLA studies to examine 

differentiation processes, (43) cell-to-cell interactions, (238) and to outline cell surface details. 

(239-240) Herein, SEM was prepared by using smaller fragments of glass slides, pre cleaned with 

100% absolute methanol, and coated with a thin layer of poly-lysine (0.1% w/v poly-L-lysine 

Sigma). Trophozoites were harvested (as detailed in section 2.4.1), and the cell precipitated 

obtained in the last centrifugation step was homogenized with 200 µl of 2.5% (v/v) 

glutaraldehyde dissolved in PAS solution and, immediately, dropped into glass fragments for a 2 

hours fixing, at room temperature (RT). Next, 2 ml of 30, 50, 70 and 100% absolute ethanol 
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solutions were poured onto 24 wells plate to serial dehydration. Glass fragments were 

sequentially immersed for 30 min per solution and finally in hexamethyldisilazane (HMDS 

Sigma) to reach the critical point drying (CDP). Each fragment was coated with an ultra-thin 

layer of platinum, attached to carbon stubs using conductive pants and placed in a JSM-5310 

scanning electron microscope (JEOL, Tokyo, Japan). Coating and imaging were carried out as a 

third-party service at Materials Engineering Department, USP (São Carlos, SP). SEM 

photomicrographs were combined with light microscopy (LM) imaging and compared against 

Page´s Classification Key taxonomy, (23) as recommended by recognized surveys on searching 

FLA. (113,117,230-231) Additionally, Iva Dikova´s “Illustrated Guide to culture collection of 

Free Living amoeba” was included to evaluate amoebic cell morphology.  

 

2.4.5 Axenic cultivation 

 

Axenic culturing included NNA plates seeded with target samples sorted at both 1st and 2nd 

Monjolinho River samplings. Prior to selecting promising FLA samples to undertake its axenic 

growth, routinely cloning steps were conducted, as reported in the literature as an essential step 

before axenic culture achievement.(240) Moreover, antibiotic/antifungal NNA plates were used 

as a strategy of enhancing amoeba purity (as described at 2.4.1 section). Plates were daily 

examined in Leica DMi1 Inverted Microscope, and inside a biosafety cabinet, those agar pieces 

with trophozoites and even cysts were transferred into 24-well microplates, prepared with 1 ml of 

American Type Culture Collection (ATCC) Modified PYNFH Medium [ATCC medium 1034] 

and Peptone Yeast-extract Glucose (PYG) liquid mediums per well. ATCC 1034 is 

recommended to Naegleria, Hartmannella and Vahlkampfia (33,241-242) axenic cultivation and 

PYG appropriated to Acanthamoeba culture. (141,178,243) For PYG medium, 40 μg/ml of 

gentamicin was added as literature recommendations (141,178,243) and for ATCC 1034, 100 

U/ml of penicillin and 100 mg/ml of streptomycin, according to literature reports. (33,241-242) 

Plates were maintained at room temperature and monitored day-to-day in an inverted 

microscope, either EVOS® FL or Leica DMi1. Fresh medium, along with antibiotic restoration, 

was added to washing trophozoites in wells whose bacteria and fungi contamination persisted. 

Thus, promising cultures to amoeba proliferating were harvested by means of sterile Pasteur pipet 

and placed into 12.5 cm2 cell culture flasks prepared with 5 ml PYG or ATCC1034 liquid 

medium as recommended in the literature. (113,227,230,244) Positive samples to axenic growth 
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in cell culture flasks were harvested, poured into 15 ml canonical tubes, centrifuged 1500 rpm for 

10 min and the precipitate was homogeneized in a freezing solution composed of 9:1 of fetal 

bovine serum: dimethyl sulfoxide (DMSO). Cells were replaced to cryotubes, slowly frozen with 

a freezing container (Thermo Scientific™ Mr. Frosty™ ), and placed in an ultra-freezer (-80 C) 

for 24 hours. Finally, cryotubes were stored in a container with liquid nitrogen. 

 

2.4.6 Cyst characterization  

 

The development of cyst software in a hope of detecting FLA cysts in heterogeneous 

environmental samples was undertaken through collaboration with Prof. Douglas Cedrim to the 

computational analysis of the cyst images, software construction and implementation. The 

micrograph dataset creation was obtained by wet mounts prepared with amoeba cysts. The list of 

encystment assays and strains included here is summarized at the following Table 2.2. 

 

Table 2.2 - List of FLA strains included to cyst software development.  

FLA  Method 

1- V. vermiformis NNA plate (SD44°C_2nd) 

2- N. australiensis NNA plate (SE44°C_2nd) 

3- A. castellanii Neff  literature based encystment 

Source: By the author.  

 

In Table 2.2, cysts of V. vermiformis [1] and N. australiensis [2] were obtained directly from 

NNA plates and observed with wet-mount slides, as described in section 2.4.3. To Acanthamoeba 

(Table 2.2, Line 3) encystment, the assay was performed as recommended in the literature.(245) 

Image acquirement was conducted with Leica DM1000 LED Microscope coupled with Leica 

ICC50W Camera. The manual light features were examined, aiming to enhance the contrast 

between specimen and gray background. Light intensity, exposition, and saturation ranging 

comprised the first parameters setting evaluated. Computational details regarding imaging 

evaluation and software creation are described along ahead oi this chapter (section 2.6.2).  

 

2.5 Molecular approach 
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2.5.1 DNA extraction 

 

The DNA extraction of FLA culture was carried out by selecting NNA plates with profuse 

amoeba growth to cell harvesting. The precipitates resultant from the last centrifugation step 

(detailed in topic 2.4.1.) were solubilized by adding 50 µl of ultrapure water (MiliQ) and directly 

used to DNA extraction. At the University of São Paulo (USP), DNA extraction was performed 

with DNeasy PowerSoil® Kit (QIAGEN). Alternatively, NNA plates cultured in the University of 

La Laguna (ULL) were extracted by using Maxwell® 16 Tissue DNA purification kit (Promega), 

into a Maxwell® 16 System, as described in the literature.(227) 

Addittionally, the DNA extraction directly from river water was conducted using samples 

provided by water centrifugation, precipitate washing and homogenization in 200-500 µl TE 

buffer, according to details at topic 2.3. The environmental DNA (eDNA) was extracted by using 

DNeasy PowerSoil® Kit (QIAGEN) and the final elution step included 100 µL ultra-pure water. 

The D sampling site was sampled in triplicate in the purpose of confirming the efficacy of Power 

Soil Kit to extract environmental DNA. Thus, after water centrifugation, the precipitate had the 

DNA extracted by using: DNeasy PowerSoil® Kit (PS), Mini Spin DNA Extraction Kit KASVI 

(K), according to manufacture recommendations, and the additional phenol-chloroform 

extraction, following literature recommendations.(246) Further comparison among these methods 

included DNA concentration and purity examination through an UV absorbance-method 

(Nanodrop 2000 Spectrophotometer, Thermo Scientific), and an amplification reaction searching 

Acanthamoeba 18S rDNA by using DNA templates provided from each method. Then, samples 

were stored at – 20 º C until its usage in polymerase chain reactions (PCRs). 

 

2.5.2 PCRs, molecular cloning and Sanger sequencing 

 

Polymerase chain reactions (PCRs) carried out at the present study embraced two main 

purposes:  amplification of FLA genes to further genotyping environmental samples (I), and PCR 

reactions for molecular cloning confirmation (II). First (I), the DNA extracted from either NNA 

culture samples or directly from the river water microbiota, was used as input of PCRs by 

searching FLA genes amplification. The current literature uses 18S ribosomal RNA (18S rRNA) 

as a highly conserved region suitable to amplifying FLA group (153), as well as to identify 
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genus-specific, as shown to Acanthamoeba (121,247) and Vermamoeba identifications. (60,125) 

Regarding the genus Naegleria, PCRs  commonly included primers flanking the ITS rRNA 

region, as shown in a 2018 review authored by the PhD student shedding light on the preference 

for ITS1/5.8S/ITS2 rRNA regions rather than 18S rRNA to Naegleria molecular characterization. 

(39)  It consisted of a set of clinical and environmental molecular investigations targeting 

Naegleria (Appendix I, Fig. 1). The entire list with primer pairs selected to perform the molecular 

characterization of samples isolated in Monjolinho River is summarized in Table 2.3: 

 

Table 2.3 - List of primer pairs used on FLA molecular searches addressed on this thesis. The PCR cycling details include: 
including annealing T ºC; extension time; and the nº of cycles.  

Target Gene/regio

 

Primer pairs  5’-3’ sequence PCR cycling 

details 

Reference 

FLA  

18S rDNA 

 

AmeF977 / 

AmeR1534 

GATYAGATACCGTCGTAGTC / 

TCTAAGRGCATCACAGACCTG 

55ºC;1min;34x (24) 

  

Acanthamoeba 

(spp e ss) 

CRN5 / 373r CTGGTTGATCCTGCCAGTAG / 

TCAGGCTCCCTCTCCGGAATC 

51ºC;1min;34x (121,248,2

49) 

  

JDP1 / JDP2 

 

GGCCCAGATCGTTTACCGTGAA / 

TCTCACAAGCTGCTAGGGAGTCA 

56ºC;1min;35x (121,250) 

  

Naegleria spp. 

(spp) 

ITS 

 

VeergsF / VeergsR GAACCTGCGTAGGGATCATTT / 

TTTCTTTTCCTCCCCTTATTA 

50ºC;1min;34x (229,251) 

      

Hartmannella  

(ss) 

18S rDNA 

 

HARTF / HARTR GGAGGGCAAGTCTGGTGCC / 

GCCCGGAGAGTCATCCATG 

54ºC;1min;34x (125) 

Source: By the author.  

 

The primers listed in table 2.3 cover global FLA amplifications using the 

AmeF977/AmeR1534 target, asides a diversity of genus-specific primers to amplifying expected 

FLA genera, normally indicated by morphologically based evidence. Particulally, the JDP1/JDP2 

primer pairs are recommended in the literature (250) due to amplifying a region termed 

diagnostic fragment 3 (DF3), elucidative to distinguish between Acanthamoeba genotypes. All 

primer pairs, commercially obtained from Sigma-Aldrich, were solubilized in TE buffer and use 

solutions were prepared at 10 µM primer concentration. The corresponding annealing 
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temperature was adjusted according to their melting temperatures (Tm), and the elongation time 

in accordance with the expected size of amplicon (Table 2.3, Column PCR cycling details).  

The remaining PCR cycling condition and the concentration of reagents into PCR reaction 

mixtures followed the polymerase enzyme requirements. Experiments at USP were conducted 

with Taq Pol High Fidelity Master Mix 2X Red (Cellco), and at ULL with AmpONE™ α-Taq 

DNA polymerase (ThermoFisher Scientific). Overall, it has been used about 200 ng DNA 

template, 200 nmoles FW and RV primers, 1x Taq reaction buffer (2.5 mM MgCl2), 200 µM 

deoxynucleoside triphosphate (dNTP) mix and 1U enzyme/10uL reaction volume. Reactions 

were carried out using a T100 Thermal Cycler (BIO-RAD) and an Arktik thermal cycler (Thermo 

Scientific), respectively at USP and ULL. The control samples were composed of the DNA from 

both commercial strains Naegleria gruberi (ATCC 30224) and Acanthamoeba castellanii Neff 

(ATCC 30010) to positive controls, and the DNA‐free water to the negative control. 

DNA products were examined in 2% agarose gels, 80 V, 400 mA for about 1.5 hours running 

in 1x TE buffer. At USP it involved SYBR Safe‐stained agarose gels and, and at ULL, GelRed-

stained gels. At ULL the downstream pipeline encompassed PCR product excision and 

purification from agarose gel by using Agarose Gel Extraction Kit (Jena Bioscience) for cases in 

which double bands appeared in the same agarose lane indicating a diversity of species/genus. 

For those cases with a single band, products were directly prepared to sequencing. Both DNA 

samples, purified from agarose, or directly taken from PCR products, were examined by Sanger 

sequencing as a third-party service performed by Macrogen Spain Company. At USP, the 

downstream pipeline included excision and agarose band purifying with either Agarose Gel 

Extraction Kit (Cellco Biotec) for double band visualization or PCR Purification Kit (Cellco 

Biotec) for DNA purification directly from PCR solution.  

Regarding to molecular cloning assays (II), it included PCR amplicon ligation, 

transformation, and positive colonies screening by PCR confirmation. The ligation was 

performed into pJET 1.2/blunt cloning vector using the T4 DNA ligase, provided by CloneJET 

PCR Cloning Kit (Thermo-Scientific), following manufacture recommendations. Next, the 

ligation product was transformed into E. coli cells, chemically competent prepared according to 

literature recommendation.(252) Colonies resultant from the transformation were randomly 

collected from the Luria-Bertane (LB) agar plates and seeded onto 5 ml LB, liquid medium, until 

reached a mid-log growth. Cells were centrifuged for 14000 rpm, 1 min, and the last cycle was 
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repeated until precipitating the total 5 ml inoculum. Precipitate DNA was isolated with Fast-n-

Easy Plasmid Mini-Prep Kit (Cellco Biotec) and used as a template onto investigative PCRs in 

which the DNA was flanked by the vector´s primer. PCR products were analyzed in 1.5% 

agarose gel, target bands were purified and sequenced in a 3130 Genetic Analyzer (Thermo 

Scientific), Sanger method, as a third-party service at Molecular Biophysics Groups (IFSC-USP-

Brazil).  

 

2.6 Data Analysis 

 

The analysis of the data resultant from the methodology described in topics 2.1 to 2.5 

encopmassed a diversity of computational tools summarized in Figure 2.4.  

 

 
Figure 2.4 - Overview on data analysis software and computational tools used along this thesis. 
Source: By the author. 
 

2.6.1 Study of area - mapping sampling sites 

 

To each sampling site targeted on this thesis, the corresponding UTM coordinates were 

integrated with the Monjolinho River basin digital cartography through a Georeferenced 

Information Processing System (SPRING 5.5.5). SRING is a Geographic Information System 

(GIS), created by the National Institute for Space Research (INPE). The original river basin map, 

available in the Center of Scientific and Cultural Diffusion (CDCC/USP) collection, was 
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processed with SPRING software to image vectorization, georeferencing and insertion of 

sampling site coordinates as graphical objects associated to the hydrography. Processing details 

were performed as documented in the SPRING official guideline. (253)    

 

2.6.2 Image analysis 

 

Ligh and scanning micrographs provided from the morphological characterization process 

were examined for processing, visualizing, scaling, and exporting images. The NIS-Elements and 

the LAS EZ Version 3.4 imaging software were applied to staining slides visualization, and fresh 

mounts preparation, respectively. Scanning electron microscopy images were recorded with 

SMile View™ Map. Additionally, FIJI image software (254) had been used as a complementary 

approach to digital processing, scaling images normalizing and time-lapse studying (Fig. 2.4, 

STEP 2.6.2).  

 

2.6.3 Sanger sequencing related bioinformatics 

 

Regarding Sanger sequencing data analysis, resultant chromatograms were carefully 

examined with a sequencing analyzing tool, SnapGene Viewer version 4.1, to recognize forward 

(FW) and reverse (RV) primers and to sequence quality checking, as illustrated in Figure 2.5.  
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Figure 2.5 – Analysis of chromatogram and Sanger sequences in SnapGene Viewer. Forward (A) and reverse (C) chromatogram 

files. Corresponding forward (B) and reverse (D) snap gene-based representations. Low and high-quality regions 
are shown in red and green boxes, respectively.   

Source: By the author. 

 

As represented by target sequences termed N4G2, in Fig.2.5, low-quality regions were 

identified (Fig. 2.5, red boxes) to be removed from both strains. As well, nucleotides upstream to 

primer markers (Fig. 2.5, green flags) were removed. Next, curated N4G2 forward and curated 

N4G2 reverse strands were merged to create a consensus sequence, as shown in Figure 2.6. 
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Figure 2.6 - Bioinformatic pipeline with Sanger sequencing data – creating consensus sequence (2). A – generating reverse-

complement of N4G2_reverse.primer sequence. B – Building consensus sequence. 
Source: By the author. 

 

The consensus sequence was created by identifying the overlapping region between both 

sequences shown in B step (Fig. 2.6). Consensus sequences were used as query within BLASTn 

(Basic Local Alignment Search Tool nucleotide) platform, seeking against either all eukaryotic 

nucleotide sequences available in National Center for Biotechnology Information (NCBI) 

database, or against amoeba filtered searches. Additionally, the SnapGene software was used to 

predict amplicon sizes and to guide the interpretation of PCR results.   

 

2.6.4 Phylogeny 

 

The target Sanger sequencing results, along with reference homologs, whose FASTA data 

was downloaded from GenBank, were carefully examined to define phylogenetic relationships. 

Alignments were obtained by using the ClustalW software (255) in which 20/0.1 and 15/6.66 
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were selected to gap opening/extension for the pairwise and multiple alignments, respectively. 

Next, alignment outputs served as the seed in the Molecular Evolutionary Genetics Analysis 

(MEGA version 7.0) program to access taxonomic assignments. Most reliable phylogenetic trees 

were drawn in accordance with the literature recommendations emphasizing data analysis 

treatment by using MEGA.(256) 
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Chapter 3 Results and discussions 

Scanning electron microscopy of Naegleria gruberi cyst with a suggestive pore (left side).  

Source: By the author. 
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3.1 Area of study and physicochemical properties of water  

 

3.1.1 Area of study and physicochemical properties of water – RESULTS 

 

Monjolinho River study of the area was composed of five collection sites, graphically 

represented as follows:  

 

 
Figure 3.1 - Georeferenced cadastral map of Monjolinho River basin. Red circles (sampling sites A to E), light blue line (main 

course of the river), orange line (basin limit), grey dashed portion (urban area of São Carlos city). Sampling sites A 
to E also denote the order of sampling. WWTP - wastewater treatment plant. 

Source: By the author. 
 

Figure 3.1 illustrates the Monjolinho River sampling sites targeted at the present research in a 

cadastral map created with SPRING software (section 2.6.1.). At the rectangle corners of the 

Monjolinho basin are displayed the coordinates corresponding to the universal transverse 

Mercator system. The recorded geographical positions of each sampling site were: A (22° 0ʹ 

2.87ʹʹ S, 47° 50ʹ 8.96ʹʹ W), B (21° 58ʹ 40.6884ʹʹ S, 47° 52ʹ 25.50ʹʹ W), C (21° 59ʹ 45.40ʹʹ S, 47° 
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54ʹ 6.32ʹʹ W), D (22° 0ʹ 52.41ʹʹ S, 47° 55ʹ 26.65ʹʹ W) and E (22° 1ʹ 34.92ʹʹ S, 47° 57ʹ 26.29ʹʹ W). 

Shown in red circles, letters A to E also denote the order of sampling accompanying the light 

blue route from which the river flows. Additionally, Monjolinho hydrographic limit (orange line) 

was highlighted to clarify the extension of the basin in comparison with the dashed urban area of 

São Carlos city. This representation (Fig 3.1.) illustrates to what extend Monjolinho hydrography 

is linked with the total area targeted by A to E sampling sites. Photographs taken while 

performing the water sampling process demonstrated the typical landscape encountered in each 

location (Figure 3.2). 

 

Figure 3.2 - The environmental landscape of the sampling sites A to E throughout Monjolinho river samplings.  
Source: By the author.   
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In Figure 3.2, headwaters and rural vegetation are typical of the first sampling ambient 

(Fig.3.2, A1). Once placed in a non-urban area, it was remarkable along the route, areas of 

agricultural livestock practices benefiting from the river as a source of water. B sampling site is 

located at a peri-urban area and, at upstream of sampling collection (Fig 3.2, B), the river course 

flows en route to Ecological Park of São Carlos, a zoo in which the river water and animals are in 

direct contact. Next, the C sampling site is located within an urbanized area as shown in both Fig. 

3.2, C1 and C2, and Fig 3.1, sampling site C. It is surrounded by five neighborhoods, and is 

enclosed to the University of São Paulo, São Carlos campus. The D sampling site is placed at a 

peri-urban area and it is a stream impacted by domestic sewage (Fig. 3.2, D1). It is located 

upstream of a wastewater treatment plant (WWTP), and the subsequent E sampling site is placed 

downstream of WWTP (Fig 3.1), a rural area with forest fragment in its surroundings (Fig. 3.2, 

E.1). These sampling sites were analyzed, in situ, towards the assessment of physicochemical 

parameters of water with the aid of Horiba device (Fig. 3.2, A2, B2, C3, and D2). Values 

recorded to both 1st and 2nd samplings are summarized in Table 3.1.  

 

Table 3.1 - Physicochemical properties of water obtained in the Monjolinho River by using a multiparameter analyzer, Horiba 
U10. Red numbers highlight the highest and lowest OD and conductivity values, respectively. Columns present four 
variables, examined into the first (1st) and the second (2nd) surveys. SS refer to the sampling sites. 

SS 
Dissolved oxygen 

(mg L-1) 
Conductivity   
(µS/ cm-1) 

Water temperature 
(°C) 

pH 

 
1

st 2
nd  1

st 2
nd 1

st 2
nd 1

st 2
nd

  
A 9.11 10.27 8 32 17.8 20.35 6 5.87 
B 9.07 10.06 25 42 18 20.96 5.67 5.76 
C 8.2 9.48 69 100 19.3 21.65 5.83 4.84 
D 5.21 7.6 446 544 21.8 23.97 7.08 6.98 
E 5.13 6.98 221 243 20.9 23.03 6.85 6.95 

Source: By the author. 

 

 Overall, the results obtained from the first sampling did not exhibit remarkable fluctuation in 

comparison with the second sampling (Table 3.1, columns 1st and 2nd), with exception of water 

temperature. Values highlighted in red indicated limnologic properties that exerted an important 

role as discriminators of sampling points. Conductivity and dissolved oxygen features enabled to 

differentiate all sampling points in which more significant variations were observed to the last 
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sampling sites (D and E). Whereas the remaining variables, water temperature, and pH, presented 

values that kept reasonably constant. The entire discussion in regard of abiotic characterization of 

water is presented below. 

 

3.1.2 Area of study and physicochemical properties of water – DISCUSSION 

 

Results presented above, regarding the Monjolinho basin area of study, illustrated five 

sampling sites composed of forested and urban areas. The latter gathers effluents under 

anthropogenic activity impacts, as shown in Figure 3.2. Once the Monjolinho River watershed 

dimension embraces São Carlos city and thirteen neighboring districts,(257) the examination of 

FLA presence undertaken at the present research in a local scope can exert impacts to a major 

extent. From a perspective of water flow along meanders of the river, the general influence of A 

to E sampling sites is represented by branched lines originated from the light blue watercourse 

(Fig 3.1). The information provided in both Figures 3.1 and 3.2 clarifies the diversity of sampling 

sites in regard to its location (rural, peri-urban and urban), vegetation structure, and human 

involvement with distinct habitats. The intense anthropogenic activity that comes from these 

urbanized regions exerts high impacts on the water system, mainly due to domestic and industrial 

sewage. (257-258) 

The results obtained from the lymnological evaluation of the five sampling sites 

reinforced the human impact in freshwater, according values displayed in Table 3.1. The 

electrical conductivity parameter reflects the total ion concentration,(125) and D sampling site 

exhibited the highest conductivity values, immediatlly followed by the E sampling site. This 

observation is coherent with the relative position of these sites within the river basin and is 

consistent with being highly impacted by domestic sewage discharge received from the upstream 

urbanized area (Fig 3.1). Water quality studies demonstrated that wastewater effluents provoke 

an increasing concentration of organic compounds dissolved in the water and lead to a 

consecutive high ionic load that raises electrical conductivity values. (259) Not only sewage but 

also agriculture runoff has been stressed by ecological studies as a contributor to organic and 

chemical inflow to freshwater systems, indicated as an important agent of eutrophication 

processes. (260) In comparison with D sampling site, the lowest conductivity values recorded to 
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E sampling site are likely due to the presence of the WWTP located between both areas (Table 

3.1. and Fig. 3.1.).  

 Accompanying the increase in the conductivity, there is a concomitant decrease in dissolved 

oxygen values throughout the five sampling sites. As shown in Table 3.1, the lowest OD values 

were recorded in D and E sampling sites what is likely due to the higher levels of organic matter 

in decomposition linked with intense oxygen consumption by the microbiota present and a 

consecutive decrease in oxygen availability, as reported by Verani and collaborators in 2015. 

(257) Likewise, studies demonstrated that sewage discharge, and agriculture practices, mainly 

due to the use of fertilizers have been responsible for the OD decreasing and the growth of 

microorganisms in the water.(261) Thus, based on the aforementioned reports, the lowest OD 

values recorded to both D and E samples suggest high nutrient content in the water system, 

therefore indicative of anthropogenic effects. Although in the present study the chemical analyses 

of organic and inorganic compounds (e.g.: total organic carbon, phosphate, and nitrate) was not 

performed, these analytes are very elusive to determining water quality. (261) Afterwards, the 

literature has been statistically interpreting this chemical analysis along with the canonical 

physicochemical parameters by using principal component analysis (PCA) and partial 

redundancy analysis (pRDA). (169,262-263) 

Limnological parameters of freshwater systems have been compared against Brazilian 

regulations concerned with establishing standards to classify water bodies according to its 

quality, ecological status, availability as drinking water supply, risks to human health, and human 

impacts acting in the aqueous ecosystem. In this regard, the Resolution No. 357/2005 is one of 

the most commonly assessed documents, provided by the National Environmental Council 

(CONAMA). (224,260,262,264-265) This resolution classifies water bodies in four levels of 

environmental quality, in which the level 1 defines the water as highly pure and suitable for 

several purposes including human water supply, after a mild disinfection process. In the opposite 

extreme, water bodies with the level 4 represent poor quality of water, harmful to microbiota and 

also unsuited to human use, even after severe disinfection procedures. (224) Sites D and E are 

classified as water level 3 in the first sampling. From the second sampling, both sites are 

classified as level 2, indicating a scenery less prone to microorganism proliferation. Whereas 

sites A to C were classified as level 1 in both 1st and 2nd samplings.  
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Regarding the water pH variation, both samplings ranged from neutral (7.08) to acid (4.84) 

pHs values (Table 3.1.). The increase of pH between C and D sampling sites is likely due to the 

intake of organic matter along the river in the direction of the D site, taking into account that 

higher organic matter content in decomposition leads to higher hydrogen consumption in water 

and a consequent pH increment. The lowest pH values recorded from A to C can pose a target to 

microorganism proliferation due to harmful compounds that can be dissolved in a chemically 

acidified environment. For this reason, Brazilian national regulations recommend pHs in a range 

of 6 to 9.5 as suitable values to water quality. (266) Finally, water temperatures revealed a 

fluctuation of about 3 °C from A to E sites in both sampling times. Collection routines were 

scheduled in the morning conducted in three hours from site A to E (8:50 AM – 11:02 AM) in the 

first sampling and four hours in the second sampling (8:20 AM – 01:10 PM). Thus, the 

temperature variation is likely due to the ambient effect, expressing the warming of the day 

during the sampling.  

Summing up, Figure 3.1, 3.2 and table 3.1 indicated the environmental heterogeneity from 

each sampling site and reinforced the relevance of the study in urbanized, as well as rural areas. 

After qualifying sampling sites in regard to its geographical and physicochemical classifiers, 

water river samples were evaluated regarding its microbiological content aiming to comprehend 

FLA diversity throughout the Monjolinho River, and to predict potential FLA hotspots, as 

detailed in the following 3.2 and 3.3 sections. Once the Monjolinho basin has been pointed out as 

a public freshwater supply very important to the community inhabiting its surroundings,(257) 

examining FLA as a waterborne parasite on this freshwater system was critical in this research 

assuming the hydrological scope of the studied area. 

 

3.2 Morphological examination 

 

3.2.1 Morphological examination - RESULTS 

 

The investigation of FLA presence in the river water samples included NNA agar plate 

cultures and the morphological characterization of trophozoite, flagellate, and cyst stages. The 

arsenal of microscopy techniques embraced here is summarized in Figure 3.3.  
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Figure 3.3 – Morphological based characterization of FLA isolated in Monjolinho river – a perspective of typical obtained result 

per method. White scale bar = 50 µm. Black scale bar = 10 µm. NNA – non-nutrient agar plates, SEM – scanning 
electron microscopy whose scale bar refers to 10 µm.  

Source: By the author. 
 

Inoculated NNA plates incubated at different temperatures were monitored daily by 

microscopic examination (Figure 3.3_NNA) resulted in the identification of amoeba in all five 



86 
 

sampling sites along the Monjolinho river, at both first and second sampling times. Together with 

the growth temperature, the results of NNA cultures are summarized in Table 3.2.. 

 

Table 3.2 –Amoeba growth in non-nutrient agar plates (NNA). Presence (+) or absence (-) of amoeba on agar surface; Colors 
blue, green, and red refer to growth temperatures 26 °C, 37 °C and 44 °C, respectively.  

 Samples 26 °C 37 °C 44 °C 

  Trophozoite Cyst Trophozoite Cyst Trophozoite Cyst 

1ST
 s

am
pl

in
g 

SA_1st _pure + + + +   

SA_1st _ ecoli + + + +   

SB_1st _ pure +      

SB_1st _ ecoli +      

SC_1st _ pure +  + +   

SC_1st _ ecoli +  + +   

SD_1st _ pure + + + + +  

SD_1st_ ecoli + + + + +  

SD_1st_ecoli _Ng + + +    

SE_1st _ pure + + + +   

SE_1st_ ecoli  + + + +   

2N
D
 s

am
pl

in
g 

SA_2nd    + +   

SB_2nd + + + +   

SC_2nd + + + +   

SD_2nd + + +  + + 

SE_2nd +  + + + + 

Source: By the author. 

 

The main information obtained from the data in table 3.2 is the gradual decreased of amoeba 

presence in response to the increment of temperature. Overall, amoeba growth was detected from 

four to seven days of incubation and cysts appeared within about 14 days after initiating the 

culture. In regard to the thermophilic feature here studied by including 44 °C as incubation 

temperature, among all positive samples to amoeba growth into NNA plates, solely trophozoites 

recovered at D sampling site presented the capability of withstanding to 44 °C at both 1st and 2nd 
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samplings. In addition to this, isolates from site E were also revealed to be thermophilic in the 

second sampling (Table 3.2).  

Moreover, no remarkable difference in terms of the presence of amoeba was detected 

between NNA plates coated with E.coli (ecoli) and its corresponding plate without E. coli layer 

(pure), as shown in table 3.2, 1st sampling. To deeper evaluate this observation, trophozoites 

provided from C sampling site culture (37 °C) were used as a test to analytical microscopic 

comparisons between pure and ecoli conditions, by measuring its cell dimension and moving 

rate, as described ahead.  

First, NNA plate images recorded by using an inverted microscope suggested the same 

portrait of non-distinguishable amoeba shape upon comparing both pure and ecoli NNA plate 

conditions (Figure 3.4). 

 

 
Figure 3.4 - FLA culture obtained to SC, after water filtering process and subsequent membrane seeding onto pure (A) and ecoli 

(B) NNA plates, maintained at 37 °C. SC: isolates obtained from filtering the water provided from C sampling site. 
Scale bar = 50 µm.  

Source: By the author. 

 

To perform a proper phenotypic evaluation of trophozoites encountered in pure and ecoli 

NNA plates (Figure 3.4.), analytical strategies based on cell measuring had been integrated into 

our analysis. Thus, a subset of three consecutive images per sample was recorded to measuring 

the cell dimension of trophozoites, as represented by the following example (Figure 3.5.). 
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Figure 3.5 – Process of measuring the trophozoite's greatest dimension. Micrographs of representative trophozoites from 
SC37_1st samples growing onto pure (A) and E.coli supplied (B) NNA plates. Consecutive images were examined 
accounting trophozoite shape moving whose time window comprised 0, 10, and 20 seconds, to A samples, and 0, 
15, and 30 seconds, to B samples. Scale bar: 50 µm.  

Source: By the author. 

 

One trophozoite per sample was targeted to demonstrate the cell measurement process 

revealing the slight amoeba shape variation in both time windows (Figure 3.5). This evaluation 

was made in 20 trophozoites resulting in average dimensions of 21.8 ± 0.6 µm and 22.3 ± 0.4 µm 

to pure and ecoli groups, respectively. Alternatively, the distribution of data was summarized as a 

boxplot representation in which the average of greatest trophozoite dimensions is disclosed on 

the Y-axis (Figure 3.6). 
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Figure 3.6 -  Boxplot data of 20 trophozoites´ greatest dimension measuring. Maximum, mean, and minimum dimensions are       

highlighted accompanying boxplot distributions, numbers surrounding red (A), and blue (B) boxplots. The median 
is demonstrated by the horizontal line in the middle of the boxplot and the mean by the little square inside the 
boxplot. Trophozoite dimensions refer to SC37_1st samples growing onto pure (A) and E.coli supplied (B) NNA 
plates.  

Source: By the author. 
 

Figure 3.6 demonstrated that the shape variation encountered to trophozoite population 

cultured in both pure (A) and ecoli (B) conditions was ranked in the same dimension range. 

Going further on this microscopic-based comparison, not only dimensions but also motility 

patterns exerted by trophozoites acquired in both conditions had been characterized through the 

tracking of the cell movement. By following the trophozoites movement during a time frame, 

continuous lines could be traced as shown in Figure 3.7.  
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Figure 3.7 -  Overview resultant from the tracking process of examining trophozoites´ movement onto NNA plates. 
                    Trophozoites observed from pure (A) and E.coli supplied (B) NNA plates. Scale bar: 50 µm 
Source: By the author. 
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The first type of movement has shown a unidirectional pattern (Fig. 3.7, dark blue line), and 

the second type resembles the spider-like movement (Fig. 3.7, red, light blue, and light green 

lines). Thus, by measuring the total length of lines and normalizing by 60 seconds, rates of 

movement could be estimated (Table 3.3.).  

 

Table 3.3 – Locomotion rates extracted from tracking trophozoites movement into NNA plates; Rates in µm/min.   

# measured cells Line pure (A) ecoli (B) 

G1 (Non-FLA) dark blue 111.45 ± 6.64 109.83 ± 3.23 

G2 light blue + red + light green 18.39 ±  1.92   17.93 ± 1.14 

Source: By the author. 

 

These results suggest a mixed culture, classified as group 1 (G1) and group 2 (G2). Tracking 

analysis indicated that moving rates of group 1 (G1) were about six times more rapid than group 

2 (G2) trophozoites, recorded to both pure and ecoli conditions. This pattern emphasized that 

both conditions consisted of the same FLA morphotype (G2) in coexistence with the same type 

of non-FLA microorganism (G1). To properly identify which non-FLA microorganism is G1, it 

should be isolated, its DNA extracted, and amplified by using generic eukaryote-based PCRs.  

The remaining samples provided from the 1st sampling (e.g.: SA_1st_pure and SA_1st_ecoli) 

demonstrated the same pattern in which no distinguishable FLA population was observed to pure 

and ecoli plates. Thus, trophozoites cultured on both conditions were unified before the DNA 

extraction and samples were assumed as a unified code (e.g.: the term SA_1st refers to 

SA_1st_pure and SA_1st_ecoli together). The same was adopted to those samples obtained in the 

second sampling. 

 Progressing with the microscopic characterization of Monjolinho River isolates, a 

complementary approach based on light microscopy, wet mount preparation, staining methods, 

and scanning electron microscopy was carried out, as summarized in Table 3.4: 

  

 

 

 

 

 



92 
 

Table 3.4 - Overview on the morphological characterization of FLA. SEM – scanning electron microscopy.  

 1-FLA culture 2-Trophozoite characterization 3-Cyst 

Characterization 

 4-

Flagellation 
Samples NNA plate Axenization Staining slides Wet mount SEM 

SA26°C _1st  +     +  

SA37°C _1st +     +  

SB26°C _1st  +       

SC26°C_1st  +       

SC37°C_1st  + +  +  +  

SD26°C_1st  + +  +  +  

SD37°C_1st  +     +  

SD44°C_1st  +       

SE26°C_1st  + +  +    

SE37°C_1st  + +  +    

SE44°C_1st  +       

SA37°C_2nd + +  + +   

SB26°C_2nd +  +  +   

SB37°C_2nd +    +   

SC26°C_2nd + +   +   

SC37°C_2nd +    +   

SD26°C_2nd + + + + +   

SD37°C_2nd  +  + + +   

SD44°C_2nd  + + + + + + + 

SE26°C_2nd  +  + + +  + 

SE37°C_2nd  + + + + +  + 

SE44°C_2nd  + +   + +  

Source: By the author. 

 

The way each sample had been selected to perform its corresponding morphological 

assays depended on the conditions of the culture at that particular time in which the 

methodological step was carried out. For that reason, not all samples shown in Table 3.4 were 

investigated with the full list of essays, as well listed in Table 3.4.  

 

3.2.1.1 NNA plates evaluation 

 

To confirm the positive scoring for amoeba growth, marked with “+” in Table 3.4, NNA 

plates imaging has been carefully examined and most representative results were depicted in 

Figures 3.8 and 3.9 respective to the 1st and 2nd sampling cultures.  
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Figure 3.8 - Photomicrographs of amoeba growth onto NNA plate surfaces to samples recovered from the 1st sampling in the 

Monjolinho River. Green, blue and red colors are indicative of 26 ºC, 37 ºC, and 44 ºC respectively. Scale bar: 50 
µm. 

Source: By the author. 



94 
 

 

Figure 3.8 contains representative patters of amoeba growth observed from samples 

resulted from the 1st sampling. The C sampling site is not displayed oi this Figure once it has 

been prior analyzed in Figures 3.4, 3.5, and 3.7. In regard to NNA plates imaging performed to 

samples collected in the 2nd campaign, it had been produced a similar panel than observed in 

Figure 3.8, as follows: 

 

 

(to be continued) 
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(continuation) 

 
Figure 3.9 - Photomicrographs of amoeba growth onto NNA plate surfaces to samples recovered in the 2nd sampling in the 

Monjolinho River. Green, blue and red colors are indicative of 26 ºC, 37 ºC, and 44 ºC respectively. To the sample 
SD26ºC_2nd, trophozoites usually grew attached to hyphae of fungi. Scale bar: 50 µm. 

Source: By the author. 

 

Overall, the set of micrographs documented in Figures 3.8 and 3.9 highlighted the most 

typical landscape of amoeba growth onto NNA plates encountered to those FLA isolates from the 

Monjolinho River. It emphasized two main typical forms of FLA: trophozoite stage (T) able to 

move, feed, and divide, and the cyst (C) stage able to withstand extreme environments. Cyst 

formation revealed rounded and star-like forms, both with the typical double wall (Fig. 3.8, 

samples SA26_1st and SE37_1st; and Fig.3.9, sample SC37_1st). Cultures shown in Figure 3.8 

and 3.9 were imaged after 10 days of growth with exception of sample SD44_2nd acquired two 

days inoculation in the new NNA plate in order to highlight the amoeba migration pattern (Fig 

3.9).  

Bacteria and fungi contaminations have been present on NNA cultures, as illustrated in 

Figure 3.8 (samples SD37_1st, SE_37_1st, SD26_2nd), and Figure 3.9 (samples SD26_1st, 

SD44_1st, SC37_2nd, SE44_2nd ). Thus, several subculturing steps were performed to eliminate 

the fungi and bacteria contamination, as shown in Figure 3.10. 
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Figure 3.10 – Light microscopy of the cloning step process to remove fungi (F.1-F.2) and bacteria (B.1-B.2) contaminations onto 

NNA plates. H: hyphae of fungi.F1 and B1 refer to prior plates and F2 and B2 to new NNA plates. Scale bar = 50 
µm.  

Source: By the author. 

 

 As shown in Figure 3.10, not only a decrease in fungi and bacteria contamination, as well 

as amoeba enrichment could be obtained with subculturing. With the aim of reducing as much as 

possible the contamination, this practice was extended for approximately 3 months by selecting 

areas of interest to extract amoeba (white circle, Fig. 3.10, F.1 and B.1) and replacing the agar 

pieces to fresh NNA plates (Fig. 3.10, F.2 and B.2). Although daily subculturing, this process 

was not sufficient to eliminate the contamination. The procedure was optimized by introducing a 

multidrug based treatment. Target antibiotics (penicillin and streptomycin) and antifungal 

(amphotericin B) were added to the NNA media, as described in section 2.4.1. (Methods). 

However, most cultures were sensitive to this treatment and transformed into the cyst resistant 

form or directly died without encysting. Based on this experience, new cloning steps have been 
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performed, and trophozoites harvested along passages were used for morphological and 

molecular characterization. 

 

3.2.1.2 Axenization  

 

 Resultant from cloning steps effort as a preliminary level to conduct axenization assays, 

the most cleaned areas of target NNA plates were selected, and trophozoites were harvested and 

seeded into 24 wells culture plate including those samples ranked as “+” in the axenization 

column, Table 3.4. Axenization results are summarized in Table 3.5.   

 
Table 3.5 - Axenization scheme conducted with environmental FLA amoeba samples from the Monjolinho River. T1 – T3 refer 

to antibiotic treatments. Green squares to PYG (Y) medium and coral squares to ATCC1034 (A) medium are 
indicating those samples used to prepare the culture plates (PI – PVI). Cultures transferred from plates to 12.5 cm2 
tissue culture flasks were ranked with “F”, and samples that reached axenization ranked with “X”.  

 T1 T2 T3 

 

PI PII PIII PVI PV PVI 

Y A Y A Y A Y A Y A Y A 

SD26_2nd                       

SE37_2nd                       

SC37_1st     F                 

SC_2nd                       

SE26_1st     F                 

SE37_1st                       

SD26_1st                       

SD44_2nd       F   X           

SE44_2nd       F               

Source:By the author. 

 

Table 3.5. illustrated the development of axenization assays performed with a total of six 

plates (PI – PVI) in which one plate per month, in a time window of six months, enabled us to 

observe  behaviors of target cultures in the prior assay (e.g.:PIII) and optimize new strategies to 

be adopted in the sequential attempt (e.g.: PVI). Thus, the first plate (PI and PII) combined both 

PYG and ATCC1034 mediums to the whole set of samples aiming to observe any medium 
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preference during one month culture observation. Each well was monitored daily in EVOS® FL 

Cell Imaging System with a representative result revealed in Figure 3.11.  

 

 
Figure 3.11 - Micrograph of trophozoites from SD26_2nd sample cultured onto 24 cell culture plate with ATCC1034 for the                                                 

purpose of axenization.  
Source: By the author. 

 

Although continuous effort with cloning steps routine, the most common issue hampering 

the progress of amoebic proliferation, regardless of the choice of medium, was the bacteria 

contamination, as exemplified in Figure 3.11. Therefore media contamination was intrinsic of 

removing trophozoites from NNA plates, a process that carried contamination in the agar block. 

Thus, three distinct treatments were designed aiming to solve the issue, in which T1, T2, and T3 

comprised:  

(T1) Canonical culture mediums, ATCC1034, and PYG, with additional 10 µl/well of 

multi-spectrum antibiotic PANTA™ Antibiotic Mixture, BBL™ MGIT™ to bacteria 

contaminated wells and amphotericin B, 5 µg/ml, to fungi-contaminated wells;  

(T2) Canonical culture mediums, ATCC1034, and PYG, with additional 10 µl/well of an 

antibiotic mix (100 U/ml Penicillin plus 100 µg/ml Streptomycin) to bacteria contaminated wells; 

 (T3) Modified ATCC 1034 and PYG culture mediums, both prepared without antibiotic 

adding.  
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A common routine for all treatments included careful washing six times each well with 

fresh medium to remove the previous contaminated medium. In the last washing step, 

antibiotics/antifungals were added regarding or T1 either T2 treatments. Some results revealed 

bacteria eliminating with coincident amoeba death, a similar behavior observed to isolates 

cultured on NNA plates supplied with antibiotics. Often, other cases have shown bacteria 

persistence due to its antibiotic resistance. The third attempt (T3) was aimed to enhance amoeba 

growth for those cultures sensitive to antibiotic treatment (plate IV).  

From T1 to T2, four cultures revealed promising to be replaced to 12.5 cm2 culture flasks 

with 5 ml medium (Table 2, letter F). Cells were detached with a scraper, replaced to culture 

flasks, and daily examined. Along one week of culturing, SD44_2nd could be successfully 

axenized, enabling its freeze preservation in cryovials with FBS:DMSO (9:1). Although 

treatments T1-T3 somehow revealed improvement of amoebic growth in initial days of treatment, 

what allowed selecting samples to transfer to liquid flasks (F), after a couple of days, it resulted 

in bacteria contamination or amoebic density decreasing. Taking account that cloning steps have 

been exhaustively performed to remove bacteria/fungi from NNA plates prior to seed axenization 

plates, it was observed a growth pattern of days without contamination interspersed with days in 

which contamination reappeared to most of samples listed at Table 3.5. Thus, it was prepared a 

wet mount slide with SE26_1st sample to evaluate the quality of samples. Figure 3.12. displayed 

an interesting scene. 
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Figure 3.12 – Photomicrographs of an environmental FLA isolates recovered from an axenization plate.The sample, SE26_1st, 

suggests amoebic resistant bacteria presence living intra-FLA. 
Source: By the author. 

 

Figure 3.12 revealed that intra-FLA bacterial content is the most reasonable evidence for 

the difficulty of reaching axenic cultures with most of the FLA isolates targeted here. Although 

most samples did not work in an axenic system, target samples could be further investigated 

through slide microscopy, as documented ahead. 

 



101 
 

  

3.2.1.3 Morphology of free-living amoeba 

 

The first morphological study carried out with FLA isolates included the measurement of 

the greatest trophozoite dimension into NNA plates. A total of 20 trophozoites has been 

randomly sampled per image, and its greatest dimension was monitored on three consecutive 

images concerning the diameter fluctuation due to amoeba locomotion, exactly as previously 

reported to C sampling site standardizing tests (Figure 3.5). Measures were graphed in a boxplot, 

as shown in Figure 3.13.  

 

 
Figure 3.13 – Boxplot of trophozoite greatest dimensions evaluated into NNA plate images. Boxplot colors are indicative of FLA 

genera: Naegleria, Acanthamoeba, Stenamoeba, Hartmanella, and Vannella. Red and blue colors, in the 
micrographs, represent 44°C and 26°C respectively. Scale bar = 50 µm. The statistic is based in ANOVA and Post 
hoc (Tukey) tests considering a p-value<0.01. 

Source: By the author. 
 

 

Figure 3.13. depict the typical range from about 11 to 35 µm to all trophozoites 

encountered in the Monjolinho river samples, here represented by five NNA cultures belonging 

to the FLA genera Naegleria, Acanthamoeba, Stenamoeba, Vannella, Hartmanella (= 
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Vermamoeba) whose molecular characterization, as detailed in section 3.3, allowed to confirm 

the morphological findings. Another observation in Figure 3.13. is the overlap of trophozoite 

dimensions, as shown for Stenamoeba, Naegleria and Hartmanella, accompanied by a 

morphotypic divergence between the outline of each corresponding trophozoites. The statistical 

analysis proved that there is no sisgnificative divergence between the dimensions of the 

aforementioned genera once they are all placed as group “a”. Thus, cyst morphology studies were 

included to clarify the issue, as shown in the Figure 3.14. 

 

 
Figure 3.14 - Boxplot of cyst diameter ranges evaluated into NNA plate images. are indicative of FLA genera: Naegleria, 

Acanthamoeba, Stenamoeba, an d Hartmanella. Red and blue colors, in the micrographs, represent 44°C and 26°C 
respectively. White and black scale bars refer to 50 µm and 10 µm respectively. The statistic is based in ANOVA 
and Post hoc (Tukey) tests considering a p-value<0.01. 

Source: By the author. 

 

The results in Figure 3.14 clarify the morphotype distinction among the genera Naegleria, 

Stenamoeba and Hartmanella as they have been placed into distinct diameter ranges, as well as in 

three statistically divergent groups a, b, and d, respectivlly. It is observed that 50% of 
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Hartmanella data has 5 µm diameter, whereas Naegleria ranged from 7.5 – 10 µm and 

Stenamoeba ranged from 10-12.5 µm (Figure 3.14). Another observation provided from Figure 

3.14. is that Vannella has no identifiable cyst formed, regardless of the method tested (non-

nutrient agar plates imaging, staining and wet mount slides). However, we argue that several 

details may not be detected and could be observed with more accurate techniques as wet-mount 

and staining slides imaging, as illustrated in both. Figure 3.15 and the subsequent Figure 3.16. 
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The major finding shown in both Figure 3.15 and 3.16 is the largest boxplot ranges 

provided from NNA plate measurements, in comparison with the remaining staining and wet 

mount techniques. For instance, Naegleria trophozoites dimension has shown lower length 

ranges by staining method and wet mount compared to NNA ranges (Fig. 3.15). Exceptions to 

this pattern are seen to Hartmanella and Filamoeba (Fig. 3.15).  The Hartmanella results 

provided equivalent dimension values observed to all of them, NNA, staining, and wet mounts 

(Fig. 3.15). The Filamoeba case is lacking of NNA imaging characterization, as well as staining 

method, once its presence was detected later in a sample previously characterized as Vannella, 

SD26_2nd, both presented in Figure 3.15. It reveals an example of mixed FLA culture outgrowing 

in a unique sample, here termed as α and β to distinguish both genera Vannella and Filamoeba 

respectively. Moreover, cyst based investigation illustrated in Figure 3.16 reinforced the 

divergence among these samples, since no cysts were found in Vannella samples.  

Overall, Figures 3.15 and 3.16. show the morphological diversity regarding pseudopodia, 

hyaloplasmic projections, and cyst wall, among other features informative to identify each FLA 

genera. Therefore, the following sections are devoted to the description of FLA morphology 

isolated from the Monjolinho river. 

 

Free-living amoeba characterization – Naegleria genus 

 

Morphological characteristics typical of type N isolates are summarized in Figure 3.17. 

based on staining slides, wet mount preparations, and scanning electron microscopy results. 
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Figure 3.17 – Morphology of Naegleria isolates - trophozoites (A-E) and cysts (F-L). Light microscope techniques 

include wet mount slides (A,B,G,J) and methylene blue staining slides (C,F,I,K, L, M). Scanning electron 
microscopy images (D,E,H). Excystation process is represented by pre excistation stage (L) and initial 
excistation stage (M). ps – pseudopodia, h –hyaloplasm, w – cyst wall, eruptive lobopodia (el), p – pore,  g 
– granuloplasm, ed – endocyst, ec – ectocyst. Isolates registered on this panel belongs to NNA cultures 
respective to SE44_2nd (A,C,F,G,H,K,L,M,J) and SE37_2nd (B,D,E,H). Scale bar = 10 µm. Based on 
ITS1/5.8S/ITS2 rDNA sequencing data, SE37_2nd and SE44 _2nd corresponded to Naegleria australiensis.  

Source: By the author. 
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Figure 3.17. illustrates the main morphological features considered for the identification 

of a Naegleria genus isolate. The most evident cellular structures are: eruptive lobopodium (Fig 

3.17 - A, B, D and E), posterior uroidal zone (Fig 3.17 - C and E), an elongated amoeba shape 

during locomotion (Fig 3.17 – C to E), and double-walled cysts (Fig 3.17 G, I and J) with pores 

(Fig 3.17 - F, H, I, K and L). Moreover, the hyaloplasm and granuloplasm areas are evident in 

which the latter contains all organellar content as the vesicular nucleus (n) and contractile 

vacuole (cv). 

Although Figure 3.17. illustrated methylene blue stained slides, a prior evaluation, 

including eosin and hematoxylin stains, was carried out to both life cycle stages, trophozoites and 

cysts, as shown in Figure 3.18. 

 

 
Figure 3.18 - Stained trophozoites (A-C) and cysts (D-F) of Naegleria observed through light microscopy images. Comparison 

among Eosin (A and D), Hematoxilin-Eosin (B and E) and methylene blue (C and F) stains. Annotations refer to 
nucleus (n), double wall (dw), contractile vacuole (cv), hyaloplasm (h). Trophozoites recovered from SE37_2nd 
NNA plate culture.  Scale bar = 10 µm. 

Source: By the author. 
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Figure 3.18 shows that the different staining methodologies do not reveal additional 

representative features. This analysis enabled us to use all staining options without any 

preference among them. 

The genus Naegleria also exhibited the flagellate form, resultant from the enflagellation 

test, described in section 2.4.2. The results are summarized in Figure 3.19. 

 

 
Figure 3.19 - Light microscopy of flagellate forms typical of Naegleria isolates, sample SE37_2nd (N. australiensis). Methylene 

blue stained slides. Scale bar: 10µm. Biflagellates (A,B,C,D,E,H) and tetraflagellates (F,G). Annotations f1-f4 
refer to flagellate numbers; n- nucleus; and cv – contractile vacuole.  

Source: By the author. 
 

From the samples submitted to enflagellation experiments as listed in Table 3.4 (page 95), 

only SE37_2nd was successfully transformed into amoeboflagellates, consisting of biflagellate 

and multiflagellate forms. As shown in Figure 3.19, B - E, the nucleus is often positioned near the 

flagella and the contractile vacuole is observed in the opposite to the nucleus. Both are important 

to differentiate Naegleria from the remaining Heterolobosea amoeba-flagellates. After molecular 

characterization, the SE37_2nd sample has been identified as N. australiensis. The isolates that 

did not succeed to form flagella were identified as Vermamoeba vermiformis (SD44_2nd) and 

Naegleria phillippinensis (SE26_2nd). 
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Free-living amoeba - characterization of Acanthamoeba 

 

Figure 3.20 summarizes the characteristics of Acanthamoeba genus. 

 

 
Figure 3.20 - Morphology of Acanthamoeba isolates - trophozoites (A-D) and cysts (E-H) observed with wet mount 

preparations. Annotations are highlighting contractile vacuole (cv), nucleus (nu), pseudopodia (ps), hyaloplasm 
(h), ectocyst (ec), endocyst (ed), acanthopodia (a), and opercula (o). The isolates belong to the samples 
SC37_1st (C-E) and SE26_1st (A, B, G, H). Based on 18 S rDNA sequencing data, SC37_1st corresponds to 
Acanthamoeba hatchetti and SE26_1st to Acanthamoeba spp. T4 genotype. Scale bar = 10 µm. 

Source: By the author. 
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Trophozoites have shown the branched aspect of pseudopodium, with subpseudopodium 

protuberances that arose from the hyaline zones (Fig. 3.20, A - D), clearly differing from 

monopodial pseudopodium seen in Naegleria morphology (Fig. 3.17, A - C). The cyst walls of 

Acanthamoeba isolates have shown a wrinkled ectocyst, as in Figure 3.20 (E - H). An opercula is 

visible in those cysts whose ectocyst (ec) and endocyst (ed) contact each other (Fig. 3.20, E). 

Moreover, cysts ranged from round (r), square (sq) and star-like (st) shapes, Fig. 3.20, E and G. 

Likewise, empty (em) cysts were identified in those G and H micrographs (Fig. 3.17). 

 

Free-living amoeba characterization – Hartmanella genus 

 

The morphology of Hartmanella (= Vermamoeba) genus is illustrated in the following 

Figure 3.21: 

 

 

(to be continued) 
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(continuation) 

 
Figure 3.21 - Morphology of Hartmanella isolates - scanning electron microscopy (A and B) and light microscopy (C-J) 

overview. Trophozoites (C-F) and cysts (I and J) were examined through methylene blue stain (C-E), eosin stain 
(F) and wet mount preparations (I and J). Dividing (d) trophozoites are depicted in micrograph F. Annotations 
are highlighting contractile vacuole (cv), nucleus (n), hyaline cap (h), granuloplasm (g), dividing cell (d), actively 
moving (m) and non-actively moving (nm) cells; spherical (sp) and ovoid (o) cysts. The isolates belong to the 
sample SD44_2nd and, based on 18 S rDNA sequencing data, comprise Vermamoeba vermiformis. Scale bar = 10 
µm. 

Source: By the author. 
 

The Hartmanella trophzoites are elongated and monopodial while moving (Fig 3.21, C, 

D, E and H), assuming other shapes during resting periods (Fig 3.21, A, B, G, and F). Sometimes, 

lateral hyaline fronts appear before a change in direction (Fig 3.21, D). Cysts are spherical or 

ovoids, and almost three times smaller than elongated trophozoites on moving (Fig 3.21, I and J).  

 

Free-living amoeba characterization – Stenamoeba genus 

 

The morphology of Stenamoeba genus is illustrated in the following Figure 3.22. 
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Figure 3.22 - Morphology of Stenamoeba isolates - trophozoites (A-F) and cysts (G-I). E - lysed trophozoite illustrating the 

suggestive bacteria release (br). Annotations are highlighting contractile vacuole (cv), nucleus (n), hyaline cap 
(h); granuloplasm (g), ectoplasm (ec) and endoplasm (ed). Based on 18 S rDNA sequencing data, these amoeba 
isolates from SD26_1st_α sample, correspond to Stenamoeba sp.. Scale bar = 10 µm. 

Source: By the author. 
 

Trophozoites illustrated in Figure 3.22. reveal the distinction between hyaloplasm (h) and 

granuloplasm (g) zones (Fig. 3.22, C, D and F). A contractile vacuole is distinguishable in the 

granuloplasm (Fig. 3.22, B,C,E and F) and the nucleus located in the granuloplasm and 

hyaloplasm boundary (Fig. 3.22, C and F). Occasionally, a branched pseudopodium has been 

observed (Fig. 3.22, F), as well as a dactylopodia like projections (Fig. 3.22, D). Figure 3.25, F, 
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illustrates a case in which intra-FLA resistant microorganisms leads to cell lysing and the 

subsequent release to the outer environment. Cysts stage (Fig 3.25 G to I) are round with two 

visible walls. 

 

Free-living amoeba characterization – Filamoeba genus 

 

A sample of Filamoeba isolates is shown in Figure 3.23: 

  

 

Figure 3.23 – Morphology of Filamoeba isolates - trophozoites (A-E) and cysts (F-J).B - multiple arrowed trophozoite 
demostrates the density of contractile vacuoles. Annotations are highlighting contractile contractile vacuole (cv), 
nucleus (n), hyaline cap (h), granuloplasm (g), ectoplasm (ec), endoplasm (ed), furcate pseudopodium (f), 
acanthopodia-like projections (a). Based on 18 S rDNA sequencing data, these isolates from SD26_2nd_β sample, 
correspond to Filamoeba sp..  

Source: By the author. 
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General characteristics of the trophozoite stage shown in Figure 3.23. called attention to 

the presence of irregular projections  (Fig. 3.23, A - E). Although resembling acanthapodia like 

pseudopodia (Fig. 3.23, A,C and E), these projections are even finer than acanthapodia seen in 

Acanthamoeba (Figure 3.20.). Cytoplasmic content also shows numerous contractile vacuoles, 

observed in the granuloplasm of trophozoites (Fig. 3.23, B), and a central prominent nucleus can 

be easily identified (A-E). The cyst shape shows reniform (Fig. 3.23, G and J) to irregular forms 

(Fig. 3.23, H and I), uninucleated, with cyst wall separated in two thin layers, ectoplasm and 

endoplasm without the presence of pores (Figure 3.23, G and J). Cysts were also observed 

forming groups, as highlighted in Figure 3.23, F.  

 

Free-living amoeba characterization – Vannella genus 

 

Typical examples of Vannella cells can be observed in Figure 3.24. 

 

 
(to be continued) 
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(continuation) 

 
Figure 3.24- Morphology of Vannella isolates - trophozoites (A-G) and floating forms (H-I). Wet-mount microscope slides (A – 

C) and staining slides based on methylene blue (D-F and H-I) and eosin stains (G). Annotations are highlighting 
contractile contractile vacuole (cv), nucleus (n), hyaline cap (h), a split in the hyaline cap (sh), granuloplasm (g),and 
tapering pseudopodia (tp). Scale bar = 10 µm. Based on 18 S rDNA sequencing data, these isolates from 
SD26_2nd_α,  correspond to Vannella sp. genotype. 

Source: By the author. 

 

Vannella trophozoites shown in Figure 3.24 are characterized by a prominent frontal 

hyaline zone located at the side of displacement of the cell, forming an anterior line semi-circular 

front (Fig. 3.24, A-G). Cells often present a posterior extension composed of granuloplasm (Fig. 

3.24, G) and other cells seemed arch-shaped (Fig. 3.24, F) with no posterior end projection. 

Hyaline can also split into two main zones in cases of a change in the direction of the 

displacement (Fig. 3.24, A). The nucleolus is visible observed in methylene blue stained 

preparations (Fig. 3.24, D). Additionally, star-shaped floating forms were observed with long 

tapered pseudopodia (figure 3.27, H and I).  
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Table 3.6 – Comparative morphological data of the free-living amoeba genera isolated in the Monjolinho River. The values represent greatest dimensions to trophozoite and 
flagellate stages, and it represents the diameter to the cyst stage. Annotations refer to the minimum and maximum lengths (MIN-MAX), the error expresses the 
standard deviation considering a total of 20 cells measured thrice, the symbol # is indicating lines, and the symbol * indicates the highest intervals between min-max 
values associated with NNA plate measures. The colors are used to separate values by genera of FLA: Naegleria, Acanthamoeba, Hartmanella, Stenamoeba, 
Filamoeba and Vannella. 

  TROPHOZOITE CYST FLAGELLATE Samples 

 # 
MIN-MAX 

(µm) 
Average±error 

(µm) 
Method 

MIN-MAX 
(µm) 

Average±error 
(µm) 

Method 
MIN-MAX 

(µm) 
Average±error 

(µm)  

Naegleria 
(N. australiensis) 

1 
2 
3 

11.65-19.57 
11.82-23.81* 
12.22-19.88 

16.08±0.48 
17.04±0.27 
17.24±0.1 

Staining 
NNA 
wet mount 

7.73-12.14 
7.74-13.87* 
9.02-13.68 

10±0.23 
10.19±0.89 
11.05±0.39 

Staining 
NNA 
wet mount 

 

9.6-18.4 
(method:  
staining)  

 

13.62±0.58 
(method:  
staining) 
 

 

SE37_2nd 
SE44_2nd 

Naegleria 
(N. phillipinensis) 

4 13.84-22.04* 17.74±0.32 NNA 
Not a suggestive amount to collect 

measurements 
Not found SE26_2nd 

            
Acanthamoeba 
(A. spp T4) 

5 
6 

11.04-20.24* 
16.03-25 

15.17±2.15 
20.07±0.72 

NNA 
wet mount 

12.35-18.80 
12.23-19.49 

15.12±0.44 
15.17±0.58 

NNA 
wet mount 

Not found SE37_1st; 
SE26_1rt; 

Acanthamoeba 
(A. hatchetti) 

7 
8 

15.73-30.99* 
22.25-33.45 

22.32±0.52 
27.29±1.9 

NNA 
wet mount 

13.9-18.9 16.3±0.72 wet mount 
Not found SC37_1nd 

            

Hartmanella 
9 
10 
11 

12.25-21.33 
13.31-22.43* 
12.57-21.55 

16.79±0.84 
17.64±0.37 
16.80±0.94 

Staining 
NNA 
wet mount 

3.75-6.85* 
4.2-6.8 
 

4.95±0.21 
5.14±0.16 
 

NNA 
wet mount 
 

Not found SD44_2nd 

            

Stenamoeba 
12 
13 

13.12-20.08 
11.91-18.51 

17.18±0.68 
15.49±0.52 

NNA 
wet mount 

9.86-16.00 
8.03-15.49 

11.99±0.12 
11.76±0.30 

NNA 
wet mount 

Not found SD26_1st 

            
Filamoeba 14 14.88-24.04 18.34±0.89 wet mount 9.67-21.72 15.27±0.39 wet mount Not found SD26_2nβ 
          

Vannella 
15 
16 
17 

20.46-35.05 
19.41-35.19* 
20.31-29.48 

26.25±1.77 
28.56±1.2 
25.15±0.53 

Staining 
NNA 
wet mount 

Not found Not found SD26_2nα 

Source: By the author. 
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The comparative panel of FLA morphology depicted in Table 3.6 revealed that 

dimensions obtained with NNA plates analysis commonly recorded the highest length intervals, 

marked with “ * ” (Table 3.6). It is suggesting that the remaining wet mount and staining 

methods are more accurate to perform morphological characterization of cells. For instance, 

Naegleria trophozoites ranged from 12-23 µm when evaluated with NNA plate based approach 

(Table 3.6, Line 2) and from about 12-19 µm when evaluated with both methods, the wet mount 

and staining methods (Table 3.6, Lines 1 and 3).  

If comparing all amoeba stages, the trophozoites have recorded the largest ranges of 

dimensions whose variation seem to rely on the methodology employed (NNA plates, staining 

slides and wet mount). On the contrary, in general, the nearest values of diameter were obtained 

to cyst stage regardless the methodology employed. For instance, an interval of about 15 µm is 

recorded to A. hatchetti trophozoites evaluated in NNA plates (Table 3.6, Line 7), with a 5 µm of 

difference to the same stage upon wet mount preparation (Table 3.6, Line 8). However, the 

variations related to cysts ranked about 1 µm to Naegleria (Table 3.6, Lines 1-3) and 

Acanthamoeba (Table 3.6, Lines 5-7) across distinct methods. Basically, to Stenamoeba, no 

variation was remarked to the cyst averages comparing NNA and wet mount methods (Table 3.6, 

Lines 12 and 13). It indicates that the regular shape of cysts might be an informative 

discriminator to comprehend taxonomy. Moreover, the absence of cyst stage, as well as the 

presence of the flagellate stage, are both elucidative to comprehend FLA diversity. Naegleria 

genus is well known by the capability of transforming into flagellate stages, as morphological 

details documented in Table 3.6, Line 1.  

All results summarized in table Table 3.6 were provided from the manual effort of 

measuring representative micrographs by using the FIJI software, as described in section 2.6.2. 

(methods). Complementary to this, we have been working on automated detection of cysts 

towards optimizing the morphological characterization process, as detailed in the next section. 

 

3.2.1.4 Cyst characterization – automated detection 

 

The cyst diameters analyzed for Acanthamoeba, Hartmanella and Naegleria revealed that 

the shape is a useful feature that distinguishes among amoeba genera, as mentioned along 3.2.1.3. 

section. Hence, an automated method to evaluate cyst diameter is been developed,
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in collaboration with Prof. Dr. Douglas Cedrin (UFG), based on a machine learning approach, 

substituting the time-consuming and error-prone manual identification.  

Initially, the standardization of the process was made based on tests with the microscopy 

properties, as the intensity of light and gamma correction. It was performed to obtain a clear 

contrast between the background and the target cells enabling the software to detect cyst cells, as 

shown in Figure 3.25.  

 

 
Figure 3.25 –  Light microscopy of A. castellanii Neff (1) taken as example to set parameters prior to the image acquisition. 

Yellow rings correspond to automated cyst detection by the software. Scale bar = 50 µm. 
Source: By the author. 

 

Similar to Acanthamoeba example (Figure 3.25), cycles of optimization and data 

acquisition of 30 images, resulting in a minimum of 3000 cysts, were recorded to Naegleria and 

Vermamoeba whose integrated result is shown in Figure 3.26. 
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Figure 3.26 – Automated cyst diameter evaluation. A) Boxplot of cyst diameter ranges obtained trhough wet mount preparations. 

B – The sistribution of cyst diameters to A. castellanii (B1), N. australiensis (B2) and V. vermiformis (B3). In 
graphs B1 – B3, the number (#) of cysts  was divided by 1000 to compose “y” axis.  

Source: By the author. 
 

The ranges illustrated in Figure 3.26. (A) are in line with the ranges manually acquired to 

Acanthamoeba, Naegleria, and Vermamoeba cysts, observed in wet mount preparations, as 

previously documented in Figure 3.16. However, by investigating in deep each boxplot data, B 

graphs highlighted three patters of diameter distribution to a minimum of 3000 cysts per sample 

(Fig. 3.26, B1, B2 and B3). Resultant from the experimental assay conducted here with three 

representative genera, further steps will be to propagate this analysis with additional FLA targets. 

Diameter distribution graphs to distinct FLA genera obtained by this pipeline can be assembled to 
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provide an image databank useful to automated comparisons between a query and the 

information previously archive on the databank.  

The results provided from culturing trophozoites in both, NNA plates (section 3.2.1.1) 

and culture liquid mediums (section 3.2.1.2), along with the morphology of FLA documented in 

sections 3.2.1.3 and 3.2.1.4 are discussed in the following section in the light of the current 

literature.  

 

3.2.2 Morphological examination - DISCUSSION 

 

3.2.2.1 FLA culturing and correspondent morphology into NNA plates  

 

Although there is a trend in the literature to the use of NNA coated with E. coli layer, 

(25,38,46,68,267) our experiments did not reveal an improvement of the FLA growth in the 

presence of bacterial overlay. This is probably due to the abundance of bacteria already present in 

the water samples. By monitoring the presence and diversity of amoebas seeded in agar, NNA 

plate analysis (Figures 3.8 and 3.9) indicated a diversity of FLA in the Monjolinho river samples. 

Diversity in pseudopodia morphology has been observed (Figure 3.8, samples SE_26 and SD_37 

samples), as well as cyst diversity (Figure 3.8, samples SD_44 and SE_37). In regards to the 

cysts, the recorded diversity allowed inferring more than one FLA species in which a star-like 

morphology is suggestive of Acanthamoeba spp (Fig. 3.8, SE_37) and a rounded regular one can 

indicate the presence of Naegleria cysts (Fig. 3.8, SE_26). Overall, we observed cyst 

differentiation to NNA cultures whose growth reached density saturation or cultures growing on 

less hydrated agar surfaces.  

Temperature screening demonstrated  a distinct thermophilicity of the FLA isolates from 

different sampling sites, wherein solely D and E samples could withstand 44 ºC, suggestive of 

pathogenic FLA, since most thermophilic FLA strains have been related to pathogenicity (Table 

3.2, Fig. 3.8 and Fig. 3.9).  

Another observation provided from NNA plate analysis pointed out fungi and amoeba 

coexistence, in which groups of trophozoites were visualized attached to hyphae (Figure 3.9, 

sample SD26_2nd). In the literature (173) it has been proposed multiple reasons for the 

interaction between fungi and amoeba and most noticeable these interactions would be for 
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feeding purposes. Studies (59,268) confirmed that distinct fungi structures (e.g.: conidia, hyphae, 

spore) have been selected as food sources for a variety of FLA. On the other hand, there has been 

reported a diversity of fungi and bacteria that can resist to amoeba when phagocyted by them. 

(45,214,269) In the present thesis, most samples have shown a bacterial content as a background 

layer on the agar surface, and to a lesser extent, fungi contamination (Fig. 3.8 and 3.9.). We argue 

that this heterogeneous portrait is inherent of the river microbiota that persists when the water is 

filtered by a 0.22 µM pore size membrane, before seeding on NNA plates. By following the 

literature recommendation in which subculturing steps have been used as a successful approach 

leading to axenic amoeba cultures, (36) our results were indicative of fungi eliminating and 

bacteria reduction (Fig 3.10.). However, even by conducting massively passages of cloning steps, 

it was not possible to obtain axenic cultures for most of the samples, as demonstrated in the topic 

3.2.1.2. To better discuss axenization results, a special section is presented ahead. 

 

3.2.2.2 Axenization and intra-amoebic microorganisms 

 

The probable reason for cycles of bacteria re-contamination into both axenization culture 

plates and liquid flasks is the possible bacteria content living inside the amoeba, as suggested to 

Acanthamoeba (Fig. 3.12) and Stenamoeba (Fig. 3.22, E) isolates. Moreover, even using 

antibiotic based treatments, amoeba cultures kept with the suggested intra-FLA content. Only the 

SD44_2nd sample, from the Hartmanella genus, was successfully axenized. As proposed by the 

literature, (15,32) the difficulty of controlling contamination is aggravated taking into account the 

identification of more than one bacteria genus infecting amoeba strains. Some examples of 

bacteria strains already isolated from Acanthamoeba include Heliobacter pylori, known to cause 

gastric infections that can evolve to cancer, (123) Campilobacter spp. associated with human 

enteritis, (270) and Legionella pneumophila with lung inflammation complications. (271) Related 

studies demonstrated that about 20% of Acanthamoeba isolates harbor a type of bacteria. (54) 

Relevance to this intra-FLA microorganisms is the dual-threat that they can pose to human 

health, potentially worsening of diseases by combining the infection caused by the amoeba, in 

addition to the bacterial infection, as described by a Legionella infected Acanthamoeba spp. 

provoking pneumonia due to this association. (54) Such association may be advantageous to the 

bacteria by protecting it from antibacterial activities (19,104) as reported to Acanthamoeba spp. 
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co-infected with Stenotrophomonas maltophilia. (102) The bacterial community encountered as 

amoeba endocytobionts has been named amoeba-resistant bacteria (ARB) and among them, there 

are multidrug-resistant bacteria. (129,170) Among reasonable strategies proposed by the 

literature to overcome the issue, a Brazilian study (177) concerned on Acanthamoeba argued that 

transforming trophozoites to a monoxenic culture of cysts, along with micromanipulation, 

enhanced the success on obtaining amoeba in axenic cultures. 

 

3.2.2.3 Taxonomy overview of FLA isolated in Monjolinho River and its correspondence with 

the literature 

 

Morphological features were examined on this thesis based on NNA plate observations 

along with staining slides and wet mount preparations, as complementary techniques that 

demonstrated to be more accurate to reveal minor details of each FLA stage (cysts, trophozoites, 

and flagellates). Among them, cysts seemed to be more elusive to discriminate among FLA 

genera when compared to the greatest trophozoite dimensions, which revealed huge variations in 

the length according to the method of analysis.  

We propose a discussion of FLA morphology consisted of: (A) results recorded into the 

present thesis, (B) its corresponding morphology reported in the amoeba classification guide 

proposed by F. C. PAGE, and (C) additional data available in the literature that reinforced 

placement of isolates on their respective genera. This comparison is outlined here, according to 

amoeba genera. 

The main morphological characters obtained on this thesis to Naegleria genus are shown 

in Figure 3.27, in comparison with the literature findings. 

 

(to be continued) 
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(continuation) 

Figure 3.27 - The landscape of Naegleria spp. morphology based on light microscopy images acquired by the author (A), 
reported in the PAGE classification guide (B), and additional FLA literature (C1- (24); C2 – (145) and C3 - 
(272)). nh- nucleus with halo; f – flagella; p – pore. Black and white scale bars = 10 µm.  

Source: A1-A3: By the author; B1-B3: Adapted from PAGE24; C1: adapted from LIANG et al.25; C2: Adapted from INIT et 
al.143; and C3: Adapted from REYES-BATLLE et al.262  

 

The eruptive pseudopodia, which is characteristic of the locomotive activity of Naegleria 

like vegetative stage, (25,26) was visualized to all trophozoites displayed in Figure 3.27, A1, B1, 

and C1. Naegleria is termed as a “limax” amoeba in recognition to the monopodial cylindrical 

amoeba forms, according to F. C. PAGE (23), as well termed as limacine by the literature (25) 

due to the eruptive locomotion advancing in a unidirectional region. Uroidal filaments, as seen in 

Figure 3.27, A1, are structures associated with amoeba moving, posterior filaments as adhesion 

point or focal contact, (23) often accompanied by trailing filaments.(26) In the literature, (24,26) 

Naegleria trophozoites commonly ranged from 10-25 µm, and in this thesis from about 11-19 µm 

to N. australiensis (Table 3.6, Line 1 to 3) and 13-22 µm to N. phillipinensis (Table 3.6, Line 4). 

Naegleria isolates obtained on this work presented different capability of transforming to 

flagellates, in which only N. australiensis has shown the amoeboflagellate form, commonly 

biflagellates (Figure 3.27._A2). Likewise, FLA isolates from irrigation water samples (272) 

reinforced the enflagellation capability to N. australiensis (Figure 3.27._C2), as well 

demonstrated to N. gruberi strains (Figure 3.27._B2), according to the Page´s amoeba 

classification guide. (23) In the guide, (23) Naegleria flagellates normally range from 10-16 µm 

resembling the dimensions recorded on this thesis, whose flagellates ranged from 9-18 µm (Table 
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3.6, Line 1). Although N. philippinensis was included in enflagellation tests, it did not transform 

into flagellates (Table 3.6, Line 4). In regard to the resistance stage, typical features of Naegleria 

cysts comprise a double smoothed wall, pores used to amoeba excystment (Fig 3.27, A3-C3), and 

often visible nucleus with the conspicuous nucleolus.(26) In the literature, Naegleria cysts 

commonly ranged from 7-14 µm, (24) and to the present work, it ranged from 7-12 µm to N. 

australiensis (Table 3.6, Line 1). Samples of N. phillipinensis did not present a suggestive 

amount of cysts to enable its measurement (Table 3.6, Line 4).  

In regard of Acanthamoeba genus, trophozoites revealed finer projections to the outside 

of hyaline lobes Figure 3.28. (A1-C1), named spin-like protuberances, or acanthopodia. (51)  

 

 
Figure 3.28 – Acanthamoeba morphology landscape based on light microscopy images acquired in the present thesis (A), 

reported in PAGE classification guide (B) and in additional FLA available literature (C1-(273) and C2 –(218)) . 
Black scale bars represents 10µm (A1, A2) and 20 µm (C1).  

Source: A1-A2: By the author; B1-B2: Adapted from PAGE24; C1: Adapted from CHAVETTE et al.263; C2: Adapted from 
CARRIJO-CARVALHO et al.208  
 

Acanthamoeba trophozoites are well-known by a sluggish moving stile, (33) besides 

being larger and more compressed than limax amoebas. (23) Literature findings reported lengths 

of 15-25 µm to A. castellanii T4 isolate, (24) and 14-40 µm (26) to Acanthamoeba spp.. In this 

thesis, we obtained 16-25 µm to A. spp T4 and 22-35 µm to A. hatchetti (Table 3.6, Lines 6 and 

8, respectively). The pleomorphism is inherent of Acanthamoeba cysts, forms consisting of round 

and stellate like shapes, (218) whose diversity was depicted in Figure 3.28. (C2a and C2b), as 

well as illustrated in our findings (Figure 3.20, E to H). Acanthamoeba cyst diameters generally 
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ranked from 10 to 25 µm, (26) and on this thesis, it ranged from about 12-19 µm (Table 3.6, 

Lines 6 and 7). Most cysts contain evident pores, also termed ostiole, (51) that can be formed in 

the confluence of inner and out cyst walls, being closed by an opercula, (23) as shown in Figure 

3.20, E. Ectocyst and endocyst regions of contact are also named arms, always equivalent to the 

number of pores, and primary morphological based taxonomy suggested the number of arms as a 

discriminator to classify Acanthamoeba spp. into three major groups (I, II, III).(23,177,230) 

Presently, studies concerned with resolving differences within Acanthamoeba isolates have been 

using modern non-morphological based taxonomy, mainly based on 18S rDNA sequencing. 

(274) 

In regard to Hartmannella (=Vermamoeba) morphology, features are resumed in Figure 

3.29. 

 

Figure 3.29 – Hartmannella morphology landscape based on light microscopy images acquired in the present thesis (A), reported 
in PAGE classification guide (B) and additional FLA available literature (C1- (275) and C2 - (167)) . Scale bars - 
10µm.  

Source: A1-A2: By the author; B1-B2: Adapted from PAGE24; C1 and C2: Adapted from REYES-BATLLE et al.229; and 
SAMBA-LOUAKA et al.162, respectively. 

 

Vermamoeba genus, grouped as a limax amoeba, can be distinguished from Naegleria, as 

well as a limax amoeba, due to the absence of eruptive pseudopodia in Vermamoeba 

trophozoites, (23) according to Figure 3.29. (A1 – C1). Althoug secondary pseudopodium 

emissions can be seen to Vermamoeba (Fig 3.21, E and H), the monotactic moviment is more 
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common. (29) Trophozoite dimensions commonly range from 12 – 37 µm, (23) in which our data 

is compliant with, due to dimensions varying from about 12-22 µm (Table 3.6, Lines 9 to 11). 

Regarding the cyst stage, its outline can be rounded to ovoid, double layered, (241) and 

occasionally forming groups, as demonstrated in Figure 3.29 (A2-C2). In the literature, cysts 

diameters ranged from 4.4 to 9.5 µm.(33) Our results recorded min and max values of 4.2 to 6.28 

µm (Table 3.6., Line 10).  

To the morphology of Stenamoeba, the discussion does not contain data collected from 

PAGE´s classification guide, since the Thecamoebidae family, to which Stenamoeba belongs, 

(276) is not included on it. Thecamoebidae family also gathers Sappinea and other naked lobosea 

amoebas, as Techamoeba genus. (277) These are striate and rugose amoebas, discriminated by a 

lingulated or polytatic shape. (277) Stenamoeba morphology is resumed in Figure 3.30.  

 

 
Figure 3.30 - Stenamoeba morphological landscape based on light microscopy images acquired in the present thesis (A), and 

reported in FLA available literature (B1, B2 - (278)and B3, B4, B5 –(279)) . nh- nucleus with halo; contractile 
vacuole. Black and white scale bars represent 10µm.  

Source: A1-A5: By the author; B1-B2: Adapted from GEISEN et al.268; B3-B5: Adapted from BORQUEZ-ROMÁN et al.269 
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Stenamoeba moving forms are recognized with an oblong to fan-shaped outline, (278) as 

in Figure 3.30 (A1-B4). The granuloplasm of trophozoites is commonly placed in the terminal 

end of the cell, and the hyaloplasm, whose proportion can reach half or more of whole cell size, 

occupies a huge portion of the anterior area, (278) as shown in Figure 3.30., A2 and A4. 

Likewise, similar features can be seen in Figure 3.22., C, D and F. Contractile vacuole number 

(one), its corresponding position (posterior end), and nucleus position (the boundary of 

hyaloplasm and granuloplasm) registered to S. sardiniensis, shown in Fig. 3.30, B2, (278) and S. 

dejonckheerei, shown in Fig. 3.30, B4, (279) were similarly observed to the Monjolinho River 

isolates, illustrated in Fig. 3.30, A2 and A4. Moreover, dactilopodia-like pseudopodia (279) was 

identified to the literature provided isolate (Fig. 3.30, C3), as well as trophozoites collected on 

this thesis (Fig. 3.30, A3). Trophozoites greatest dimensions of 13-24 µm and 15-29 µm were 

attributed to S. sardiniensis and S. limacina, respectively. (278) Cysts are double walled and 

rounded with an average of 10 µm diameter to S. sardiniensis (278) and S. dejonckheerei. (279)  

No cysts were seen to S. limacine.(278) Our isolates ranged from 11-18 µm and 8-15 µm, 

respectively to trophozoite and cyst stages (Table 3.6, Line 13). Although we performed many 

attempts to axenizate Stenamoeba, the process was not achieved to this genus likely due to 

bacteria contamination provided from intra-amoebic microorganisms as we suggest in Figure 

3.22, E. The literature, as well as using the most suitable media to FLA growth, reported the same 

difficulty on axenization of Stenamoeba isolates.(279)  

In regard of Filamoeba, its morphology is summarized in Figure 3.31: 

 

 

(to be continued) 
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(continuation) 

 
Figure 3.31 - Filamoeba morphology landscape based on light microscopy images acquired in the present thesis (A), reported in 

PAGE classification guide (B) ,and in additional FLA available literature (C1 - (273) and C2 – (280)) . Black scale 
bars represent 10µm (A1 - A2b) and 20 µm (C1).  

Source: A1-A2: By the author; B1-B2: Adapted from PAGE24; C1: Adapted from CHAVATTE et al.263; C2: Adapted from 
PECKOVA et al.270 

 

The hyaline zone contains a large number of spine-like subpseudopodia, rather than an 

evident lobule, (277) although lobulated Filamoeba spp. have been previously disclosed to few 

cases. (23) The general outline of Filamoeba comprises irregularly shaped trophozoites, 

sometimes elongated in the posterior end (Figure 3.23, A) or semi-circular in the hyaline front 

(Figure 3.31. B1), and no clear boundary is seen between the granuloplasm and the hyaloplasm 

(Fig. 3.31, A1 to C1). The multibranched pseudopodia is suggested by the literature as 

acanthopodial morphotype,(281) or filiform subpseudopodia.(23) We observed a large number of 

contractile vacuoles (Figure 3.23, B), in accordance with the description in Page´s classification 

guide, in which trophozoites with about 15 contractile vacuoles have been noted to Stenamoeba 

isolates.(23) Cysts are ranging from circular, ovoid, or reniform, as proposed by the latest 

identification of a new Filamoeba specie, Filamoeba sinensis (280) and as well observed on this 

thesis (Fig. 3.31, A2a and A2b). Dimensions comprised intervals of 15 to 50 µm and 8 to 15 µm, 

respectively to trophozoites and cyst stages, (23) and our isolates ranged from 14-24 µm and 9-21 

µm to trophozoites and cyst respectively (Table 3.6, Line 14). 

Figure 3.32. comprises the most representative morphological features typical of Vannella 

spp.. 
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Figure 3.32 - Landscape of Vannella morphology based on light microscopy images acquired in the present thesis (A), reported 

in PAGE classification guide (B), and in additional FLA available literature (C1- (282) and C2 –(27)). Black and 
white scale bars = 10µm.  

Source: A1-A2: By the author; B1-B2: Adapted from PAGE24; C1: Adapted from DYKOVÁ et al.272; C2: Adapted from 
SMIRNOV et al.28, respectively. 

 

The hyaloplasm of Vannella trophozoites is predominantly positioned in the frontal area 

of the cell, (24) occupying 1/3 to half of cell size,(31) as illustrated in Figure 3.32. (A1-C1). Due 

to presenting flattened pseudopodia, the trophozoite outline is commonly termed fan-shaped. In 

locomotion, the hyaloplasm produces a crescent-shaped outline.(29) A remarkable feature of 

Vannella spp., is the tapering pseudopodia typical of floating forms, (23) whose outline is also 

referred to star-shaped, (31) and the length can exceed three times the trophozoite dimensions. 

(23) Our results, consistent with the literature findings (Figure 3.32, B2, and C2), depicted such 

floating form outlines (Figure 3.32, A2). Trophozoites commonly ranged from 15-25 µm length 

to Vanella spp., reported in FLA isolates from rice field samples. (24) Larger ranges were 

recorded to V. lata and V.cirrifera with 24 to 46 µm, and 25 to 55 µm, respectively. (23) Our 

results revealed Vanella dimensions of 20-35 µm to trophozoites (Table 3.6, Line 15). No cyst 
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form was observed to Vannella isolates in the present work (Table 3.6, Line 16), a result 

demonstrated in related studies.(124,273) 

In regard to FLA cysts, the proposed automated approach to detect and measure cysts (Figure 

3.26) may help to remove manual effort on qualitative evaluating cyst images, as well as to 

optimize analysis conducted with huge data sets. However, intraspecific comparisons remain a 

challenge to be overcome by the software (e.g.: the distinction between N. australiensis and N. 

philippinensis). So far, our methodology, still in progress, can be assessed as a prior step to select 

molecular targets of PCR to further access species-specific information. To a major extent, we 

expect to use the software approach to build a cyst diameter distribution dataset to be available to 

the FLA community to classify isolates onto corresponding genera and even species, based on 

cyst features. To the best of our knowledge, there is no such tool in the FLA field. Although the 

computational approach is currently in progress, we expect that investigative slides with 

unknown cysts and its distribution ranges would be compared against the diversity of portraits 

from the data bank that is being settled. Moreover, preliminary results with software development 

demonstrated to bring improvements to further morphological studies on FLA taxonomy, as it 

provided an updated strategy to report cyst diameter intervals taking into account the inner 

distribution of diameters, information unexplored by PAGE’s Classification guide. 

To sum up, the morphological features evaluated to each FLA genus along this work 

demonstrated to be potential discriminators to classify the isolates in its corresponding genera, 

even to the extent of species (e.g.: flagellation capability typical of N. australiensis). However, 

the current literature (15,46,47,227-228,230,273-274) is combining mitochondrial based analysis 

as complementary data to define FLA taxonomy, commonly accessed with transmission electron 

microscopy (TEM). Although this ultrastructural morphology analysis was not included here, the 

literature has been using transmission electron microscopy as well to comprehend the intra 

amoebic microorganisms diversity, meanly in respect of amoeba as a host to virus 

replication,(204,212,217) and amoeba as a container to fungi spore (285) and bacteria. (286) 

Moreover, interaction processes between FLA and its host during an infection onset have been 

elucidated with TEM, as to Acanthamoeba keratitis in vitro analysis.(287-288) Nonetheless, in 

the present thesis, light and electron scanning microscopy also demonstrated to be useful to 

assess distinct cell processes occurring in FLA. For instance, excystation process (Fig 3.17, M), 

floating form presence (Fig. 3.32, A2), cell division (Fig. 3.21, F), amoeba cell lysis potentially 
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evoked by microorganisms infecting trophozoites as suggested in both Fig. 3.12 and Fig. 3.22, E. 

Moreover, a diversity of amoeba shape and cysts forms could be evidenced on this thesis, and 

cell dimensions recorded to our isolates were comparable with related supporting literature as 

described in the present discussion (section 3.2.2.3).  

Morphological findings aforementioned were confirmed through complementary molecular 

investigation whose details are presented in the following topics.  

 

3.3 Molecular approach 

 

3.3.1 Molecular approach – RESULTS 

 

Initial steps to perform the molecular characterization of FLA isolates included the 

validation of the DNA extraction method by using environmental DNA (eDNA) extracted from 

the D sampling site, SD. This study enabled us to select Power Soil Kit as the most efficient 

method according to results shown in Table 3.7. and Figure 3.33.  

 

Table 3.7 - DNA concentration and absorbance rates of eDNA extracted from the D sampling site. Ratios 260/280 and 260/230 
indicate protein and acid contaminations, respectively. Values were recorded with an UV-Vis Nanodrop 
spectrophotometer.  

Methods DNA concentration (ng/µl) A260/A280 rate A260/A230 rate 

1 – KASVI Kit 500.1 ± 10.87 2.03 ± 0.06 1.95 ± 0.07 

2 – Phenol-chloroform 572.57 ± 25.91 1.66 ± 0.15 1.58 ± 0.11 

3 – Power Soil Kit 772.84 ± 15.45 1.87 ± 0.09 2.18 ± 0.18 

Source: By the author. 

  

Taking into account that all methods employed the same water volume of the site D, the 

highest DNA concentration recorded to Power Soil extraction is more efficient on treating 

samples containing significant levels of organic matter, characteristic of this site (Table 3.7, Line 

3). Going further on verifying the DNA availability and stability to allow a proper downstream 

application we also investigated the DNA amplification patterns on PCR reactions targeting 

Acanthamoeba spp.. By using the CRNS/373r nucleotide primer pair (Table 2.3, page 77), PCR 

products were electrophoresed and the corresponding results are illustrated in Figure 3.33, A, 
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accompanied by the amplicon length prediction, by using Genbank reference sequence (Fig. 3.33, 

B). 

 

 

 
Figure 3.33 – Amplification of Acanthamoeba 18S rDNA gene by using CRN5 and 373r primer pair. (A) 2% Agarose gel 

revealing amplicon bands obtained from eDNA samples extracted with KASVI Kit (Lane 1), Phenol-chloroform 
(Lane 2) and Power Soil Kit (Lane 3) methods. Negative control (-) refers to DNA-free water sample, and the 
molecular marker (M) refers to DNA ladder PCRBio Ladder IV; (B) Partial ribosomal DNA sequence of 
Acanthamoeba castellanii (Genbank KT165626.1). Highlighted regions correspond to 18S rRNA gene (I), ITS1 
(II), 5.8S rRNA gene (III), ITS2 (IV) and 28S (V). Grey arrowed region indicates the target amplicon (A1) of 
about 450 base pairs (bp) length. 

Source: By the author. 

 

As shown in Figure 3.33. (A), Power Soil Kit called attention due to the highly intense 

amplification band (Fig 3.33. - A, Lane 3), assuming a 200 ng DNA template as a constant DNA 

input concentration to all reactions. After accomplished the initial screening towards the selection 

of a suitable DNA isolating treatment, PCR amplifications were conducted as follows. 

  

3.3.1.1. PCR and electrophoretic analyses 

 

The DNA extracted from the D sampling site was selected as a target to test the list of 

nucleotide primer pairs of interest (Table 2.3, page 77) and to evaluate PCR cycling 

effectiveness. The positive control consisted of an equivalent D site water sample with added 

Naegleria gruberi (ATCC) 30224 culture. Samples with and without added N. gruberi were 
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named +D and D respectively. A DNA sample extracted directly from N. gruberi (ATCC) 30224 

axenic culture was included in the PCR reactions as the second positive control, termed +N (Fig. 

3.34).  

 

 

 

 
Figure 3.34 - Validation of river water pre-processing steps. 2% agarose gel with PCR results to Naegleria evaluating DNA 

samples extracted directly from river water (A.1), and NNA cultures (A.2). Positive controls consisted of river 
water from D sampling site supplied with N. gruberi (+D), and N. gruberi DNA extracted from axenic culture 
(+N). The negative control (-) consisted of a DNA-free water solution. Figure B with the in silico prediction of 
the expected amplicon length (gray arrowed region). I - 18S rRNA gene; II - ITS1; III - 5.8S rRNA gene; IV - 
ITS2; V - 28S gene. 

Source: By the author. 

 

The results in Figure 3.34. A1 and A2 have shown the amplification of a band of 

approximately 410 bp in samples of DNA extracted from the site D that had added N. gruberi 

DNA (+N) or whole cells (+D) showing that the extraction method does not inhibit the PCR 

amplification. The DNA band obtained from the target D sampling site (Fig. 3.34, gel A2, lane 

D) was analyzed by nucleotide sequencing and revealed a 100% identity with Naegleria 
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australiensis. Thus, the molecular characterization of FLA isolates to the remaining sampling 

sites and the remaining PCR targets are described as follows.  

First, Naegleria based PCR reactions performed with eDNA from Monjolinho River 

resulted in a diversity of five species, N1 – N5, retrieved from A-E samples in the first sampling. 

Figure 3.35 illustrates the most representative results. 

 

 
Figure 3.35 - PCR amplification of the Naegleria ITS rDNA region. SA to SE refers to the sampling sites screened in the 1st 

sampling in the Monjolinho River. Notes M and (-) refer to the DNA ladder PCRBio Ladder IV, and the negative 
control based on a DNA-free water solution, respectively. The purple color indicates that the DNA was extracted 
directly from the river water precipitate after the centrifugation step. Codes N1 to N5.G2 correspond to distinct 
Naegleria sequence types. 

Source: By the author. 

 

Figure 3.35 shows that Naegleria is ubiquitous in all five sampling sites of the 

Monjolinho River. Its corresponding amplicons revealed a length variation from 397 bp (Fig. 

3.35, amlplicon N4.G1) to 502 bp (Fig. 3.35, amlplicon N3.G1). Moreover, derived from the 

sequencing analysis, N1 to N5 belonged to five Naegleria species and N2 to N4 to more than one 

sequence type, termed G1 and G2, as shown in Fig. 3.35. Amplifications of more than one 

sequence type were often visibly distinguished (Fig. 3.35, gel A). However, particular cases 

resulted in two amplified products resultant from a single band (Fig. 3.35, B), latter confirmed by 
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cloning and sequencing of amplicons. Complementary to the molecular information obtained 

directly from the river water investigation (Fig. 3.35.) it had been performed a similar screening 

by using the DNA extracted from NNA plate cultures. Representative electrophoresis results are 

shown ahead, in Figure 3.36.   

 

 
Figure 3.36 - PCR amplification of Naegleria ITS rDNA regions of NNA plate samples extracted from the sampling sites SA, 

SB, SC (gel A), sampling site SD (gels B and C) and sampling site SE (gel D). Positive (+N) and negative (-) 
controls comprise Naegleria gruberi _ ATCC 30224 and DNA-free water sample, respectively. M refers to the 
GeneRuler 1kb Plus DNA Ladder. Blue, green and red colors are indicative of maintenance temperatures of 26 ºC, 
37 ºC, and 44 ºC, respectively. Codes N1 to N5.G2 correspond to distinct Naegleria sequence types and the code 
H1 corresponds to Hartmanella genus. 

Source: By the author. 
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Results in Figure 3.36 enabled to confirm the diversity of species previously detected in 

the directly-from the river approach (Fig. 3.35), besides detecting another FLA genus, 

Hartmanella. Those amplification bands of 400-500 bp correspond to Naegleria sequences, N 

codes (Fig. 3.36). A double band was observed in SD37 in which the higher fragment, of 

approximately 800 bp, was identified as a Vermamoeba vermiformis (Figure 3.36, gel C, 

amplicon H1). In addition to the prior in silico prediction of the expected Naegleria amplicons 

(Fig. 3.34, B), the following image illustrates the compatible rDNA region of a Vermamoeba 

gene originated with the Naegleria-specific primer pair (Figure 3.37). 

 

 

 
Figure 3.37 - Amplicon length (bp) prediction, gray arrowed fragment, to Vermamoeba vermiformis fragments obtained with 

VeergsF/VeergsR based PCR. Annotations refer to: I - 18S rRNA gene; II - ITS1 region; III - 5.8S rRNA gene; 
IV - ITS2 region; V - 28S gene.  

Source: By the author. 

 

As shown in Figure 3.37 the primer-pair is able to amplify the Vermamoeba rDNA region 

whose amplicon of about 750bp is in line with the amplicon band H1 obtained to SD37 (Fig. 

3.36, C). The second sampling in the river resulted in simillar results, i.e. both Naegleria spp and 

Vermamoeba vermiformis ITS amplicons (Figure 3.38) of DNA extracted from NNA cultured 

cells at 44℃. 
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Figure 3.38 - Naegleria spp. PCR products electrophoresed on 2% agarose gels with DNA samples extracted from NNA plates. 

SE and SD refer to DNA samples extracted from sampling sites E and D, whose cultures were maintained at 26 °C 
or 44 °C.  Molecular markers correspond to DNA ladder PCRBio Ladder IV (M) and GeneRuler 1kb Plus DNA 
Ladder (Mm). Codes N2.G2 and N4.G2 correspond to Naegleria amplicons and the code H2_V correspond to 
Hartnmanella amplicon. PCRs performed with VeergsF/VeergsR primer pairs. 

Source: By the author. 

 

The amplicons obtained in Figure 3.38 were identified as N. philippinensis (N2.G2), N. 

australiensis (N4.G2), and Vermamoeba vermiformis (H2.V) upon sequencing. 

To confirm the Vermamoeba finding (Fig. 3.36 and Fig. 3.38), Vermamoeba-specific 

primers, HartF/HartR, were used as summarized in Figure 3.39. 

 

 
(to be continued) 
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(continuation) 

 
Figure 3.39 - Detection of Vermamoeba vermiformis 18s rDNA region by using HartF/HartR primer pair. (A) 2% agarose gel 

electrophoresis with Vermamoeba vermiformis PCR products, H2_H, validating annealing temperature conditions 
(50 ºC, 54 ºC and 56 ºC). M corresponds to DNA ladder PCRBio Ladder IV and the negative control (-) is based in 
DNA free water solution. Part (B) contains the amplicon length (bp) prediction indicated by the gray arrowed area. 
I - 18S rRNA gene; II - ITS1; III - 5.8S rRNA gene; IV - ITS2; V - 28S gene. Code H2_H and N4.G2 correspond 
to Naegleria ITS rDNA regions.  

Source: By the author. 

 

Figure 3.39. elucidates the amplification pattern found to Vermamoeba positive samples 

amplified in a range of annealing temperatures whose amplicon length placed between 500 to 600 

bp was compliant with the correspondent in silico prediction of about 530 bp (Fig. 3.39, B). The 

amplified fragment H2_H, Fig. 3.39, was sequenced and identified as Vermamoeba vermiformis 

18S rDNA (Table 3.8 – Line 17). 

The Acanthamoeba spp. PCR-based approach included amplification of two distinct 

targets, named amplimers Am1 and Am2 obtained respectively by using primer pairs CRN5/373r 

and JDP1/JDP2. The former is shown in Fig. 3.33, and the latter is illustrated ahead in Figure 

3.40: 

 

(to be continued) 
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(continuation) 

 
Figure 3.40 - Molecular characterization of Acanthamoeba spp. amplimer Am2 by using JDP1/JDP2 primer pairs. PCR products 

electrophoresed in 2% agarose gel containing SC37_1st and SE37_1st samples (gel A) and the sample SE26_1st (gel 
B).  Respectively, M, - and +A correspond to DNA ladder PCRBio Ladder IV,  DNA-free water sample, and 
Acanthamoeba castellanii Neff (ATCC 30010) DNA. Codes A1 and A2 correspond to Acanthamoeba 18S rDNA 
genes. Part (C) contains the amplicon length prediction (bp) indicated by the gray arrowed area. I - 18S rRNA 
gene; II - ITS1; III - 5.8S rRNA gene; IV - ITS2; V - 28S gene.  

Source: By the author. 

 

Figure 3.40 confirmed the expected amplification of Acanthamoeba amplimer Am2 

whose PCR products have shown bands between 400 and 500 bp (Fig. 3.40, agarose gels A and 

B), as predicted (Fig. 3.40, C). Both PCR products, A1 and A2, upon sequencing analysis, 

revealed gene fragments of 464 bp and 408 bp respectively to A. hatchetti (A1) and 

Acanthamoeba genotype T4 (A2).  

Apart from the genus-specific targets highlited in Figures 3.35 to Figure 3.40, we also 

included PCR amplifications targeting generic FLA rDNA genes in which global primer pairs 

enabled to retrieve distinct FLA genera. In this regard, a diversity of five distinct genera could be 

obtained by screening our isolates, as illustrated by Figure 3.41. 

 

 

(to be continued) 
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(continuation) 

 
Figure 3.41 - Set of PCR results against generic FLA primer pairs (AmeF977/AmeR1534). DNA samples include NNA plates 

cultures from both first (1st) and second (2nd) Monjolinho River samplings. Molecular markers M and Mm 
correspond to DNA ladder PCRBio Ladder IV and GeneRuler 1kb Plus DNA Ladder, respectively. Positive (+N) 
and negative (-) controls comprise Naegleria gruberi _ ATCC 30224, and DNA-free water sample, respectively. 
Codes H, F, V, S and N correspond to 18S rDNA amplicons of Hartmannella, Filamoeba, Vannella, Stenamoeba, 
and Naegleria genera, respectively. 

Source: By the author.  
 

Results obtained through generic-FLA-based PCRs showed a variety of amplification 

bands, ranging from 400 bp to 700 bp length (Fig. 3.41). Upon sequencing, those samples 

extracted from 44 ºC (codes in red, Figure 3.41) revealed amplification of thermophilic Naegleria 

(Fig.3.41, amplicon N4.G3) and Vermamoeba isolates (Fig.3.41, amplicon H2_A), as previously 

described in this word by amplifications with genus-specific primers, in Figure 3.39 and 3.38 

respectively. Overall, the migration of PCR products on agarose gels shown in Figure 3.41 

seemed to be compatible with the in silico predictions as illustrated above, in Figure 3.42. 

 

 

 

(to be continued) 
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(continuation) 

 
Figure 3.42 - Amplicon length prediction in base pair (bp) to FLA genera by using primer pairs AmeF977/AmeR1534J. 

Annotations refer to 18S rRNA gene (I); ITS1 (II); 5.8S rRNA gene (III); ITS2 (IV); and 28S gene (V). Gray 
arrowed regions indicate amplimer lengths to Naegleria (N), Acanthamoeba (A), Vannella (V), Filamoeba (F), 
and Stenamoeba (S) genera.  

Source: By the author. 
 

These molecular results confirmed the efficacy in the adopted molecular surveillance 

towards the microbiological assessment of FLA species in river water samples either using 

genus-specific primer pairs (Fig. 3.34 to 3.39) or targeting the generic FLA PCRs (Figure 3.41). 

Thus, the following list (Table 3.8) summarizes the positive amplifications, integrates its 

corresponding sequencing code, and the corresponding reference sequence from GenBank whose 

identity was detected, based on sequencing evaluation. 
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Table 3.8 - Assemble of positive PCR reactions performed with environmental DNAs extracted either directly from river water 
samples or NNA plate culture seeded with water from Monjolinho river. # is indicating lines and bp indicates 
amplicon length in base pairs. 

# 
Primer 

pairs 

Agarose ref. 

(Fig_nº) 
bp 

Amplicon 

codes 
Species  SAMPLES 

1 

VeergsF/ 

VeergsR 

 

Fig. 3.38; 

Fig. 3.36 
465 N1 N. canariensis 

SC37_1st ; SC26_1st; 

SB26_1st ; SA37_1st 

SE_direct; SA_1st_direct 

SE37_1st SB_1st_direct 

2 
Fig.3.38; 

Fig. 3.40 
405 N2.G2 N. philippinens 

SE26_2nd ; SD37_1st ; 

SA26_1st 

3 Fig 3.36 408 N2.G1 N. philippinensis  
SB_1st_direct, 

SD_1st_direct 

4 Fig 3.36  502 N3.G1 N. dobsoni SC_1st_direct 

 (not documented) 502 N3.G2 N. dobsoni SC_1st_direct 

5 Fig. 3.36; Fig.3.38 397 N4.G1 N. australiensis SC_1st_direct ; SD26_1st 

6 Fig 3.38; Fig. 3.40 397 N4.G2 N. australiensis SE44_2nd ; SD44_1st 

7 Fig 3.36  397 N5.G1 N. gruberi SD_1st_direct 

8 Fig 3.38  397 N5.G2 N. gruberi SE_1st_direct;  SE26_1st 

9 Fig 3.38  758 H1 Hartmanella SD37_1st 

10 JDP1/ 

JDP2 

Fig 3.42  464 A1 Acanthamoeba hatchethi T12 SE37_1st ; SC37_1st 

11 Fig 3.42  408 A2 Acanthamoeba genotype T4 SE26_1st 

12 

AmeF977/ 

AmeR1534 

Fig 3.46  553 S1 Stenamoeba polymorpha SD26_1st 

13 Fig  3.45 469 V1_A Vannella sp SD26_2nd α 

14 Fig  3.45 514 F1 Filamoeba sinensis SD26_2nd β 

15 Fig 3.45 450 H2_A Hartmanella vermiformis SD44_2nd 

16 Fig 3.45 510 N4.G3 N. australiensis SE37_2nd  ; SE44_2nd 

17 
HartF/ 

HartR 
Fig 3.41  532 H2_H Hartmanella vermiformis SD44_2nd 

Source: By the author. 

 

Generally, in Table 3.8, PCRs performed with the genus-specific primer pairs revealed a 

diversity of species within the targeted genus. For instance, all positive bands termed with “N” 

codes are corresponding to Naegleria genes obtained with VeergsF/VeergsR primer pairs, useful 

to discriminate intra specific divergences on ITS1/5.8S/ITS2 rDNA regions (Table 3.8, Lines 1-

8). Global FLA PCRs, by using AmeF977/AmeR1534 primer pairs, confirmed those genera prior 

detected with the genus-specific PCRs (e.g.: Naegleria genus, Table 3.8, Line 16), besides to 
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revealing other FLA genera as Vannella, Filamoeba, and Stenamoeba (Table 3.8, Lines 13-14).  

Moreover, to each DNA sample extracted from NNA plates one or more PCR target 

amplifications were carried out (e.g.: sample SD44_2nd, Lines 15 and 17). In the next section, a 

description of sequencing results and phylogenetic relations is provided. 

 

3.3.1.2. Sequencing and phylogenetic analysis 

 

All Sanger sequencing data obtained from the Monjolinho River were used as queries for 

nucleotide similarity searches in the NCBI database with the BLASTn tool, as detailed in 

methods (section 2.6.3., page 80). The corresponding results are summarized in Table 3.9 with an 

emphasis on Naegleria genus. 

 
Table 3.9- BLASTn searches to consensus generated Sanger sequences obtained from PCRs against VeergsF/VeergsR primer 

pairs. Codes N and H refer to Naegleria and Hartmannella genera. Annotations indicate: ID – identity; ANa - 
accession number for strains characterized in this thesis; ANb– accession numbers for reference sequences; terms S, I, 
and D refer to the number of substitutions, insertions and deletions, respectively.  

Source: By the author. 

 

The diversity of Naegleria genes shown in Table 3.9, Lines 2 - 9 is resultant from 

evaluating corresponding chromatograms to validated sequencing mismatches and confirm the 

distinction between groups, G1 and G2 (as shown in Fig. 3.43). Here, N. australiensis sequences 

(Table 3.9, Lines 6 and 7) were used as a study of case in which codes N4.G1 and N4.G2 were 

compared in Figure 3.43 to exemplify groups G1 and G2 origin. 

# Code ANa ID (%) BLASTn result ANb S I D 
1 N1 MN781116.1   100 N. canariensis FJ475124.1    

2 N2.G1 MN781117.1 99 N. philippinensis AY033618.1 1 1 2 

3 N2.G2 MN781118.1 99 N. philippinensis LC191904.1  1 2 

4 N3.G1 MN781119.1 99 N. dobsoni KU380484.1 1   

5 N3.G2 MN781120.1 97 N. dobsoni KU380484.1 1 2 2 
6 N4.G1 MN781121.1 100 N. australiensis AB128053.1    

7 N4.G2 MN781122.1 100 N. australiensis AB128052.1    

8 N5.G1 MN781123.1 100 N. gruberi MG699123.1    

9 N5.G2 MN781124.1 99 N. gruberi MG699123.1 4   

10 H1 MN781125.1 99 Hartmanella sp HE617186.1 6  2 



145 
 

  

 
Figure 3.43 - Alignment of consensus sequence N4G2 on BLASTN searches. A – BLASTn typical result; B – sequence alignment details between N4G2 and N4G1; C – 

chromatogram comparison aiming to resolve mismatches. The red circle, in part A, is showing the identity between N4G2 (query) and N4G1, another Naegleria 
sequence isolated on this thesis and previously deposited in GenBank with the accession number MN781121.1. 

Source: By the author. 
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Figure 3.43 illustrates a typical BLASTn result in which N4.G2 sequence corresponds to 

Naegleria australiensis, supported by 100% identity with the AB128052.1 reference gene. 

Moreover, an identity of about 99% was detected to N4.G1, another consensus sequence isolated 

at the present thesis (Fig. 3.43, A, red circle). N4.G1 also demonstrated a 100% identity with N. 

australiensis (Table 3.9, Line 7). By peering into the alignment of N4G2 and N4G1 (Fig. 3.43, 

part B), an insertion of two nucleotides represented the mismatch between both sequences, as 

shown in Fig. 3.43, part C. As listed in Table 3.9, variants G1 and G2 also occurred to the 

remaining N. philippinensis (N2), N. dobsoni (N3), and N. gruberi (N5) identifications, and 

above all Naegleria codes are compared in terms of length (Table 3.10).  

 
Table 3.10 - Variability of length and position, in base pairs (bp), within the ITS1/5.8S/ITS2 rDNA locus for Naegleria strains. 

The column amplicon size refers to the length of the entire sequence amplified with VeergsF/VeergsR primer pairs. 

 Codes ITS1 5.8S ITS2  Amplicon size  
N1 34 (22-55) 175 (56-230) 169 (231-399) 465 
N2.G1 34 (22-55) 175 (56-230) 112 (231-342) 408 
N2.G2 34 (22-55) 175 (56-230) 112 (231-342) 408 
N3.G1 35 (22-56) 176 (56-231) 205 (232-436) 502 
N3.G2 34 (22-55) 175 (56-230) 206 (231-436) 502 
N4.G1 34 (22-55) 175 (56-230) 99 (231-329) 395 
N4.G2 34 (22-55) 175 (56-230) 101 (231-331) 397 
N5.G1 34 (22-55) 175 (56-230) 113 (231-343) 409 
N5.G2 34 (22-55) 175 (56-230) 113 (231-343) 409 
Source: By the author. 

 

Table 3.10 revealed the ITS2 region as the most variable sequence given the 

heterogeneity in Naegleria strains. To express these divergences, the corresponding phylogenetic 

tree based on ITS1-5.8S-ITS2 regions to Naegleria sequences, along with the Hartmanella 

identification, is summarized in Figure 3.44.  
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Figure 3.44 – Neighbor-joining phylogeny of Naegleria and Hartmanella isolates reconstructed from the ITS1-5.8S-ITS2 rDNA 
locus. Numbers show the bootstrap significance, in percentage, accounting 1000 replicates. Values below 50% 
are not shown. 

Source: Adapted from BELLINI et al. (150) 
 

Figure 3.44 demonstrated Naegleria and Vahlkampfia clustered in the Excavata 

supergroup and the remaining Vermamoeba and Acanthamoeba genera in the Amoebozoa 

supergroup. Within Naegleria clusters, those species grouped in the same clade indicated less 

polymorphism or divergence found between their corresponding ITS2 regions, as well suggested 

in Table 3.10 (e.g.: N. philippinensis and N. gruberi). The detailed characterization regarding 

these Naegleria isolations in Monjolinho River is described in section 3.3.2.1, as well as in the 
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paper “Isolation of Naegleria spp. from a Brazilian water source” (Appendix IIa) with alignment 

details in the supplementary material (Appendix IIb). 

Apart from Naegleria identifications based on ITS regions, the extended evaluation of 

FLA in Monjolinho River enabled to the enhancement of the diversity of isolates based on 18S 

rDNA molecular identification revealing the species listed in Table 3.11. 

 
Table 3.11- Results of BLASTn searches to Sanger sequences obtained after PCRs targeting HartF/HartR primer pairs (Line 1), 

AmeF977/AmeR1534 (Lines 2-6), and JDP1/JDP2 (Lines 7-8). Codes H, N, S, V, F, and A refer to Hartmannella, 
Naegleria, Stenamoeba, Vannella, Filamoeba and Acanthamoeba genus, respectively. Annotations indicate: ID – 
identity; AN– accession numbers for reference sequences; terms S, I and D refer to the number of substitutions, 
insertions and deletions, respectively. 

Source: By the author. 

 

Hence, those sequences obtained with the generic FLA primer pair (Table 3.11, Lines 2-

6) were aligned along with their corresponding reference genes (Table. 3.11, column AN), and 

the 18S rDNA-based phylogenetic relationship is expressed in Figure 3.45. 

# Amplicon Code ID (%) BLASTn result AN S I D 

1 H2_H 100 Hartmanella vermiformis AY502959.1    

2 H2_A 100 Hartmanella vermiformis AY502959.1    

3 N4 .G3 100 N. australiensis MG945025.1    

4 S1 99 Stenamoeba polymorpha KU955320.1 1 1  

5 V1_A 99 Vannella sp. HM363632.1 3   

6 F1 99 Filamoeba sinensis AY714369.1 3 1  

7 A1 100 Acanthamoeba hatchetti (T11) KC164235.1    

8 A2 99 Acanthamoeba genotype T4 MN153018.1  1  
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Figure 3.45 – FLA 18s rDNA based tree performed with Neighbor-joining (NJ) analysis model. Numbers refer to bootstrap 

percentages on 1000 replications.  
Source: By the author. 

 

The phylogenetic tree illustrated in Figure 3.45 supported the molecular characterization of 

target strains N4G3, V1_A, F1, H2_A, and S1 grouped within its corresponding clades 

Naegleria, Vanella, Filamoeba, Hartmanella, and Stenamoeba. Apart from Naegleria, belonging 

to Excavata, the remaining genera are composing the Amoebozoa supergroup (Fig. 3.45), similar 

as shown to the phylogeny based on ITS locus of Naegleria targets (Fig. 3.44). Moreover, S1 

(Stenamoeba) is forming a clade with Sappinia, within the Thecamoebida clade (Fig. 3.45).  

Finally, to Acanthamoeba identifications, whose primer pairs JDP1/JDP2 produced 

amplicons A1 and A2 (Table  3.11, Lines 7 and 8), the following Figure 3.46 summarizes the 

phylogeny that best represented the relation among our targets (A1, A2), those sequences 
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retrieved from the GenBank (MN153018.1 and KC164235.1) and representative sequences 

reported in a Brazilian survey (289) concerned on isolating Acanthamoeba.  

 

 
Figure 3.46 – Phylogeny of Acanthamoeba isolates reconstructed from diagnostic fragment 3, DF3 region, obtained with 

JDP1/JDP2 primer pairs. Neighbor-joining (NJ) analysis model, and bootstrap percentages based on 1000 
replications. Accession numbers are shown in each terminal node depicting the corresponding species, the 
nucleotide region corresponding to the DF3 sequence within 18S rDNA gene, and the genotype to each they 
belong.  

Source: By the author. 
 

Amplicons A1 and A2 are supported by booststrapping values displaying on each node 

whose clade T11 presented the highest support due to an identity of 100% with A. hatchetti 

reference gene (KC164235.1). Regarding the amplicon A2, inserted within T4 clade, it has 99% 

identity with the remaining T4 sequences and 95% with A. castellanii (T1).   

The discussion of the phylogenetic characterization of all genotypes obtained in Monjolinho 

River is described in the nesxt section. 

 

3.3.2 Molecular approach – DISCUSSION 

 

3.3.2.1 Molecular characterization and phylogeny of FLA isolates 

 

After testing different extraction methods, the DNeasy PowerSoil® Kit has shown the 

best results, likely due to its additional mechanical cell lysing process at the initial steps of the 

protocol (Table 3.7). Also, the absorbance ratios revealed small differences regarding DNA 
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purity in which the phenol/chloroform method exhibited a decrease in A260/A230 absorbance 

likely due to the phenol contribution (Table 3.7). Similarly, its corresponding A260/280 rate 

likely indicates protein contamination, suggested by related studies concerned with DNA quality 

to downstream analysis. (290) On the other hand, commercial Kits have shown quite similar 

values indicative of higher DNA purity (Table 3.7, Lines 1 and 3), in which higher DNA 

concentration was recorded to the DNeasy PowerSoil® Kit method (Table 3.7). PCR results 

showing Power Soil Kit efficacy on producing a DNA compatible with PCRs reinforced our 

preference (Figure 3.34), as well as elected as a suitable option by the literature concerned with 

isolating DNA from environmental FLA samples. (132,168) 

To confirm the efficacy of the DNA extraction protocols, the most contaminated samples, 

from the D site, had N. gruberi cells added. After performing the entire procedure, it was possible 

to amplify N. gruberi DNA (Fig 3.34) as well as Acanthamoeba (Fig 3.33) confirming that no 

preprocessing steps (e.g.: centrifugation and filtering river water) impaired the downstream 

molecular analysis.  

Subsequently to this validation step, FLA isolates recovered from A to E sampling sites 

were molecularly characterized. Overall, most of the PCR products shown a single amplification 

band pattern (Fig. 3.38 – Fig. 3.40), however, some double band cases were observed, suggesting 

mixed amoeba cultures (Figure 3.36-C). The expressive diversity of Naegleria strains recognized 

by screening A to E DNA samples exemplified multiple amplicon lengths being obtained in a 

single sample (Figure 3.35, part A). Also, a single band can constitute sources of amplicon 

diversity (Figure 3.35, part B). However, to elucidate such refined information, cloning and 

subsequent screening of colonies shown to be imperative, results in line with a 2013 study 

recommending cloning based investigation to examine Naegleria directly from hot spring water. 

(291) However, most environmental surveys commonly assessed FLA diversity by analyzing the 

gel electrophoresis migration of the amplified bands and the presence or absence of an amplicon 

correlating with genus-specific primers used. (30,130,157,292–294) Numerous reports withdrew 

the need of cloning PCR products provided from amplicon heterogeneity due to alternatively 

performing culture-based identifications, obtaining monoclonal cultures of amoeba and 

corresponding molecular identifications that express homogeneity of amplicons. (16,229,295–

297) 
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Among Naegleria identifications, after Sanger sequencing analysis, some results called 

attention to intra-specific genetic variation to the ITS1/5.8s/ITS2 rDNA locus (Table 3.10). The 

divergences were conserved within all replicates, which allowed us to keep genotypes as variants 

G1 and G2, as demonstrated to N4.G1 and N4.G2 (Fig. 3.43). As highlighted by the literature, 

most Naegleria species (229) have shown one or more variants to the same species. To Naegleria 

fowleri six variants have been recognized so far. (298) Accounting for many interstrain 

differences reported within Naegleria genus, it is important to report new identifications by 

discriminating strains divergences to the same species, especially these ITS regions carrying 

intra-specific variability. (299)  

Apart from the intra-specific Naegleria diversity with amplicons ranging from about 500 

bp length (Fig. 3.35), longer sequences were detected and revealed Vermamoeba genes, code H1 

(Fig. 3.36, C). The potential of VeergsF/VeergsR primer pairs to amplifying the ITS regions from 

Naegleria and Vermamoeba has been recently reported in studies investigating: Nile River 

samples, Egypt;(154) environmental water and dust samples in Malaysia;(229) and drinking 

water sources in Iran. (130) Phylogeny of Naegleria and Hartmanella isolates reconstructed 

based on ITS regions demonstrated two major clusters consisted of Naegleria and Valhkampfia 

clades forming a group, so-called Excavata supergroup, and Acanthamoeba and Hartmanella 

composing the second clade, namely Amoebozoa supergroup (Fig. 3.44). Our results, to Excavata 

supergroup, are consistent with phylogenetic representations built to Naegleria isolates from 

Malaysia, (229) as well reconstructed from ITS locus, whose strains belonging to N. gruberi and 

N. philippinensis were grouped within the same taxa and both were externally grouped with N. 

australiensis by one branch of separation. The polymorphism of ITS regions, (299) mainly ITS2, 

is the main feature grouping them, as demonstrated in the alignment of Naegleria strains 

available in the literature (229) and similarly suggested by the ITS length variability listed in 

Table 3.10 (this thesis, page 152).  

Regarding the primer pairs used to detect Vermamoeba (=Hartmannella), HartF/HartR, it 

has shown an amplicon of 500-600 bp length in agarose gel, named H2_H, detected to the sample 

SD44_2nd (Fig. 3.39, A). Sequencing analysis clarified a PCR product of 532 bp length to H2_H 

(Table 3.8, Line 17). It revealed 100% of identity with Hartmanella vermiformis (AY502959.1), 

a GenBank sequence isolated from aquatic biofilms. (300) The DNA from the SD44_2nd sample 

was detected positive as well to PCRs targeting the global FLA primer pairs, 
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AmeF977/AmeR1534 (Fig. 3.41, part A). Its corresponding amplicon, named H2_A has shown 

100% identity with the same reference strain, Hartmanella vermiformis (AY502959.1). To the 

purpose of establishing a phylogenetic relationship among our isolates, we prioritized using the 

H2_A amplicon to perform alignments and to conduct the phylogeny (Fig. 3.45). 

Additional PCRs based on AmeF977/AmeR1534 primer pairs revealed amplicons ranging 

from 450 to 550 base pairs as shown in Table 3.8, Lines 12-16. The amplicon V1_A (Fig. 3.41, 

A), after examining its corresponding Sanger sequencing data, was equivalent to a PCR product 

of 469 bp length, with 99% identity with Vannella sp. (HM363632.1) (table 3.11, Line 5). This 

reference strain, HM363632.1, was isolated from nodular gill disease (NGD) in rainbow 

trout.(301) Findings revealed Hartmanella sp. and Acanthamoeba sp. as causative agents of 

NGD. Although Vannella sp. was also isolated in the fish, authors argued it could not be 

conclusive as a causative agent considering that as the negative controls, gills of many healthy 

fishes also detected positive to Vannella. (301) The remaining samples amplified with 

AmeF977/AmeR1534 target primer pairs (Fig. 3.41), produced amplicons termed N4G3, S1,  and 

F1 corresponding to Naegleria, Stenamoeba, and Filamoeba 18S rRNA genes, according to the 

Table 3.11, lines 3, 4, and 6 respectively. Firstly, the amplicon N4G3 found in SE37_2nd and 

SE44_2nd samples revealed an identity of 100% with Naegleria australiensis identity, 

MG945025.1, a reference strain isolated from thermal pool samples in Turkey.(302) In the regard 

of Stenamoeba and Filamoeba amplicons, amplification patterns around 500 bp were observed in 

agarose gel confirmations (Figure 3.41), whether compared with in silico predictions using 

reference genes available in GenBank revealed to be equivalent in terms of length as shown 

above in Figure 3.42.   

In line with amplicon length prediction, Sanger sequencing analysis revealed 514 and 553 bp 

to F1 and S1, Table 3.8, Lines 12 and 14, respectively. Additionally, nucleotide similarity 

searches revealed 99% identity between F1 and S1 with Stenamoeba polymorpha (KU955320.1) 

and Filamoeba sinensis (AY714369.1), Table 3.11, lines 6 and 4 respectively. By examining 

corresponding phylogenetic analysis supporting our data (Figure 3.45), the sequence of 

Stenamoeba isolated on this study, S1, was clustered in a monophyletic group with the remaining 

three reference sequences of Stenamoea, upon 100% bootstrap support. All of them are related to 

the Sappinea sequence (Fig. 3.46) whose clade is well known for composing the Techamoeba 

group. (303) Then, Vannela, Filamoeba and Vermamoeba branches were shown to be supported 
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by 100% bootstrapping confidence each one (Fig. 3.45). Between them, Filamoeba and Vannella 

demonstrated to be closely related, consistent with literature findings. (278) Along with the 

Thecamoeba clade, all of them, Vannela, Filamoeba, and Vermamoeba isolates are clustered 

within the Amoebozoa supergroup what is supported by related SSU rRNA based phylogenies 

reported in the literature. (303) 

Next PCR molecular target evaluated on this thesis relied upon Acanthamoeba based 

investigations, summarized in topic 3.3.1.1., what gave origin to amplicons A1 and A2 whose 

amplicons revealed 100% identity with Acanthameoba hatchetti (T11), KC164235.1, and 99% 

with Acanthameoba genotype T4 strains, MN153018.1, respectively to the amplicons A1 and A2 

(Table 3.11, Lines 7 and 8). The corresponding phylogenetic inference demonstrated supported 

both amplicons belonging to Acanthamoeba genotypes T11 and T4 (Fig. 3.46), in comparison 

with reference sequences obtained from a related Brazilian study concerned with Acanthamoeba 

identifications. (289) The representative sequences BRO10 and BRO7 (Fig. 3.46), extracted from 

Brazilian environmental samples, were designed by the authors as belonging to T2/T6 genotypes, 

(289) which result was reproduced on the phylogeny built in this thesis (Fig. 3.46). Studies 

conducted in other parts of Brazil, revealed similar results than Monjolinho River isolates in 

which both T4 and T11 genotypes were isolated from mineral water samples. (127) Currently, 

Acanthamoeba genotype T4 was isolated from a keratitis patient wearing contact lenses, in 

Brazil. (194) Additionally, T4 isolates were recovered from samples collected in Brazilian 

swimming pools in the city of Brasília. (143) Although T11 is less frequent in Acanthamoeba 

epidemiological reports, it has been isolated from both clinical and environmental samples.(127) 

Meanwhile, those samples that are missing to be reported in Table 3.8 (e.g.: SA, SB, and SC 

at the 2nd campaign) did not produce conclusive results on genotyping isolates. Therefore, further 

surveys will have the potential to contribute to enlarging the knowledge of FLA diversity in the 

Monjolinho River. For instance, the metagenomics based investigation under current analysis by 

the ongoing BIOTA FAPESP project (mentioned in Chapter 1, section 1.5.2) has the potential to 

bring complementary information expanding our findings, especially to those sampling sites not 

conclusive on this thesis investigations. 

Nevertheless, the variety of amplicons retrieved in the present thesis (section 3.3.1.1.) 

enabled to the identification of six FLA genera: Naegleria, Vermamoeba, Acanthamoeba, 

Vannella, Filamoeba and Stenamoeba (Tables 3.15) whose distribution throughout the 
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Monjolinho basin and its consequent impact on the hydric system and concerns to the human 

health are discussed ahead. 

 

3.3.2.2 Epidemiological contributions - potentially pathogenic species   
 

Naegleria target PCRs employed against eDNA from all sampling sites, A – E, in the first 

Monjolinho River sampling enabled us to propose a comprehensive landscape of Naegleria spp 

and Vermamoeba vermiformis distribution in the hydrographic basin, as illustrated in the 

following map (Figure 3.47). 
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Figure 3.47 - The landscape of FLA isolates identified along the Monjolinho River basin during the first sampling, with emphasis 

on Naegleria spp. and Vermamoeba spp. genera. Trophozoites identified either from culture plates maintained at 
26 ºC (blue), 37 ºC (green), and 44 ºC (red), or directly from river water (purple).  

Source: By the author. 
 

Figure 3.47 shown a diversity of five Naegleria species (N. philippinensis, N. canariensis, 

N.dobsoni, N.australiensis and N.gruberi) in addition to the Hartmanella spp., recovered in the 

first sampling campaign. This view enabled us to discriminate between results provide with 

cultivation-based analysis (Fig. 3.47, blue, green, and red circles) and those results provided 

directly from river water DNA characterization (Fig. 3.47, purple circles). The first observation 

exposed Naegleria as a ubiquitous genus to all sampling sites addressed in this research. On the 
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contrary, Hartmanella comprised a focal identification, detected through culture-based 

identification (D sampling site, Figure 3.47). Accounting no Hartmanella detection was obtained 

by directly examining water samples (Fig. 3.47, purple circles), we suggest that this result is 

likely a matter of low cell concentration in water, hampering its molecular detection. Thus, NNA 

plate cultivation seemed to be useful to enable the enrichment of Hartmanella population, 

confirmed by its subsequent molecular analysis (section 3.3.1.1). In the same regard, Naegleria 

species revealed this pattern for N. canariensis and N. australiensis identifications. The former, 

isolated in A sampling site through culture-based method (26 ºC), and the latter as well as 

isolated by culture, in D sampling site at 44 ºC (Fig. 3.47). Both identifications were not achieved 

by directly evaluating river water samples, only by culture (Fig. 3.47). The opposite pattern was 

also observed, in which samples demonstrated to be successfully diagnosed with eDNA extracted 

directly from the river, but not retrieved from cultivation based detection (e.g.: N. dobsoni, C 

sampling site, Fig. 3.47). These examples remarked the need for a complementary approach 

based on morphological and molecular investigations to obtain a thorough screening of the 

microbiological profile inhabiting water sources.   

Concerned on the range of temperature suitable to the outgrowth of Naegleria strains, the 

D sampling site called attention (Figure 3.47). Genotyped as Naegleria australiensis, this strain 

standed out as the unique thermophilic species recovered in the first Monjolinho River campaign 

whit capability of growing at 44 ºC (Fig. 3.47, red circle). Although N. australiensis is renowned 

as thermotolerant, none of the earlier studies demonstrate its tolerance to 44 ºC, neither from 

environmental samples nor at laboratory conditions.(304) As an example, two out of five N. 

australisnsis strains isolated in the Nile River did not growth at 40 °C. (118) Thus, N. 

australiensis withstanding to 44 °C was a surprising result obtained on this thesis. 

To discuss the impact of amoeba contaminated water to the surrounding areas of the 

Monjolinho river basin, those results documented to the first sampling (Fig. 3.47) were 

complemented with the extended survey addressed in this work by collecting results from the 

second sampling in the river. Thus, the following map illustrates the updated landscape of FLA 

distribution on the Monjolinho River (Figure 3.48). 
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Figure 3.48 - The landscape of FLA isolates identified throughout the Monjolinho River basin during both, the 1st and 2nd 

samplings. Blue, green, red, and purple circles refer to the trophozoites identified either from culture plates 
maintained at 26 ºC, 37 ºC and 44 ºC, or directly from the river water, respectively. 

Source: By the author. 
 

In comparison, the updated view (Fig. 3.48) leveraged the identification demonstrated in 

the first mural (Fig 3.47) by broadening the diversity of species apart from Naegleria and 

Hartmanella findings. Results in Figure 3.48 demonstrated those genera able to withstand in 
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environments suggested to be harmful to life proliferation (e.g.: D and E sampling sites) whose 

abiotic factors of water indicated highly eutrophicated areas with a low concentration of 

dissolved oxygen (section 3.1.2). It was observed an increase in FLA diversity in the sampling 

site upon the higher human activity impact (Fig. 3.48, D sampling site). The E sampling site 

diversity revealed the capability of FLA persisting in water regardless of the treatment routines 

employed in the wastewater treatment plant, placed between both D and E sampling sites (Fig. 

3.1). However, this research did not undergo quantitative evaluation to properly confirm the 

correlation between physico-chemical features and the FLA outgrowth. Thus, our analysis, to this 

concern, revealed suggestive findings. In agreement to this, studies have confirmed that the 

correlation among physicochemical, hydrologic, and microbiological factors modulating FLA 

presence and behavior is still poorly understood by the literature.(21,68)  

 Figure 3.48 demonstrated Naegleria and Vermamoeba detections to both 1st and 2nd 

collections in Monjolinho River. In regard to Naegleria, the identification of N.australiensis and 

N.philippinensis brings an important issue to be explored due to its capability of causing 

encephalitis in experimental models and freshwater isolated fishes. (19,240) Literature reports 

demonstrated N. australiensis as a causative agent of subacute meningoencephalitis on the 

nervous system of mice. (9,81,299,305-306) Potentially pathogenic Naegleria species has been a 

constant from the headwater (A) to the last sampling site (E), as shown in Fig. 3.48.  

Moreover, accounting that N. australiensis demonstrated to be able to grow into 44ºC at 

both cultivation-based studies (1st and 2nd samplings), the availability of environmental niches for 

such thermophilic species is likely to be prevalent regarding global warming effects. (307–309) 

This concern has been currently argued to N. fowleri environmental distribution.(147) Another 

species isolated in the Monjolinho river that can likely be favored in a water heating context 

evoked by global warming refers to Vermamoeba vermiformis, able to withstand at 44 ºC (Fig. 

3.48). Several studies highlighted the potential of water temperature on modulating 

microbiological complexity in which amoebic outbreaks have been ranked among a list of 

waterborne microorganisms whose growth can be impacted in a perspective of water temperature 

warming. (147,165)  

In regard to Acanthamoeba identifications along Monjolinho river, Acanthamoeba 

genotype T4 and A. hatchetti, with recognized human health importance, were detected in C and 

E samples (Fig 3.48). Acanthamoeba genotype T4 isolates have been indicated as the most 
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prevalent strains linked with ocular infections, as well as a causative agent of neurological 

impairments (250) and demonstrated to be the most pathogenic genotype of Acanthamoeba. 

(273,310) A current Brazilian survey concerned on the investigation of Acanthamoeba in urban 

environments detected air-conditioned samples positives to Acanthamoeba T4.(182) A. hatchetti 

comprises the list of Acanthamoeba strains commonly associated with human infections, (311) as 

reported to amoeba keratitis suffering patients, diagnosed with A. hatchetti clinical reports from 

Mexico. (312) 

Accounting for the non-pathogenic FLA identifications in Monjolinho river, Vannela, 

Steanamoeba, and Filamoeba (Fig. 3.48), they can also pose a concern to human health due to 

cases of pathogenic bacteria reported proliferating intra-FLA. (263,313) Vannella spp. has been 

reported as a vehicle to microsporidia-like parasites evoking keratistis onset on contact lenses 

wearing patients. Vannella extracted from pieces of contact lenses was isolated, cultured and 

enabled to confirming the endocytobionts causative of keratitis. (314) Even though we did not 

found literature reports confirming bacteria and fungi infecting Filamoeba and Stenamoeba, these 

genera have been important due to being isolated in the environment and in animals suggesting 

its potential as pathogenic. Stenamoeba has been isolated from horses, (315) fishes, (316), and 

several water sources. (317) By examining Stenamoeba growth in temperatures equivalent to the 

human body, the genus has been suggested as potentially amphizoic FLA amoeba. (315) In 

regard to Filamoeba, it has been isolated in drinking water samples, (318) fishes, (280) and pigs. 

(273) In this thesis, Filamoeba, along with Vannela and Stenamoeba, demonstrated to be also 

capable of inhabiting one of the most eutrophic water samples from Monjolinho river basin, D 

sampling site (Fig 3.48). 

The outcomes summarized here contributed to broaden the epidemiological knowledge of 

FLA in Brazil. Comparing FLA spread throughout five sampling sites in Monjolinho river (Fig. 

3.48), critical areas were highlighted and may need continuous surveillance to pathogenic FLA 

presence as future risk management measures. As environmental amoebas infect the host by 

direct contact (111-112) it is of great public health importance the knowledge of FLA occurrence, 

lightened up on the regional scale based on Monjolinho river (Fig. 3.47 and Fig. 3.48). Even 

though we have focused on a regional scale, the advances experienced in this research can be 

useful to similar freshwater systems investigated in foreign related surveys.  
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Chapter 4 Conclusions 
 

Scanning electron microscopy of Naegleria gruberi flagellates. 

Source: By the author. 
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Overall, the findings described at the present research enriched Brazilian scenery on FLA 

based studies due to contributing with: expertize on isolating environmental FLA, knowledge 

about useful methods to classify FLA, to maintain cultures at NNA plates and to perform 

correspondent morphological and molecular characterizations. Results provided from this PhD 

study enabled the identification of the Monjolinho River as an emerging freshwater source to 

FLA proliferation. Physicochemical analysis of Monjolinho river water demonstrated that A to C 

sampling sites fitted in Brazilian legislations of water quality and the upstream locations, D and E 

sampling sites ranged with values in the limit of acceptance. Among four abiotic parameters 

investigated in this research, conductivity and dissolved oxygen configured as useful parameters 

to inspect anthropogenic driving forces acting upon the hydric ecosystem once both played as 

major discriminators to differentiate all sampling sites. Both physicochemical parameters allowed 

us to indicate D sampling site as the most impacted area in consequence of anthropogenic input 

in Monjolinho aquatic ecosystem.  

By sampling Monjolinho River to the characterization of FLA, the preset research 

described Naegleria genera as prevalent in all sampling sites, from A to E, accompanied by a 

diversity of five related genera, Vannela, Stenamoeba, Acanthamoeba, Filamoeba, and 

Hartmanella. These findings highlighted the potential of this freshwater system to harbor amoeba 

proliferation. Thus, to the point of view of water quality and microbiological assessment of 

potentially pathogenic FLA in water, techniques outlined here can be adopted as suitable 

methodologies enabling the identification of this waterborne protozoan. Overall, fresh mount 

slides, staining, and scanning electron imaging enabled to set these techniques as reliable 

methods to be assessed in hope of performing morphotype differentiation and taxonomy. The 

entire set of micrographs acquired with morphological-based characterization allowed us to 

measure trophozoites lengths, evaluating pseudopodia branching patterns, uroidal protuberances, 

organelle positions, details of flagellate forms, cyst diameter, pores structure, among others. Each 

morphologic feature demonstrated to be typical of each FLA genera isolated in this thesis was 

properly assured by comparing our findings with Page´s classification guide descriptions, besides 

being compliant with taxonomy discussed on current FLA literature. Additionally, cyst software 

proposition, a non-canonical methodology proposed here, although at initial stages of 

development, is demonstrated as a potential strategy towards automatization of taxonomic 

studies. Up to now, this method can be adopted as a morphological step of filtering information 
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aiming to reach higher chances of obtaining positive amplifications with genera specific 

molecular targets.  

 Complementary to that, molecular-based investigation allowed us to confirm the previous 

culture-based suggestions, besides discriminating intrinsic diversity of FLA species identified on 

river water samples. Due to cloning PCR products and screening positives colonies, sequencing-

based results demonstrated that a diversity of amplimer, a diversity of strains, was detected to 

those samples that, roughly viewed, seemed to be homogeneous. The major outcome provided 

from the 1st sampling study, standed out to the importance on taking into account both culture-

based investigations, here including 26 ºC, 37 ºC and 44 ºC, along with the molecular 

characterization directly from river water evaluation. Aiming to reach a thorough microbiological 

characterization, our full-scale evaluation on Monjolinho river samples allowed us to obtain 

positive amplifications not only to Naegleria PCR-based target but also to Vermamoeba and 

Acanthamoeba genus-specific primer pairs, besides the universal FLA target. Results provided 

with the second sampling leveraged our findings in which the whole list of isolates comprises 

potentially pathogenic FLA strains (N. australiensis, N. phillipinensis, A. genotype T4, A. 

hatchetti, V. vermifoms), and non-pathogenic FLA (N. dobsoni, N. gruberi, N. canariensis, S. 

polymorpha, F. sinensis and Vannella spp). Thus we highlighted the relevance of assessing FLA 

due to serious sanitary problems pathogenic may represent, as well as the non pathogenic, if 

carrying pathogenic microbiome. In this study, thermotolerant potentially pathogenic 

identifications, e.g. N. australiensis and V. vermiformis, called attention as strains that will likely 

be prevalent in a global warming forthcoming condition. Its distribution along Monjolinho river, 

together with Acanthamoeba pathogenic strains, suggested those sites that can be regularly 

evaluated aiming to avoid future outbreaks.  

Altogether, results documented in this thesis contributed to broaden the knowledge on 

FLA biodiversity in a Brazilian freshwater model. 
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������NÛXU� &�$�

��g�
�����
�	 ���6 �8����c�
�������6�

M " 8�������'����
������N����������S�����:��� U�	�� g�
�����
�	 ���6 �8��	�
�������6�

M �� !��
� T����������	���������� v8' ���P ���6 �T���
�������6�

M �� !��
� g�
�����
�	 v8' ���P ���6

w �" !��
� '����
������N��:�
���������S�����:������������ v8' ���� ���6

M V� !��
� '����
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Abstract: The genus Naegleria, of the free‐living amoeba (FLA) group, has been investigated mainly 

due to its human health impact, resulting in deadly infections and their worldwide distribution on 

freshwater systems. Naegleria fowleri, colloquially known as the “brain‐eating amoeba,” is the most 

studied Naegleria species because  it causes primary amoebic meningoencephalitis  (PAM) of high 

lethality. The assessment of FLA biodiversity is fundamental to evaluate the presence of pathogenic 

species and the possibility of human contamination. However, the knowledge of FLA distribution 

in Brazil is unknown, and to rectify this situation, we present research on identifying Naegleria spp. 

in  the Monjolinho River as a model study. The river  is a public Brazilian  freshwater source  that 

crosses the city of São Carlos, in São Paulo state, Brazil. Five distinct sampling sites were examined 

through limnological features, trophozoites culturing, and PCR against internal transcribed spacer 

(ITS) regions and 5.8S rRNA sequences. The results identified N. philippinensis, N. canariensisi, N. 

australiensis, N. gruberi, N. dobsoni sequences, as well as a Hartmannella sequence. The methodology 

delineated here represents the first Brazilian Naegleria spp. study on a freshwater system. Our results 

stress the urgency of a large scale evaluation of the presence of free‐living amoebas in Brazil. 

Keywords: Naegleria spp.; free‐living amoeba; PCR; Monjolinho River; Brazil 

 

1. Introduction 

Naegleria  is  a  genus  that  comprises  single‐celled,  heterotrophic  protists  that  are  widely 

distributed  in natural environments  [1–3]. The 47 species  identified up  to now exist as  free‐living 

amoebas (FLAs) with a bacteria‐based feeding habit and binary fission division [4]. In unfavorable 

environmental conditions, they transform from trophozoites to the cyst stage as a resting form [5]. 

Additionally, a third stage, commonly biflagellate, can be formed to seek a better surrounding [6]. 

The known exceptions are Naegleria  indonesiensis, N. chilensis, N. paradobsoni and N. neochilensis for 

which a flagellate form has never been identified [4]. 

Naegleria is described as an amphizoic genus, as four species are able to thrive not only as free 

living organisms but also as parasites: Naegleria fowleri, Naegleria australiensis, Naegleria philippinensis 

and Naegleria italica [7–9]. Since N. fowleri withstands higher temperatures, as found in geothermal 

sources and heated recreational aquatic systems, the species has been classified as thermophilic [3,10] 

with  the ability  to grow  in  temperatures  ranging  from 30  to 46 ℃  [11,12]. Other  species,  like N. 
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australiensis, N. italica, N. lovaniensis and N. philippinensis, have been recognized as thermo tolerant as 

well [4,13].   

Naegleria  is phylogenetically grouped with another amphizoic genus, Vahlkampfia, within  the 

Vahlkampfiidae family, the clade Discoba, and the super group Excavata [5,14–16]. In addition, the 

Acanthamoeba, Balamuthia, Sappinia and Vermamoeba genera are pathogenic FLA groups whose main 

threats to humans are granulomatous amoebic encephalitis (GAE) and amoebic keratitis (AK) [17–

19]. GAE  is caused by Acanthamoeba spp., Balamuthia mandrillaris and Sappinia pedata, with several 

cases  in  immunocompromised persons, whereas AK  is caused mainly by Acanthamoeba spp. with 

prevalence in contact lens wearers [19–21]. More recently, Vermamoeba vermiforms, a common free‐

living amoebae, was identified in one corneal scraping from an AK case [22]. 

Primary  amoebic meningoencephalitis  (PAM)  is  a  fatal  infection  caused by Naegleria  fowleri, 

whose trophozoite can reach the central nervous system (CNS) through the olfactory neuroepithelial 

pathway  [23].  In  95%  of  the  reported  cases, death  results  from  seven  to  fourteen days  after  the 

appearance of symptoms [18,24–27]. This alarmingly low survival rate has been correlated with the 

difficulty in diagnosis and the low efficacy of the available therapy, commonly based on antifungal 

and  antibacterial  drugs  [28,29].  Additionally  N.  australiensis,  N.  philippinensis  and  N.  italica  are 

potentially  pathogenic  species  because  they  have  presented  infectivity  in  mice  models  [7–9]. 

Considering that the amoeba infects the host by direct contact and that most PAM patients have a 

history  of water  contact  (e.g.,  bathing  in  freshwater)  [23]  prior  the  outcome  of  encephalitis,  the 

investigation on the environmental distribution of these species is of great public health importance 

to prevent new cases and is critical to deepen the knowledge on Naegleria diversity. 

South  American  countries  have  faced  a  scarcity  of  information  on  Naegleria  distribution 

throughout the world [25]. In Brazil, the first occurrence of N. fowleri was reported in an artificial lake 

from the city of Rio de Janeiro [30]. Later, the presence of Naegleria genus was  linked to dust and 

biofilm  from  hospitals  in  the  cities  of  Presidente  Prudente  [31]  and  Porto Alegre  [32].  The  cyst 

capability of resisting to desiccation enables PAM infections via the dry infection route [33]. In 2009, 

N. fowleri was correlated to dust in two campuses of a university in the city of Santos [34]. Regarding 

Brazilian PAM cases, a 1985 report diagnosed the infection through an immunological analysis of the 

cerebral tissue of a deceased patient [30], and two reports identified N. fowleri infection in cattle, based 

on histological and immunohistochemical analysis [35,36]. These reports lacked molecular techniques 

to  confirm  the  findings  as  a  complementary  strategy  to  combine  with  the morphological  and 

physiological  characterization  of  the  isolated  organism.  Currently,  the  ribosomal  RNA  gene, 

particularly  the region of  the  internal transcribed spacers  (ITS1 and ITS2), and the 5.8S ribosomal 

gene have been used in the newest studies of Naegleria [37–41].   

Accentuating  the  lack of  reports, Brazil  is one of  the most promising  countries  for Naegleria 

dispersion because it harbors about twenty percent of the global freshwater [42], the most prevalent 

habitat  in which Naegleria  has  been  found.  Taking  into  account  this  fact when  considering  the 

biodiversity of Naegleria species, pathogenic or non pathogenic, in Brazilian freshwater courses, we 

undertook this initiative by investigating a river in the city of São Carlos, São Paulo state, as a model 

system. The Monjolinho River belongs to a basin that covers São Carlos city and neighboring districts 

in the state of São Paulo, and it reaches a watershed dimension of 275 km2. The area belonging to São 

Carlos  city  is  under  intense  anthropogenic  activity  and  is  highly  impacted with  domestic  and 

industrial sewage, in addition to agricultural runoff [43,44]. Therefore, the present research examined 

five distinct  sampling  sites  in which Naegleria  spp. were  isolated  and  characterized  by  the PCR 

amplification and DNA sequencing of the ITS1, 5.8S, and ITS2 regions of the total DNA from each 

site. This characterization, when combined with the morphological investigation after culturing and 

the limnological characterization of the water, allowed us to identify the presence of five Naegleria 

spp . in a Brazilian freshwater course. 
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2. Results 

2.1. Limnologic Characterization 

The  DO  (dissolved  oxygen),  conductivity,  pH  and  temperature  measurements  that  were 

acquired in situ along the Monjolinho River are summarized in Figure 1. 

 

 

Figure  1.  Limnological  profile  throughout  the  sampling  sites  in  the Monjolinho  River.  (A)  DO 

(dissolved oxygen) and conductivity values plotted along the river samples. (B) Temperature and pH 

values plotted along the river samples. 

Samples A–E along the river displayed a decrease in the dissolved oxygen that was concomitant 

with  the  increase  in  the conductivity values. The D position was striking, as  it showed an abrupt 

accentuation  in both data  (Figure  1A). This  result  correlated well with  site D being  located  at  a 

domestic sewage discharge area where organic compounds are dissolved in the water, leading to a 

high ionic concentration that is consistent with a decrease in DO. The temperature and pH values 

were relatively constant  from sites A  to E  (Figure 1B) and apparently were not  influenced by  the 

domestic sewage discharge. A small increase in temperature was observed, most likely due to daily 

variations in ambient temperature. As shown in Figure 1B, the recorded pH values ranged from 5.67 
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to 7.08, and temperatures ranged from 17.8 to 21.8 °C. Thus, pH and temperature exhibited a smaller 

variation among sites as compared to the DO and conductivity values along the five sampling sites. 

2.2. Light Microscopy 

The  daily  microscopic  examination  of  non‐nutrient  agar  (NNA)  plates  allowed  for  the 

identification  of  amoeba  growth  in  100%  of  the  sampling  sites  that were  covered  in  this  study. 

According  the amoeba cell morphologic profile defined by Page’S Key  [45],  two  life cycle stages, 

trophozoite and cyst, were observed (Figure 2). 

 

Figure 2. Light microscopy images of amoeba cells on non‐nutrient agar (NNA) plates from sampling 

site D that were cultivated at 26 °C (A), 37 °C (B), and 44 °C (C). Arrows indicate trophozoite (T) and 

cyst (C) cells that were observed with an inverted microscope (Nikon TS 100) at x400 magnification. 

The  appearance  of  trophozoites  and  cystic  forms was  regularly  inspected until  the  cultures 

reached 14 days outgrowth and the correspondence between culture findings (Figure 2) and their 

respective species was addressed by the molecular approach, detailed next. 

2.3. PCR amplification and sequence analysis   

By using  the Ng.spp_FW and Ng.spp_RV primers,  the PCR products obtained  ranged  from 

395bp  to  502bp,  corresponding  to  the  expected  size  of Naegleria  spp  amplicon  (N1  to N5). An 

amplicon of about 750bp was obtained in one sample, consistent with the expected fragment size of 

Hartmannella spp (H1), as shown in Figure 3. 

 

Figure 3. PCR amplification of Naegleria  internal transcribed spacer (ITS) rDNA region. In (A), the 

lanes L1 and L2 correspond to the isolates of sampling site C, and L3 corresponds to the isolates of 

sampling site E. In (B), the lanes L4 and L5 correspond to sampling site D cultivated at 37 and 44 °C, 

respectively. The arrows indicate the amplified products that correspond to Naegleria ITS genes (N1–
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N5) and the Hartmannella (H1) gene. The molecular marker (M, Gene Ruler 1 kb Plus DNA Ladder, 

Thermo Fisher Scientific), positive (+) control, and negative (‐) control are also displayed. 

Figure 3  summarizes  the amplification  results  that were obtained by using Ng.spp_FW and 

Ng.spp_RV primers. The negative control was performed with DNA‐free water, and  the positive 

control was performed with DNA of Naegleria gruberi ATCC  (American Type Culture Collection) 

30224.  All  these  amplicons  (Figure  3A,B)  were  isolated  from  the  agarose  gel,  sequenced,  and 

compared with  each  corresponding  species  through  BLASTn  searches.  Table  1  summarizes  the 

results for all the sampling sites.   

Table 1. Naegleria and Hartmannella isolates from NNA cultures (1) and directly from the water (2) 

through sampling sites of the Monjolinho River (A–E) in São Carlos, São Paulo state. 

Sample 

Sites 

Culture 

Temperature 

1‐Isolates from NNA Cultures  2‐Isolates Directly from Water Samples 

Code  BLASTn /Accession 1  Code  BLASTn /Accession 1 

A 
26 ℃  N2.G2 

N. philippinensis/ 

LC191904.1  N1  N. canariensis/ FJ475124.1 

37 ℃  N1  N. canariensis/ FJ475124.1 

B 

26 ℃  N1  N. canariensis/ FJ475124.1  N2.G1   

 

N1 

N. philippinensis;   

 

N. canariensis/ FJ475124.1 
     

C 

26 ℃  N1  N. canariensis/ FJ475124.1 
N4.G1   

 

 

N3.G1 

N3.G2 

N. 

australiensis/AB128053.1; 

 

 

N. dobsoni/ KU380484.1   

N. dobsoni/ KU380484.1 

37 ℃  N1  N. canariensis/ FJ475124.1 

D 

26 ℃  N4.G2 
N. australiensis / 

AB128052.1 

N2.G1   

 

N5.G1 

N. 

philippinensis/AY033618.1; 

N. gruberi / MG699123.1 

37 ℃ 
N2.G2 

N. philippinensis/ 

LC191904.1 

H1  Hartmannella/HE617186.1 

44 ℃  N4.G1 
N. australiensis/ 

AB128053.1 

E 

26 ℃  N5.G2  N. gruberi/ MG699123.1  N5.G2   

 

N1 

N. gruberi/MG699123.1; 

 

N. canariensis/ FJ475124.1 
37 ℃  N1  N. canariensis/ FJ475124.1 

1 Gene‐Bank accession numbers. 

Our findings were 95%–100% identical with GenBank Naegleria spp. reference sequences, with a 

query coverage of 98%–100% at BLASTn alignment, and  the variants “.G1” and “.G2” mean  that 

differences were detected on  the nucleotide composition within  the same species. The number of 

substitutions per site from averaging over all sequence pairs of the Naegleria reference sequences was 

0.06, with a standard error estimate of 0.01, revealing a high sequence conservations among Naegleria 

species. However,  this  internal variability on  the  rDNA  sequences  that were detected within  the 

Naegleria species DNA was not significant enough to suggest the identification of new species. 

The sequencing  results  from  the NNA plate samples  (Table 1)  revealed  the presence of  four 

distinct Naegleria species, N. philippinensis, N. canariensis, N. australiensis and N. gruberi, as well as one 

Hartmannella species. According to the D site findings, N. australiensis was capable of growing at 44 

℃. Additionally, N. dobsoni could be isolated when taking into account the identifications directly 

from water (Table 1). 
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2.4. Phylogeny 

The neighbor joining (NJ) tree of the aligned ITS and 5.8S rDNA sequences (Figure S1) clearly 

show  the N5  (G1 and G2 variants) branching with  the Naegleria gruberi species. The N4 sequence 

belonged to the N. australiensis group, N2 belonged to N. philippinensis, N1 belonged to N. canariensis, 

and N3 belonged to the N. dobsoni clades. The sequence resulting from the 758bp amplicon (H1) was 

identified as belonging to the Hartmannella and Acanthamoeba clades (Figure 4) with good bootstrap 

support. 

 

Figure 4. Evolutionary  relationship among Naegleria  spp., Hartmannella  spp. and Vahlkampfia  spp. 

based on  internal  transcribed sequences (ITS1 and ITS2 regions) and 5.8S sequence. The bootstrap 

consensus tree was inferred from 1000 replicates. Branches corresponding to partitions reproduced in 

less  than 50% of  the bootstrap replicates are collapsed. Hartmannella vermiformis and Acanthamoeba 

pearcei were used as outgroups for the Vahlkampfia and Naegleria clades. 

3. Discussion 

3.1. Eutrophication along the Monjolinho River   

The samples were collected along the Monjolinho river, which passes through the city of São 

Carlos in the São Paulo state, Brazil. Five sampling sites were selected. Site A represented the river 
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headwaters and the catchment area [43]. The subsequent sampling sites were located within (B and 

C) and nearby (D) the urban area where the population can use the water for agricultural, domestic 

or recreational purposes. According the limnological measurements shown in Figure 2, the dissolved 

oxygen and conductivity results revealed the degree of eutrophication of the Monjolinho River basin, 

as these are the known parameters that are to evaluate levels of organic material contaminating the 

water [46]. From the headwater towards the two subsequent sampling sites, a gradual increase in 

conductivity values is observed, together with a decrease of dissolved oxygen. However, the severe 

reduction of the electrical conductivity of sites D to E was likely due to the sewage treatment plant 

located between sites D and E. Increment of the electrical conductivity of water are closely related to 

organic matter decomposition, anthropogenic activities, and soil flushing, as these activities elevate 

potassium, magnesium, calcium, carbonate and sulphate concentrations [47]. The lowest DO values 

that were found in the D and E sampling sites were below the recommendations from the Brazilian 

Council of Environmental Regulations, which has determined that DO values should not be lower 

than  6.0 mg.L‐1  as  an  environmental parameter  of water  quality  [48]. The  slight  increase  of  the 

temperature from headwater to the last meander was likely due to the daily temperature change once 

the sampling followed the longitudinal course of the river (A–E), and it took an interval of five hours 

from the first to the last site. The gentle increase in the pH value was probably a consequence of the 

presence of alkaline compounds, such as carbonates and calcium,  that could  increase  the pH and 

were also responsible for the increase of the electrical conductivity. Additionally, detergents that are 

commonly encountered in domestic wastewater have the potential to increase the pH to levels that 

were consistent with the recorded values compared to the upstream sampling sites [49]. Nevertheless, 

all physical  and  chemical  features  registered  in  the Monjolinho River  could harbor Naegleria,  as 

described in this paper. 

3.2. Presence of Naegleria Thermophilic Species in Brazil   

Our cultivation  results, particularly  the  trophozoite growth observed at 44  °C,  indicated  the 

presence of  species with pathogenic potential,  as  it has been discussed  in  earlier  studies  that  all 

pathogenic species of Naegleria have the capability of tolerating temperature of up to 40 °C [16]. The 

observed  capability  of  N.  australiensis  to  grow  and  sustain  its  growth  at  44  °C  broadens  the 

thermotolerance that has thus far been associated with this species, because no earlier studies have 

demonstrated its tolerance to 44 °C, either from environmental samples or in laboratorial conditions 

[4]. To date,  the highest  temperatures tolerated by N. australiensis have been reported to be in the 

range of 40–43 °C [2,11,37,50,51]. On the other hand, N. philippinensis has been reported to grow at 40 

°C [4], which is consistent with our results, which confirmed its inability to withstand a temperature 

of 44 °C.   

The identification of N. australiensis and N. philippinensis (Table 1) brings an important issue to 

be explored due to their capability to cause encephalitis in experimental animals [52,53], and their 

presence  in  the  river water  represents a  threat not only  to  the  ichthyofauna but also  to domestic 

mammals that use the river as water supply. Moreover, just because the causative agent of PAM in 

humans, N. fowleri, was not recovered in this collection does not mean that there is no need for the 

frequent evaluation of this and other river streams. These assessment are becoming urgent with the 

rising temperatures that are being experienced due to global warming effects [11,29,54]. 

3.3. Naegleria spp. Diversity in Brazil 

Besides the  identification of N. australiensis and N. philippinensis,  this study also  identified N. 

canariensis, N. gruberi, and a Harmannella spp. through the same morphological approach combined 

with sequencing analysis, as shown by the bootstrap supported phylogenetic tree (Figure 4), although 

the short  length of  the  ITS‐5.8S sequences did not  resolve  the polytomy within each species. The 

potential of the selected primers to amplify two distinct free‐living amoeba genera has been recently 

reported  in  two  studies  from  the Nile River,  Egypt  [38]  and  from  regions  of Malaysia  [39].  By 

analyzing the DNA sequences that were directly extracted from the river water (Tables 1 and 2), one 

additional Naegleria species could be identified: N. dobsoni. Similarly, some species were not isolated 
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in the direct approach, but, after enriching the trophozoites presence by culturing, we could obtain 

them. Thus, we highlight the  importance on performing both complementary PCR analyses when 

using the DNA extracted directly from the river and the DNA after culturing.   

To the best of our knowledge, this is the first report of N. philippineneis, N. australiensis, N dobsoni 

and N. gruberi in South America environmental samples. To date, reports of the presence of Naegleria 

from South American countries have relied on the identification of N. fowleri from suspected PAM 

victims. For instance, two Venezuelan [55] and five Brazilian [30] PAM cases have been registered. 

One additional Naegleria species has been identified in the public swimming pools of Santiago, Chile 

[56]. Thus, our findings represent a significant improvement on our knowledge on the presence and 

diversity of Naegleria in South America. 

4. Materials and Methods   

4.1. Description of the Geographical Area and Sample Collection 

Five water samples (A–E) were collected from the Monjolinho river, which runs through the city 

of São Carlos, São Paulo, Brazil. Different levels of human intervention along the Monjolinho River 

basin were considered when selecting the five sampling sites that are described in the present study. 

To insert each sampling site (Universal Transverse Mercator, UTM) coordinates in the Monjolinho 

River basin  image, a geographic  information  system  (GIS) named  the Georeferenced  Information 

Processing System (SPRING 5.5.5, http://www.dpi.inpe.br/spring/english/index.html) was used. The 

resulting cadastral map (Figure 5) revealed the basin limit and the respective geographic positions of 

each sampling site along the main stream of the Monjolinho as follows: headwater (A: 22° 0ʹ 2.87ʹʹ S, 

47° 50ʹ 8.96ʹʹ W), peri‐urban stream (B: 21° 58ʹ 40.6884ʹʹ S, 47° 52ʹ 25.50ʹʹ W), urban stream (C: 21° 59ʹ 

45.40ʹʹ S, 47° 54ʹ 6.32ʹʹ W), domestic sewage discharge (D: 22° 0ʹ 52.41ʹʹ S, 47° 55ʹ 26.65ʹʹ W), and after a 

sewage treatment plant (E: 22° 1ʹ 34.92ʹʹ S, 47° 57ʹ 26.29ʹʹ W). The samples were collected in October, 

2017 in the dry season by using one liter sterile glass flasks in a range of 10‐15 cm of the water surface, 

following a literature recommendation [57]. 

 

Figure 5. Cadastral map of the Monjolinho River Basin, São Carlos, São Paulo (Brazil) that shows the 

Monjolinho river (blue line) and sampling sites A–E (in red letters and circles) that were investigated 

in this study. 
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4.2. Limnology and Sampling Process 

The global positioning  system  (GPS)  coordinates of  each  sampling  site were  registered. The 

limnological data of  the sampling sites, such as dissolved oxygen  (DO), hydrogen  ionic potential 

(pH), and temperature, were recorded by a portable water quality analyzer (Horiba U‐10). Within 12 

hours after collection,  the samples were homogenized and  filtered  through a granulometric sieve 

(BERTEL‐MESH 120, pore diameter of 0,125 mm). Five hundred milliliters of the sieved samples were 

used for culturing, and the remaining 500 ml were used for the PCR amplification of the target DNA 

and the DNA sequencing.   

4.3. Amoeba Isolation and Culturing 

The water samples were filtered in a 0.45 μm cellulose nitrate membrane (Nalgene®) and cut in 

nine pieces, and each piece was placed in a 2% agar NNA plate [58] for each sampling site. They were 

then overlaid with heat‐inactivated Escherichia coli (60 °C for 30 minutes) [53]. Three of each sealed 

plates were incubated at 26, 37, and 44 °C [39,40].   

4.4. Morphological Characterization 

The cultures were examined daily  for  the presence of amoeba growth and    the  trophozoites 

identified were sub‐cultured onto new NNA plates and their growth was inspected in an inverted 

Nikon Eclipse TS 100 microscope. To infer the taxonomic identity based on the Page´s classification 

key,  the photomicrographs were  screened  for amoeba‐related morphological  characters  [45]. The 

trophozoites were harvested in 2 ml Page´s saline solution (PAS) [58], centrifuged (800 x g, 10 min), 

suspended in a freezing solution (9:1, heat inactivated fetal bovine serum:DMSO), and then stored in 

liquid nitrogen vapor. 

4.5. DNA Extraction, Amplification and Sequencing 

To perform the molecular identification directly from the water samples, 500 ml of filtered water 

was centrifuged at 3000 x g for 15 min at room temperature and washed once in phosphate‐buffered 

saline (PBS). The final pellet was used for DNA extraction. Likewise, the NNA‐cultured trophozoites 

were washed once with 5 ml PAS on the agar surface to homogenization in a plate shaker (60 rpm, 

10 min). The suspended cells were poured into a canonical 15 ml tube and centrifuged at 1000 x g for 

10 min at RT, and  the pellet was solubilized with 50 μl of ultrapure water  (MiliQ) prior  to DNA 

extraction. The commercial extraction kit DNeasyPowerSoil® Kit  (QIAGEN) was used  to achieve 

high DNA purity and yield  for both  input materials—the water  samples and  the NNA‐cultured 

trophozoites.  The  DNA  concentration  was  quantified  in  a  Nanodrop  2000  Spectrophotometer 

(Thermo Scientific), analyzed by agarose‐gel electrophoresis, and amplified by the polymerase chain 

reaction (PCR). 

The  DNA  was  amplified  with  Naegleria  genus‐specific  primers,  Ng.spp_FW  5´‐

GAACCTGCGTAGGGATCATTT‐3´  and Ng.spp_RV  5´‐TTTCTTTTCCTCCCCTTATTA‐3´,  to  the 

internal  transcribed  spacer  regions  (ITS1  and  2)  that  comprise  the  5.8S  rDNA  gene  that  was 

previously adopted in phylogenetic studies [37–41]. The PCR reactions contained Taq High Fidelity 

Pol Master Mix 2x (Red, Cellco Biotec), 100 ng of the DNA template, and 200 nmoles of each primer. 

The reactions were incubated in a T100 Thermal Cycler (BIO‐RAD) under a cycling condition of 95 

°C for 3 min followed by 35 cycles at 95 °C for 30 s, 50 °C for 30 s, 72 °C for 1 min, and a final extension 

at 72 °C for 2 min. Amplified fragments were examined in SYBR Safe‐stained 2% agarose gels. The 

amplified DNA bands were purified by using the Agarose Gel Extraction Kit (Cellco Biotec), cloned 

into  a  pJET  1.2/blunt  cloning  vector  (Thermo‐Scientific)  and  transformed  into  E.  coli  TOP  10 

competent  cells. The plasmid DNA was  isolated with Fast‐n‐Easy Plasmid Mini‐Prep Kit  (Cellco 

Biotec) and sequenced in triplicate in both directions in a 3130 Genetic Analyzer (Thermo Scientific); 

therefore,  each base was  independently  sequenced  six  times. The  chromatograms were  carefully 

examined with  DNA  analysis  software  (SnapGene  Viewer),  and  the  nucleotide  homology was 
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investigated  through  Basic  Local  Alignment  Search  Tool  (BLAST)  at  the  National  Centre  for 

Biotechnology Information (NCBI) blasting with Eukarya Domain sequences. 

4.6. Phylogenetic Inferences   

The  phylogenetic  analysis was  based  on  the  ITS  and  5.8  S  sequences  from  this work.  The 

consensus sequences were aligned with the Naegleria rDNA reference sequences that were already 

deposited  in the GenBank database by using ClustalW software with the following gap penalties: 

20/0.1 and 15/6.66 to gap opening/extension for the pairwise and multiple alignments, respectively. 

The final alignment was used for the phylogenetic analysis with Molecular Evolutionary Genetics 

Analysis (MEGA7) to build a phylogenetic tree based on neighbor joining (NJ) inference method with 

the Tamura–Nei statistic model [59]. In order to determine the statistical reliability of each node, 1000 

bootstrap replicates were performed. 

5. Conclusions 

In this study, we describe the identification of Naegleria along the Monjolinho River Basin with 

morphological  and  molecular  approaches.  Although  not  exhaustive,  the  combination  of  both 

morphological  and molecular methodologies  allowed  for  a more  complete understanding of  the 

amoebas  that were present. Because earlier Brazilian  studies  focused  the Naegleria environmental 

investigations based on morphological analyses, they reported their information at genera level. In 

this context, the present research was the first Brazilian study to perform a molecular approach to 

detect Naegleria in an environmental sample and in which the findings could change the scenario by 

revealing  the presence of Naegleria at  the  species  level. Thus,  this  study  increases knowledge on 

diversity  due  the  identification  of  five  distinct Naegleria  species  and  one Harmannella  gene.  The 

limnological characterization  that was accomplished by  this  study allowed  for  the assessment of 

eutrophication, as the D sampling site was found to be the most eutrophic compared to the remaining 

four sites. Additionally, this site was the most diverse regarding the species that were, identified as 

it had  three of  the  five Naegleria  spp.  and  the Hartmannella  species  that were  found  in  the  river. 

Although  N.  fowleri  was  not  recovered  in  this  survey,  the  presence  of  N.  australiensis  and  N. 

philippinensis, distributed from the headwater to the fourth sampling site, indicates that potentially 

pathogenic species could grow in the Monjolinho River. Even if they have never been reported in 

human infections, their potential to cause encephalitis in laboratory conditions renders these species 

worthy of a more careful investigation. Since both species were found in the most eutrophic sampling 

site,  there  is  a need  to  investigate  the  surrounding  freshwater  systems with  similar  limnological 

conditions that could favor their presence and dispersion. Our findings strengthen the importance of 

combining morphological  approaches with molecular  investigations  in  order  to  reach  a  deeper 

investigation of Naegleria spp. in environmental samples. This study highlights the need to perform 

further  investigations  that  address  the  presence  and  distribution  of  potentially  pathogenic  FLA 

genera in Brazil. 

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, Figure S1: Aligned ITS 

and 5.8S rDNA sequences. 
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APPENDIX II (b) 
 



Domain: Data  
N. australiensis (AJ132034.1) G A A A C C T T T T T T C C C C A C T G T G C A A T G G A G C A C A C G G C T T  [ 416]
N. gruberi (AJ132024.1) G A A A C C T T T T T T C C C C A C T G T G C A A T G G A G C A C A C G G C T T  [ 416]
N. gruberi (AJ132031.1) G A A A C C T T T T T T C C C C A C T G T G C A A T G G A G C A C A C G G C T T  [ 416]
N. philippinensis (AY033618.1) G A A A C C T T T T T T C C C C A C T G T G C A A T G G A G C A C A C G G C T T  [ 416]
N. dobsoni (AJ566627.1) G A A A C C T T T T C C A T C C A C T G T G C A A T G G A G C A C A C G G C T C  [ 416]
N. paradobsoni (AM157664.1) G A A A C C T T T T C C A T C C A C T G T G C A A T G G A G C A C A C G G C T C  [ 416]
N1 G A A A C C T T T T T T C C C C A C T G T G C A A T G G A G C A C A C G G C T T  [ 416]
N2.G1 G A A A C C T T T T T T C C C C A C T G T G C A A T G G A G C A C A C G G C T T  [ 416]
N2.G2 G A A A C C T T T T T T C C C C A C T G T G C A A T G G A G C A C A C G G C T T  [ 416]
N3.G1 G A A A C C T T T T T A C C C C A C T G T G C A A T G G A G C A C A C G G C T C  [ 416]
N3.G2 G A A A C C T T T T C C A T C C A C T G T G C A A T G G A G C A C A C G G C T C  [ 416]
N4.G1 G A A A C C T T T T T T C C C C A C T G T G C A A T G G A G C A C A C G G C T T  [ 416]
N4.G2 G A A A C C T T T T T T C C C C A C T G T G C A A T G G A G C A C A C G G C T T  [ 416]
N5.G1 G A A A C C T T T T T T C C C C A C T G T G C A A T G G A G C A C A C G G C T T  [ 416]
N5.G2 G A A A C C T T T T T T C C C C A C T G T G C A A T G G A G C A C A C G G C T T  [ 416]
H1 C C T T C G A G A A C G A A C C T T T C G A C G A C G G A T A C C T C G G T T C  [ 416]
N. canariensis (FJ475124.1) G A A A C C T T T T T T C C C C A C T G T G C A A T G G A G C A C A C G G C T T  [ 416]
N. neodobsoni (AM157661.1) G A A A C G A A T T C C A T C C A C T G T G C A A T G G A G C A C A C G G C T C  [ 416]
Hartmannella vermiformis (GU001158.1:186-863) C C T T C G A G A A C G A A C C T T T C G A C G A C G G A T A C C T C G G T T C  [ 416]
N. gruberi (AB298288.1) G A A A C C T T T T T T C C C C A C T G T G C A A T G G A G C A C A C G G C T T  [ 416]
N. gruberi (MG699123.1) G A A A C C T T T T T T C C C C A C T G T G C A A T G G A G C A C A C G G C T T  [ 416]
N. dobsoni (KU380484.1) T G G A C C T T T T C C A T C C A C T G T G C A A T G G A G C A C A C G G C T C  [ 416]
N. sp. 4542 (JQ271648.1) G A A A C C T T T T C C A T C C A C T G T G C A A T G G A G C A C A C G G C T C  [ 416]
N. australiensis (AB128052.1) G A A A C C T T T T T T C C C C A C T G T G C A A T G G A G C A C A C G G C T T  [ 416]
N. australiensis (AB128053.1) G A A A C C T T T T T T C C C C A C T G T G C A A T G G A G C A C A C G G C T T  [ 416]
Acanthamoeba castellanii (KT185626.1:2448-3577)A T A T C G T A T T T T A A T C A C C T A A C A A C G G A T A T C T T G G T T C  [ 416]
Vermamoeba vermiformis (KT185625.1:2842-3509)C C T T C G A G A A C G A A C C T T T C G A C G A C G G A T A C C T C G G T T C  [ 416]
Vahlkampfia avara (LC191903.1) G C G T T C G T G A G T A A C C A C T T T G C G A T G G A T C A C T T G G C T A  [ 416]
Vahlkampfia ciguana (AJ973126.1) A T G T T C G A A A A T A A C C A C T T T G C G A T G G A T C A C T T G G C T A  [ 416]
Hartmannella sp. (HE617186.1) C C T T C G A G A A C G A A C C T T T C G A C G A C G G A T A C C T C G G T T C  [ 416]

N. australiensis (AJ132034.1) A T G C A T C G A T G A A G C C C G C G G C A A A A A G C G A T A T G T A A T G  [ 456]
N. gruberi (AJ132024.1) A T G C A T C G A T G A A G C C C G C G G C A A A A A G C G A T A T G T A A T G  [ 456]
N. gruberi (AJ132031.1) A T G C A T C G A T G A A G C C C G C G G C A A A A A G C G A T A T G T A A T G  [ 456]
N. philippinensis (AY033618.1) A T G C A T C G A T G A A G C C C G C G G C A A A A A G C G A T A T G T A A T G  [ 456]
N. dobsoni (AJ566627.1) G T G C A T C G A T G A A G C C C G C G G C A A A A A G C G A T A T G T A A T G  [ 456]
N. paradobsoni (AM157664.1) G T G C A T C G A T G A A G C C C G C G G C A A A A A G C G A T A T G T A A T G  [ 456]
N1 A T G C A T C G A T G A A G C C C G C G G C A A A A A G C G A T A T G T A A T G  [ 456]
N2.G1 A T G C A T C G A T G A A G C C C G C G G C A A A A A G C G A T A T G T A A T G  [ 456]
N2.G2 A T G C A T C G A T G A A G C C C G C G G C A A A A A G C G A T A T G T A A T G  [ 456]
N3.G1 G T G C A T C G A T G A A G C C C G C G G C A A A A A G C G A T A T G T A A T G  [ 456]
N3.G2 G T G C A T C G A T G A A G C C C G C G G C A A A A A G C G A T A T G T A A T G  [ 456]
N4.G1 A T G C A T C G A T G A A G C C C G C G G C A A A A A G C G A T A T G T A A T G  [ 456]
N4.G2 A T G C A T C G A T G A A G C C C G C G G C A A A A A G C G A T A T G T A A T G  [ 456]
N5.G1 A T G C A T C G A T G A A G C C C G C G G C A A A A A G C G A T A T G T A A T G  [ 456]
N5.G2 A T G C A T C G A T G A A G C C C G C G G C A A A A A G C G A T A T G T A A T G  [ 456]
H1 C C A C G C C G A T G A A G A G C G C G G C G A A A C G C G A T A T G T C G T G  [ 456]
N. canariensis (FJ475124.1) A T G C A T C G A T G A A G C C C G C G G C A A A A A G C G A T A T G T A A T G  [ 456]
N. neodobsoni (AM157661.1) G T G C A T C G A T G A A G C C C G C G G C A A A A A G C G A T A T G T A A T G  [ 456]
Hartmannella vermiformis (GU001158.1:186-863) C C A C G C C G A T G A A G A G C G C G G C G A A A C G C G A T A T G T C G T G  [ 456]
N. gruberi (AB298288.1) A T G C A T C G A T G A A G C C C G C G G C A A A A A G C G A T A T G T A A T G  [ 456]
N. gruberi (MG699123.1) A T G C A T C G A T G A A G C C C G C G G C A A A A A G C G A T A T G T A A T G  [ 456]
N. dobsoni (KU380484.1) G T G C A T C G A T G A A G C C C G C G G C A A A A A G C G A T A T G T A A T G  [ 456]
N. sp. 4542 (JQ271648.1) G T G C A T C G A T G A A G C C C G C G G C A A A A A G C G A T A T G T A A T G  [ 456]
N. australiensis (AB128052.1) A T G C A T C G A T G A A G C C C G C G G C A A A A A G C G A T A T G T A A T G  [ 456]
N. australiensis (AB128053.1) A T G C A T C G A T G A A G C C C G C G G C A A A A A G C G A T A T G T A A T G  [ 456]
Acanthamoeba castellanii (KT185626.1:2448-3577)T C G C G A G G A T G A A G A A C G C A G C G A A A T G C G A T A C G T A G T G  [ 456]
Vermamoeba vermiformis (KT185625.1:2842-3509)C C A C G C C G A T G A A G A G C G C G G C G A A A C G C G A T A T G T C G T G  [ 456]
Vahlkampfia avara (LC191903.1) T T G T G A C G A T G A A G A A C G T A G C A A G T T G C G A A A A G T A A T G  [ 456]
Vahlkampfia ciguana (AJ973126.1) T T G T G A C G A T G A A G A A C G T A G C A A G T T G C G A A A A G T A A T G  [ 456]
Hartmannella sp. (HE617186.1) C C A C G C C G A T G A A G A G C G C G G C G A A A C G C G A T A T G T C G T G  [ 456]

N. australiensis (AJ132034.1) A G A T T C G T T A G C C T C G C G A T T C A T C A A A T T G G T G A A C A C A  [ 497]
N. gruberi (AJ132024.1) A G A T T C G T T A G C C T C G C G A T T C A T C A A A T T G G T G A A C A C A  [ 497]
N. gruberi (AJ132031.1) A G A T T C G T T A G C C T C G C G A T T C A T C A A A T T G G T G A A C A C A  [ 497]
N. philippinensis (AY033618.1) A G A T T C G T T A G C C T C G C G A T T C A T C A A A T T G G T G A A C A C A  [ 497]
N. dobsoni (AJ566627.1) A G A T T C G T T A G C C T C G C G A T T C A T C A A A T T G G T G A A C A C A  [ 497]
N. paradobsoni (AM157664.1) A G A T T C G T T A G C C T C G C G A T T C A T C A A A T T G G T G A A C A C A  [ 497]
N1 A G A T T C G T T A G C C T C G C G A T T C A T C A A A T T G G T G A A C A C A  [ 497]
N2.G1 A G A T T C G T T A G C C T C G C G A T T C A T C A A A T T G G T G A A C A C A  [ 497]
N2.G2 A G A T T C G T T A G C C T C G C G A T T C A T C A A A T T G G T G A A C A C A  [ 497]
N3.G1 A G A T T C G T T A G C C T C G C G A T T C A T C A A A T T G G T G A A C A C A  [ 497]
N3.G2 A G A T T C G T T A G C C T C G C G A T T C A T C A A A T T G G T G A A C A C A  [ 497]
N4.G1 A G A T T C G T T A G C C T C G C G A T T C A T C A A A T T G G T G A A C A C A  [ 497]
N4.G2 A G A T T C G T T A G C C T C G C G A T T C A T C A A A T T G G T G A A C A C A  [ 497]
N5.G1 A G A T T C G T T A G C C T C G C G A T T C A T C A A A T T G G T G A A C A C A  [ 497]
N5.G2 A G A T T C G T T A G C C T C G C G A T T C A T C A A A T T G G T G A A C A C A  [ 497]
H1 C G A A T C G C A G A A T T C G C G A A T C A C G C A A T C C T C G A A C G C A  [ 497]
N. canariensis (FJ475124.1) A G A T T C G T T A G C C T C G C G A T T C A T C A A A T T G G T G A A C A C A  [ 497]
N. neodobsoni (AM157661.1) A G A T T C G T T A G C C T C G C G A T T C A T C A A A T T G G T G A A C A C A  [ 497]
Hartmannella vermiformis (GU001158.1:186-863) C G A A T C G C A G A A T T C G C G A A T C A C G C A A T C C T C G A A C G C A  [ 497]
N. gruberi (AB298288.1) A G A T T C G T T A G C C T C G C G A T T C A T C A A A T T G G T G A A C A C A  [ 497]
N. gruberi (MG699123.1) A G A T T C G T T A G C C T C G C G A T T C A T C A A A T T G G T G A A C A C A  [ 497]
N. dobsoni (KU380484.1) A G A T T C G T T A G C C T C G C G A T T C A T C A A A T T G G T G A A C A C A  [ 497]
N. sp. 4542 (JQ271648.1) A G A T T C G T T A G C C T C G C G A T T C A T C A A A T T G G T G A A C A C A  [ 497]
N. australiensis (AB128052.1) A G A T T C G T T A G C C T C G C G A T T C A T C A A A T T G G T G A A C A C A  [ 497]
N. australiensis (AB128053.1) A G A T T C G T T A G C C T C G C G A T T C A T C A A A T T G G T G A A C A C A  [ 497]
Acanthamoeba castellanii (KT185626.1:2448-3577)T G A A T C G C A G G G A T C G T G A A T C A T C G A A T C T T T G A A C G C A  [ 497]
Vermamoeba vermiformis (KT185625.1:2842-3509)C G A A T C G C A G A A T T C G C G A A T C A C G C A A T C C T C G A A C G C A  [ 497]
Vahlkampfia avara (LC191903.1) T G A C A T G C A A A A C T C G T G A A T C A T C G A A T T T T C G A A C A T A  [ 497]
Vahlkampfia ciguana (AJ973126.1) T G A C A T G C A A A A C T C G T G A A T C A T C A A A T T T T C G A A C A T A  [ 497]
Hartmannella sp. (HE617186.1) C G A A T C G C A G A A T T C G C G A A T C A C G C A A T C C T C G A A C G C A  [ 497]
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ITS1
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Multiple sequence alignment of the ITS and 5.8S rDNA sequences, excluding sites with alignment gaps.
Yellow highlighting displays the conserved nucleotides among the sequences. The ITS1, 5.8S, ITS2 and
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N. australiensis (AJ132034.1) T A C T G G A C C T C T T C G G A G G T A C T T G C G T T A G A G T G C T A G T  [ 551]
N. gruberi (AJ132024.1) T A C T G G A C C T C T T C G G A G G T A C T T G C G T T A G A G T G C T A G T  [ 551]
N. gruberi (AJ132031.1) T A C T G G A C C T C T T C G G A G G T A C T T G C G T T A G A G T G C T A G T  [ 551]
N. philippinensis (AY033618.1) T A C T G G A C C T C T T C G G A G G T A C T T G C G T T A G A G T G C T A G T  [ 551]
N. dobsoni (AJ566627.1) T A C T G G A C C T C T T C G G A G G T A C T T G C G T T A G A G T G C T A G T  [ 551]
N. paradobsoni (AM157664.1) T A C T G G A C C T C T T C G G A G G T A C T T G C G T T A G A G T G C T A G T  [ 551]
N1 T A C T G G A C C T C T T C G G A G G T A C T T G C G T T A G A G T G C T A G T  [ 551]
N2.G1 T A C T G G A C C T C T T C G G A G G T A C T T G C G T T A G A G T G C T A G T  [ 551]
N2.G2 T A C T G G A C C T C T T C G G A G G T A C T T G C G T T A G A G T G C T A G T  [ 551]
N3.G1 T A C T G G A C C T C T T C G G A G G T A C T T G C G T T A G A G T G C T A G T  [ 551]
N3.G2 T A C T G G A C C T C T T C G G A G G T A C T T G C G T T A G A G T G C T A G T  [ 551]
N4.G1 T A C T G G A C C T C T T C G G A G G T A C T T G C G T T A G A G T G C T A G T  [ 551]
N4.G2 T A C T G G A C C T C T T C G G A G G T A C T T G C G T T A G A G T G C T A G T  [ 551]
N5.G1 T A C T G G A C C T C T T C G G A G G T A C T T G C G T T A G A G T G C T A G T  [ 551]
N5.G2 T A C T G G A C C T C T T C G G A G G T A C T T G C G T T A G A G T G C T A G T  [ 551]
H1 T C C G G C G C C T T C C C G G G A G C A T G C C C G T C T G A G C G T C G T T  [ 551]
N. canariensis (FJ475124.1) T A C T G G A C C T C T T C G G A G G T A C T T G C G T T A G A G T G C T A G T  [ 551]
N. neodobsoni (AM157661.1) T A C T G G A C C T C T T C G G A G G T A C T T G C G T T A G A G T G C T A G T  [ 551]
Hartmannella vermiformis (GU001158.1:186-863) T C C G G C G C C T T C C C G G G A G C A T G C C C G T C T G A G C G C C G T T  [ 551]
N. gruberi (AB298288.1) T A C T G G A C C T C T T C G G A G G T A C T T G C G T T A G A G T G C T A G T  [ 551]
N. gruberi (MG699123.1) T A C T G G A C C T C T T C G G A G G T A C T T G C G T T A G A G T G C T A G T  [ 551]
N. dobsoni (KU380484.1) T A C T G G A C C T C T T C G G A G G T A C T T G C G T T A G A G T G C T A G T  [ 551]
N. sp. 4542 (JQ271648.1) T A C T G G A C C T C T T C G G A G G T A C T T G C G T T A G A G T G C T A G T  [ 551]
N. australiensis (AB128052.1) T A C T G G A C C T C T T C G G A G G T A C T T G C G T T A G A G T G C T A G T  [ 551]
N. australiensis (AB128053.1) T A C T G G A C C T C T T C G G A G G T A C T T G C G T T A G A G T G C T A G T  [ 551]
Acanthamoeba castellanii (KT185626.1:2448-3577)A G T T G C G C C C C C C C G G G A G C A C G T T C G C T T G A G T G C C G C T  [ 551]
Vermamoeba vermiformis (KT185625.1:2842-3509)T C C G G C G C C T T C C C G G G A G C A T G C C C G T C T G A G C G T C G T T  [ 551]
Vahlkampfia avara (LC191903.1) T C C A A T G C G A A T T G C G A A G C G C T T A C T T G T G A G T G C C A G T  [ 551]
Vahlkampfia ciguana (AJ973126.1) G A C A A T G C G A G C T G A G A A G C G C T T G C T C G T G A G T G C C A G T  [ 551]
Hartmannella sp. (HE617186.1) T C C G G C G C C T T C C C G G G A G C A T G C C C G T C T G A G C G T C G T T  [ 551]

N. australiensis (AJ132034.1) T T T A T C A A T T G A T C T G G T A A A G G T G T T T G A A T C G T T A G T T  [ 618]
N. gruberi (AJ132024.1) T T T A T C A A T T G A T C T G G T A A A G G T G T T T G A A T C A T T A ? T T  [ 618]
N. gruberi (AJ132031.1) T T T A T C A A T T G A T C T G G T A A A G G T G T T T G A A T C A T T A A T T  [ 618]
N. philippinensis (AY033618.1) T T T A T C A A T T G A T C T G G T A A A G G T G T T T G A A T C A T T A G T T  [ 618]
N. dobsoni (AJ566627.1) T T T A T C A A T T G A G C C G A T A A A G G T G T T T T A A T C T T T A G T T  [ 618]
N. paradobsoni (AM157664.1) T T T A T C A A T T G A G C C G A T A A A G G T G T T T T A A T C T T T A G T T  [ 618]
N1 T T T A T C A A T T G A T C T G G T A A A G G T G T T T G A A T C A T T A G T T  [ 618]
N2.G1 T T T A T C A A T T G A T C T G G T A A A G G T G T T T G A A T C G T T A G T T  [ 618]
N2.G2 T T T A T C A A T T G A T C T G G T A A A G G T G T T T G A A T C A T T A G T T  [ 618]
N3.G1 T T T A T C A A T T G A G C C G A T A A A G G T G G T T T A A T C T T T A G T T  [ 618]
N3.G2 T T T A T C A A T T G A G C C G A T A A A G G T G T T T T A A T C T T T A G T T  [ 618]
N4.G1 T T T A T C A A T T G A T C T G G T A A A G G T G T T T G A A T C G T T A G T T  [ 618]
N4.G2 T T T A T C A A T T G A T C T G G T A A A G G T G T T T G A A T C G T T A G T T  [ 618]
N5.G1 T T T A T C A A T T G A T C T G G T A A A G G T G T T T G A A T C A T T A A T T  [ 618]
N5.G2 T T T A T C A A T T G A T C T G G T A A A G G T G T T T G A A T C A T T A G T T  [ 618]
H1 C C C A T C C C T C A G A C G T C C G A A G G T A G G G T G A T C G G G A C G T  [ 618]
N. canariensis (FJ475124.1) T T T A T C A A T T G A T C T G G T A A A G G T G T T T G A A T C A T T A G T T  [ 618]
N. neodobsoni (AM157661.1) T T T A T C A A T T G A G C C G A T A A A G G T G T T T T A A T C T T T A G T T  [ 618]
Hartmannella vermiformis (GU001158.1:186-863) C C A A T C C C A A C G A C G A T T A A A G G A T G G G C G A T C G G G A C A G  [ 618]
N. gruberi (AB298288.1) T T T A T C A A T T G A T C T G G T A A A G G T G T T T G A A T C A T T A A T T  [ 618]
N. gruberi (MG699123.1) T T T A T C A A T T G A T C T G G T A A A G G T G T T T G A A T C A T T A A T T  [ 618]
N. dobsoni (KU380484.1) T T T A T C A A T T G A G C C G A T A A A G G T G T T T T A A T C T T T A G T T  [ 618]
N. sp. 4542 (JQ271648.1) T T T A T C A A T T G A G C C G A T A A A G G T G T T T T A A T C T T T A G T T  [ 618]
N. australiensis (AB128052.1) T T T A T C A A T T G A T C T G G T A A A G G T G T T T G A A T C G T T A G T T  [ 618]
N. australiensis (AB128053.1) T T T A T C A A T T G A T C T G G T A A A G G T G T T T G A A T C G T T A G T T  [ 618]
Acanthamoeba castellanii (KT185626.1:2448-3577)T C T A T C C A T T A A G C T C A T T C C G G T G G T G G A A T T G G G G G G C  [ 618]
Vermamoeba vermiformis (KT185625.1:2842-3509)C C A A T C C C A A A G A C G A T C G A A G G A T G G G T G A T C G G G A C A G  [ 618]
Vahlkampfia avara (LC191903.1) T T T T C T T A C T G G A C T G A G A A A C G A A G C C G G G T T T C C G T T T  [ 618]
Vahlkampfia ciguana (AJ973126.1) T A T C C T T A C T G G A C T G A G A T A T G C T G A T G C A C A G T C A T G T  [ 618]
Hartmannella sp. (HE617186.1) C C C A T C C C T C A G A C G T C C G A A G G T A G G G T G A T C G G G A C G T  [ 618]

N. australiensis (AJ132034.1) T T A C C C C T A G C C G G G G A G C C G G A T T C C T G A G A A T T C G A T T  [ 670]
N. gruberi (AJ132024.1) T T A C C C C T A G C C G G G T A G C C G G A T T C C T G A G A A T T C G A T T  [ 670]
N. gruberi (AJ132031.1) T T A C C C C T A G C C G G G T A G C C G G A T T C C T G A G A A T T C G A T T  [ 670]
N. philippinensis (AY033618.1) T T A C C C C T A G C C G G G T A G C C G G A T T C C T G A G A A T T C G A T T  [ 670]
N. dobsoni (AJ566627.1) T T A C C C C G A G T C G G G A A G C C G G T T T C T T G A G A A T C C G A T T  [ 670]
N. paradobsoni (AM157664.1) T T A C C C C G A G T C G G G A A G C C G G T T T C T T G A G A A T C C G A T T  [ 670]
N1 T T A C C C C T A G C C G G G T A G C C G G A T T C T T G A G A A T T C G A T T  [ 670]
N2.G1 T T A C C C C T A G C C G G G T A G C C G G A T T C C T G A G A A T T C G A T T  [ 670]
N2.G2 T T A C C C C T A G C C G G G T A G C C G G A T T C C T G A G A A T T C G A T T  [ 670]
N3.G1 T T A C C C C G A G T C G G G A A G C C G G T T T C T T G A G A A T C C G A T T  [ 670]
N3.G2 T T A C C C C G A G T C G G G A A G C C G G T T T C T T G A G A A T C C G A T T  [ 670]
N4.G1 T T A C C C C T A G C C G G G G A G C C G G A T T C C T G A G A A T T C G A T T  [ 670]
N4.G2 T T A C C C C T A G C C G G G G A G C C G G A T T C C T G A G A A T T C G A T T  [ 670]
N5.G1 T T A C C C C T A G C C G G G T A G C C G G A T T C C T G A G A A T T C G A T T  [ 670]
N5.G2 T T A C C C C T A G C C G G G T A G C C G G A T T C C T G A G A A T T C G A T T  [ 670]
H1 C G A T G C A G T T C C T G G G A A C A G G C G C A C C T A C T A C C C C G T C  [ 670]
N. canariensis (FJ475124.1) T T A C C C C T A G C C G G G T A G C C G G A T T C T T G A G A A T T C G A T T  [ 670]
N. neodobsoni (AM157661.1) T T A C C C C G A G T C G G G A A G C C G G T T T C T T G A G A A T C C G A T T  [ 670]
Hartmannella vermiformis (GU001158.1:186-863) A A A T G C A G T T T C T G G G A A C A G G C G C A T C G A A A G C C C C A T C  [ 670]
N. gruberi (AB298288.1) T T A C C C C T A G C C G G G T A G C C G G A T T C C T G A G A A T T C G A T T  [ 670]
N. gruberi (MG699123.1) T T A C C C C T A G C C G G G T A G C C G G A T T C C T G A G A A T T C G A T T  [ 670]
N. dobsoni (KU380484.1) T T A C C C C G A G T C G G G A A G C C G G T T T C T T G A G A A T C C G A T T  [ 670]
N. sp. 4542 (JQ271648.1) T T A C C C C G A G T C G G G A A G C C G G T T T C T T G A G A A T C C G A T T  [ 670]
N. australiensis (AB128052.1) T T A C C C C T A G C C G G G G A G C C G G A T T C C T G A G A A T T C G A T T  [ 670]
N. australiensis (AB128053.1) T T A C C C C T A G C C G G G G A G C C G G A T T C C T G A G A A T T C G A T T  [ 670]
Acanthamoeba castellanii (KT185626.1:2448-3577)T T A C A C C G C G G C G G G T G G C T G G C C T C T T G T G T A T G G T A T T  [ 670]
Vermamoeba vermiformis (KT185625.1:2842-3509)C G A T G C A G T T T C T G G G A A C A G G C G C A C C G A T T G C C C C A T C  [ 670]
Vahlkampfia avara (LC191903.1) T C T C T C C A T A G T A A G A A A G T G G A C T T A T G A C A G T T C T T T T  [ 670]
Vahlkampfia ciguana (AJ973126.1) T C T C T C C A T A G T A A G A A A G T G A A C T T A T G A C A G T T C T T T T  [ 670]
Hartmannella sp. (HE617186.1) C G A T G C A G T T C C T G G G A A C A G G C G C A C C T A C T A C C C C G T C  [ 670]

ITS2



N. gruberi (AJ132024.1) T T C C T G T T T T G A C T A G T C A A T C T T T ? ? A T T  [ 782]
N. gruberi (AJ132031.1) T T C C T G T T T T G A C T A G T C A A T C T T T T T A T T  [ 782]
N. philippinensis (AY033618.1) T T C C G G T T T T G A C T A G T C A A T C C T T G T A T T  [ 782]
N. dobsoni (AJ566627.1) T C C T G A G T T G A A C T G G A T T A C G C T C T G A T C  [ 782]
N. paradobsoni (AM157664.1) T C C T G A G T T G A A C T G G A T T A C G C T C T G A T C  [ 782]
N1 T T C C G A A T T T G A C T A G T C A A T C C T T T T A T T  [ 782]
N2.G1 T T C C G G T T T T G A C T A G T C A A T C C T T G T A T T  [ 782]
N2.G2 T T C C G G T T T T G A C T A G T C A A T C C T T G T A T T  [ 782]
N3.G1 T C C T G A G T T G A A C T G G A T T A C G C T C T G A T C  [ 782]
N3.G2 T C C T G A G T T G A A C T G G A T T A C G C T C T G A T C  [ 782]
N4.G1 T T C C G T C T T T G A C T G G T C A A T C A T T T T A T T  [ 782]
N4.G2 T T C C G T C T T T G A C T G G T C A A T C A T T T T A T T  [ 782]
N5.G1 T T C C T G T T T T G A C T A G T C A A T C T T T T T A T T  [ 782]
N5.G2 T T C C G G T T T T G A C T A G T C A A T C T T T T T A T T  [ 782]
H1 G A C T G A G G C G G C C C G A T C C A T C C T C C G G T C  [ 782]
N. canariensis (FJ475124.1) T T C C G A A T T T G A C T A G T C A A T C C T T T T A T T  [ 782]
N. neodobsoni (AM157661.1) T C C T G A G T T G A A C T G G A T T A C G C T C T A A T C  [ 782]
Hartmannella vermiformis (GU001158.1:186-863) G A C G G A G G T G C C C T A A T C C A T T C T C T C G T C  [ 782]
N. gruberi (AB298288.1) T T C C T G T T T T G A C T A G T C A A T C T T T T T A T T  [ 782]
N. gruberi (MG699123.1) T T C C T G T T T T G A C T A G T C A A T C T T T T T A T T  [ 782]
N. dobsoni (KU380484.1) T C C T G A G T T G A A C T G G A T T A C G C T C T G A T C  [ 782]
N. sp. 4542 (JQ271648.1) T C C T G A G T T G A A C T G G A T T A C G C T C T G A T C  [ 782]
N. australiensis (AB128052.1) T T C C G T C T T T G A C T G G T C A A T C A T T T T A T T  [ 782]
N. australiensis (AB128053.1) T T C C G T C T T T G A C T G G T C A A T C A T T T T A T T  [ 782]
Acanthamoeba castellanii (KT185626.1:2448-3577)T G C C A A C A T T G G T C G G T G T G T G T T G G G G T T  [ 782]
Vermamoeba vermiformis (KT185625.1:2842-3509)G A C G G A G G T G C C C T G A A C C A T T C T C T C G T C  [ 782]
Vahlkampfia avara (LC191903.1) T G T A A A C T C T G T G A G G G T T A C C C T T T A A G C  [ 782]
Vahlkampfia ciguana (AJ973126.1) C A T A A A C T C T G C G A G G G T T A C C C T T T A A G C  [ 782]
Hartmannella sp. (HE617186.1) G A C T G A G G C G G C C C G A T C C A T C C T C C G G T C  [ 782]

LSUN. australiensis (AJ132034.1) T T C C G T C T T T G A C T G G T C A A T C A T T T T A T T




