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Diversity of free-living 'naked' amoeboid organisms 
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Amoeboid organisms are phylogenetically diverse, some being more closely related to plants or metazoans than to 
each other. Amoeboid organisms are ecologically successful, having been isolated on all continents, including 
Antarctica, as well as being the main predators controlling bacterial populations in soil. The classification of these 
organisms has historically relied upon morphological characteristics. The application of electron microscopy, com- 
parison of enzymic profiles after electrophoretic separation, and analysis of nucleic acid fractions have provided 
reliable bases for classifying amoeboid organisms. The extent of diversity of these organisms has been recognized, 
as methods to detect, culture, characterize and identify them has increased. It is reasonable to anticipate that the 
current 40000 species of protists will increase substantially as amoeboid organisms are cultivated from poorly 
accessible niches and from extreme environs. 
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Biodiversity has been defined as the variety and variability 
of life-forms, both contemporary and extinct. An under- 
standing of the origins and extent of biodiversity is basic 
to all other fields of comparative and applied biology. The 
diverse living organisms on earth interact in a vast array 
of complex ecosystems to maintain soils and their nutrients, 
to purify water, to control pest organisms, to maintain the 
gaseous composition of the atmosphere, and to stabilize the 
climate. A knowledge of biodiversity is essential for the 
formulation of sound public policy and for economic devel- 
opment based upon biotechnology and applied biology. 
Comprehensive systematic studies are essential for an 
analysis of genetic and ecosystem biodiversity at the level 
of the gene and species [78]. Classification systems serve 
as the knowledge base from which predictions about organ- 
isms can be made [58]. It has been estimated that the cur- 
rently-described 1.5-2 million species represent only 10- 
20% of taxonomic biodiversity [20]. 

Free-living amoeboid organisms have been described for 
more than two centuries; however, van Leeuwenhoek did 
not include a description of these organisms in his pion- 
eering work [51]. In 1755, R6sel von Rosenhof described 
an amoeboid organism that he referred to as 'little Proteus' 
[76]. The naming of this amoeba chaos by Linnaeus was 
perhaps prophetic. In 1758, Linnaeus named R6sel von 
Rosenhof's organism Volvox chaos [50], but in 1767 be 
renamed it Chaos protheus [51]. The epithet Chaos chaos 
was subsequently resurrected and applied to the giant amo- 
eba Pelomyxa carolinensis [52]. Kudo [46] concluded that 
Linnaeus' Chaos chaos was an unidentifiable organism of 
historic interest only. The name amoeba was first applied 
to this morphological group of organisms by Ehrenberg in 
1838. The obvious plasticity of the cell's shape and the 
superficially similar means of locomotion gave credence to 
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the perception of amoeba as a natural group both in the lay 
language and in scientific nomenclature [45]. Btitschli [8] 
grouped the amoeboid organisms into the Sarkodina as a 
major taxon of the Protozoa or Infusoria. The concept of 
Sarcodina as a plausible taxon to encompass amoeboid 
organisms persisted for a century [43,48], although the 
diversity of these organisms was recognized, but ignored, 
throughout this period. Amoeboid locomotion, the only uni- 
versally shared characteristic of the taxon Rhizopoda, is the 
consequence of an array of contractile mechanisms. It is 
now accepted, albeit reluctantly, that amoeboid organisms 
are remarkably diverse, with important biological proper- 
ties that link some amoeboid organisms closer to plants or 
metazoans than to each other. The classification of amoebae 
has historically relied upon morphological characteristics 
[65]. As biochemical and molecular methods have been 
applied to the identification and classification of these 
organisms, it is obvious that morphological characteristics 
alone are not sufficient to delineate all important taxa, and 
that morphological differences may be misleading in classi- 
fying amoeboid organisms [70]. In the span of 10 years, 
the number of recognized species of Naegleria has grown 
from five to twelve, most of these distinguished from each 
other solely on molecular criteria. Taxonomy of amoeboid 
organisms is still in a state of flux, with advocates for mor- 
phological [12], biochemical [70] or molecular characters 
[39] as the bases for classification and identification. 

Biology of amoebae 

Amoeboid organisms have numerous features that make 
them particularly interesting organisms for study. They pro- 
vide excellent tools for the study of cell differentiation [32]. 
Some amoeboid organisms transform into resting cysts or 
into flagellated cells, or aggregate into multicellular plas- 
modia. These processes, in selected systems, occur rapidly, 
synchronously and reproducibly. Several of these processes 
occur in the absence of added nutrients, and require that 
pre-formed proteins be degraded and new proteins synthe- 



Free-living amoebae 
SG Bradley and F Marciano-Cabral 

sized, thereby providing an excellent tool for studying 
selective intracellular protein degradation [86]. The nuclear 
genome is relatively small, as compared with other eukary- 
otic cells. Relatively few intervening non-coding sequences 
(introns) have been described for amoeboid organisms; 
however, an intron is found in the extrachromosomal 
ribosomal DNA of Naegleria. Although introns of the type 
found in Naegleria rDNA are rare in nuclear DNA across 
the eukaryotic world, this group of introns is quite prevalent 
in mitochondrial and chloroplast genes [21]. Not all amoe- 
boid organisms (eg Entamoeba) have mitochondria. It is 
not definitively resolved whether Entamoeba is secondarily 
amitochondriate or whether it represents an early branch 
prior to the acquisition of mitochondria as endosymbionts 
[40]. Many amoeboid organisms have life stages; for 
example, a feeding trophozoite stage and a thick-walled 
cyst stage that enable the organisms to survive during 
unfavorable periods of nutritional deprivation or during 
desiccation. Some amoeboflagellates (eg Tetramitus) are 
able to undergo cell division either as flagellates or as amo- 
ebae [45], while others are not able to divide in the flagel- 
lated stage (eg Naegleria). The distinction is blurred by the 
recent observation that quadriflagellate cells of one species 
of Naegleria, N. minor, are capable of division, whereas 
the biflagellate stage is not [25]. One of the most distinctive 
groups of amoeboid organisms (eg the cellular slime mold 
Dictyostelium) responds chemotactically to cyclic AMP, 
aggregates into a multicellular mass, and then undergoes 
differentiation to form spores on a stalk [35]. 

Ultrastructure 
The application of electron microscopy for detailed study of 
amoeboid organisms revealed their diversity and provided a 
sound basis for developing phylogenetic reconstructions. 
The greater resolving power of electron microscopy allows 
for a more detailed description of organisms than can be 
achieved by light microscopy [68]. The genus Neoparamo- 
eba, for example, was created to distinguish it from Param- 
oeba because the former organisms have microscales while 
the latter do not [66]. 

Prior to the 1970s, it was assumed that amoeboid organ- 
isms, as well as other protozoa, had evolved gradually from 
immediately ancestral taxa. Detailed studies on the mitotic 
processes in amoeboid organisms led a number of workers 
to propose that Acanthamoeba and Naegleria had separate 
origins, probably from non-amoeboid ancestors. Naegleria 
shares with Euglena a promitotic form of nuclear division 
in which centrioles are absent and the nucleolus and nuclear 
membrane persist throughout mitosis. In contrast, the meta- 
mitotic nuclear division of Acanthamoeba more closely 
resembles mitosis in higher plants and animals in that cen- 
trioles are present and the nuclear membrane and nucleolus 
disintegrate [16]. Moreover, it has become generally 
accepted that certain organelles of eukaryotes did not 
appear by gradual evolution but were acquired through 
endosymbiosis [72]. Patterson [68] proposed a progression 
in assemblage of the eukaryotic cell: nuclei with chromo- 
somes, followed by flagella, then non-microtubule cytoske- 
leton, dictyosomes (Golgi), and finally mitochondria. Acan- 
thamoeba has a well formed Golgi apparatus but this 

organelle is rarely observed in Naegleria [53]. Carosi et al 
[ l l ]  confirmed that Acanthamoeba has typical Golgi com- 
plexes with microvesicles and vacuoles whereas typical 
Golgi complexes were not observed in Naegleria. Rivera 
et al [73], however, reported that N. lovaniensis tarasca 
possesses nuclei, flagella, microtubules, dictyosomes 
(Golgi) and mitochondria. Amoeboid locomotion in Naeg- 
leria is based upon an extremely dynamic actin-based cyto- 
skeleton that involves cytoplasmic streaming, pseudopod 
production, cell polarity and focal contact production [71]. 
Acanthamoeba and Dictyostelium have a multilamellar 
microtubule center, indicating that these two genera are 
related [6]. Alternatively, the similarities in microtubular 
structure and organization may reflect convergent evol- 
ution. Adhesion to solid substrates is essential for the nor- 
mal functioning of bottom-dwelling amoeboid organisms. 
Ordered molecular contacts are required between the 
adhesion receptors on the membrane exterior and the cyto- 
skeleton. In the case of amoeboid cells, the points of focal 
contact must provide increasing adhesiveness at the leading 
edge and decreasing adhesiveness at the trailing end, 
together with coordinated modifications of the cytoskele- 
ton. The adhesion receptor contains a strongly conserved 
region that recognizes the tripeptide motif arginyl-glycyl- 
aspartic acid. Peptides containing this tripeptide not only 
impair the ability of the common marine amoeba Neopara- 
moeba aestuarina to attach to the substrate, but also affect 
cell shape [19]. Some of the alterations in cell shape 
observed in Naegleria fowleri grown in different media 
[55] may reflect effects on adhesion receptors as well as 
direct nutritional effects. 

The vegetative or feeding trophozoite stage of Naegleria 
fowleri exhibits food cups or amoebastomes which are 
cytoplasmic extensions of the cell surface (Figure la). 
Mouse-passaged IV. fowleri trophozoites have fewer amoe- 
bastomes than trophozoites grown in axenic medium, indi- 
cating that these food cups are used to ingest bacteria and 
organic particulate matter [54]. The remarkable surface fea- 
ture of Acanthamoeba trophozoites is the sharp spiny acan- 
thapoida (Figure lb). Transmission electron micrographs of 
both Naegleria and Acanthamoeba display typical proto- 
zoan nuclei with a prominent nucleolus, well developed 
mitochondria and endoplasmic reticulum (Figure 2). 

Ecology 
Amoeboid organisms are ecologically successful, having 
been isolated from samples collected on all continents, 
including Antarctica. They are the predominant protozoans 
in many water and soil niches. Free-living amoeboid organ- 
isms are the most successful thermotolerant protists; several 
amoeboid species are able to survive and grow at tempera- 
tures above 45~ In general, amoeboid organisms have 
been successful flee-living organisms, voraciously eating 
living and dead bacteria and fungi, and are not serious 
pathogens of humans. The leptomyxid amoeba Balamuthia 
mandrillaris, however, was isolated from the brain of a 
mandrill baboon that died of meningoencephalitis and is 
now recognized as a human pathogen. Balamuthia can be 
cultivated as a predator of other amoebae such as Acan- 
thamoeba, indicating that it might have the capability to 

315 
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Figure I Scanning electron micrograph of (a)Naegleria Jbwleri LEE 
showing well developed amoebastomes or food cups (arrow) and 
(b)Acanthamoeba castellanii showing numerous acanthapodia (arrow). 
Marker bar denotes 10/Lm. 

live freely in nature. Various characteristics of Balamuthia, 
for example, breakdown of the nuclear membrane and dis- 
solution of the nucleolus during nuclear division, link Bala- 
muthia to the genus Gephyramoeba [83]. Most species of 
the genus Entarnoeba have adapted to an intestinal environ- 
ment, with the exception of E. moshkovskii, which appears 
to be free-living. This adaptation has been remarkably suc- 
cessful for Entamoeba histolytica, which infects 500 
million humans worldwide. Entamoeba disease (amoebic 
dysentery) is not considered eradicable by the World Health 
Organization [44]. As humans alter their ability to resist 
infections, and as microorganisms gain entry into the body 
by alternative routes or in greater numbers, opportunistic 
amoebic infections are increasingly recognized; for 
example, Acanthamoeba causes amoebic keratitis in per- 
sons who wear contact lenses and serious granulomatous 
amoebic encephalitis in immunosuppressed humans. The 
severity of infections leading to primary amoebic meningo- 
encephalitis (Naegleria fowleri) and granulomatous amoe- 
bic encephalitis (several species of Acanthamoeba) and the 

lack of efficacious therapy have discouraged most workers 
from extensive study of these amoeboid organisms. Acan- 
thamoeba spp are reliable indicators of release of sewage 
wastes into rivers, bays, coastal waters and the open ocean. 
As brackish and sea water environments are examined more 
extensively, new species of Acanthamoeba are being 
described [60]. Several described species of Acanthamoeba 
are not readily identifiable on the basis of morphological 
features and require biochemical and molecular tools for 
definitive characterization. It is likely that additional spec- 
ies will be discovered in this environmental niche. Amoe- 
boid organisms are readily cultured from marine samples. 
One of the most abundant marine species is Vexillifera tel- 
mathalassa [1]. Vexillifera has a rather typical protozoan 
nucleus with a prominent nucleolus, a well developed Golgi 
apparatus and mitochondria containing tubular cristae. The 
diversity of the described species of Vexillifera indicate that 
this is a heterogeneous group and that molecular studies 
are likely to reveal substantial evolutionary divergence. 

Predators and prey 

The ecology of amoeboid organisms is not known in great 
detail; however, we are beginning to understand interac- 
tions between bacteria and amoeboid cells that have practi- 
cal implications as well as providing important biological 
insights [80]. Small, free-living amoebae are the main pred- 
ators controlling bacterial populations in soil. The rhizo- 
sphere supports a diverse array of microorganisms: millions 
of bacteria per gram, hundreds of thousands of fungi and 
tens of thousands of protozoa and algae. Between 50% and 
90% of the protozoa in litter are free-living amoebae. A 
number of amoeboid organisms feed on fungi as well as 
on bacteria [74]. Some of the common amoeboid genera in 
soil include Naegleria, Acanthamoeba and Hartrnannella 
[3]. As many as 100 species of amoeboid organisms have 
been reported in marine sediments. Some of the more com- 
mon marine genera are Hartmannella, Neoparamoeba, 
Vannella, Platyamoeba and Stygarnoeba [7]. Bacteria meta- 
bolize detritus in marine sediments and amoeboid organ- 
isms, flagellates and ciliates consume these bacteria, ther- 
eby accelerating the rate of nutrient recycling [42]. The 
interactions between bacteria and amoebae may include 
amoebae as predators, amoebae as susceptible hosts, or bac- 
teria as endosymbionts. Bacillus lichel~iformis, which com- 
monly shares the same habitat as free-living amoebae, 
produces amoebolytic substances [17]. Legio~wlla pneumo- 
phila is able to infect Acanthamoeba cells, proliferate inside 
the cell, and kill the cell liberating hundreds of bacteria 
[81]. Legionella also can be propagated in coculture with 
the pathogeneic amoeba, Naegleria fowleri [62]. Row- 
botham [77] suggested that Legionella-laden debris of amo- 
ebae might be the infective particle rather than free bac- 
terial cells. Amoebae that acquire bacterial endosymbionts 
may acquire the capability to kill amoebae lacking the 
endosymbiont [28]. About 25% of Acanthamoeba isolates 
appear to have bacterial endosymbionts. The endosym- 
bionts are taxonomically diverse, and some have not been 
cultivated apart from the Acanthamoeba host [30]. The 
ability to establish an endosymbiotic association is strain- 
specific. Preparations of free endosymbionts may success- 
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Figure 2 Transmission electron micrograph of (a) Naegleria Jbwleri LEE and (b) Acanthamoeba castellanii showing a typical protozoan nucleus (N) 
with a prominent nucleolus and mitochondria (M). Marker bars denote 5/xm. 

fully establish an endosymbiotic association, or kill the 
challenged amoeba, or cause it to encyst [34]. 

Serologic systematics 

Serologic techniques have been used extensively for the 
identification and classification of microorganisms, includ- 
ing free-living amoeboid organisms. Visvesvara and Healy 
[82], used gel diffusion and immunoelectrophoresis to dem- 
onstrate that Naegleria fowleri and N. gruberi share some 
antigens, and each possesses unique antigens. In that study, 
no antigenic cross reactivity was detected between N. jow- 
leri and Acanthamoeba castellanii, A. culbertsoni or Ent- 
amoeba histolytica. DeJonckheere et al [26] analyzed the 
number of precipitin bands obtained after electrophoretic 
separation of proteins in extracts of 16 strains of Naegleria, 
and development with antisera against four species of Nae- 
gleria. They observed that strains designated N. aus- 
traliensis were heterogeneous. Subsequent work led to the 
establishment of two subspecies of N. australiensis, and 
later elevation of N. italica to species rank. The resolution 
of serologic studies has been refined by the Western blot 
technique in which extracts are subjected to electrophoretic 
separation and then development with antibody. Using this 
technique, bands shared by three species of Naegleria are 
readily apparent and unique proteins are revealed 
(Figure 3). 

Biochemical systematics 

Biochemical analyses have documented the taxonomic 
diversity of amoeboid organisms. Nerad and Daggett [59] 

used starch gel electrophoresis to generate enzyme profiles 
of pathogenic and nonpathogenic strains of Naegleria. In 
this early study, leucine aminopeptidase and propionyl 
esterase isozyme patterns were able to differentiate the then 
known species and to provide evidence that the organisms 
belonging to N. gruberi were heterogeneous. The banding 
pattern of enzyme activities after isoelectric focusing has 
been used extensively to study the genus Naegleria. The 
enzymes lactate dehydrogenase, L-threonine dehydrogen- 
ase, superoxide dismutase, acid phosphatase, malic enzyme 
and leucine aminopeptidase was particularly useful for dif- 
ferentiating among Naegleria groups [70]. The isozyme 
patterns for pathogenic and non-pathogenic strains of Naeg- 
leria generate groups that are congruent with groups estab- 
lished by serologic analyses. Costas and Griffiths [18] 
found poor agreement between arrangement of strains of 
Acanthamoeba based on enzyme profiles versus morpho- 
logical characteristics. During the past 20 years, the number 
of Acanthamoeba species has risen from 10 to more than 
20, and these 20 named species do not appear to encompass 
the diversity of the genus. In a recent limited study (Flint 
J, P Dobson and B Robinson, 1996. Abstracts of the 7th 
International Conference on Small Freeliving Amoebae, 
Adelaide, Australia), one un-named species was found 
among 31 new isolates. Individual enzymes have been ana- 
lyzed in detail to reveal phylogenetic relationships. For 
example, the lysosomal /3-hexosaminidase A subunit of 
Entamoeba histolytica is 28% identical to that of the cellu- 
lar slime mold Dictyostelium, and 32% identical to that of 
humans or mice [5]. /3-Hexosaminidase in Dictyostelium is 
a homodimer whereas the lysosomal enzyme in Acantham- 
oeba is a 58-kD monomer [2], indicating that these two 
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Figure 3 Western immunoblot analysis of membrane proteins from Nae- 
gleria gruberi (lane a), N. lovaniensis (lane b), N. fowleri LEEmp (lane 
c) and N. fowleri LEE (lane d), developed with rabbit antiserum to an 
extract of N. jbwleri LEEmp. Arrows denote proteins unique to N. lovani- 
ensis. Dots denote proteins more prominent in N. fi)wleri LEEmp than in 
N. fowleri LEE. 

genera are only distantly related. The glycolytic enzyme 
phosphofructokinase in Naegleria uses pyrophosphate 
rather than ATP, a property shared with Entamoeba, Trich- 
omonas, Giardia, Toxoplasma, Euglena and plants [56]. 

Molecular systematics 

Molecular biological approaches have revolutionized 
microbial systematics. The application of these techniques 
to ecological studies of free-living microorganisms in natu- 
ral ecosystems has begun only recently. The results of these 
studies are providing new insights into long-standing issues 
in protistan ecology [10]. Naegleria and Entamoeba are 
unusual genera in that the genes for ribosomal RNA 
(rDNA) are on a circular plasmid [15]. The plasmid is pre- 
sent in about 4000 copies in Naegleria, accounting for 
nearly 17% of the total cellular DNA. The plasmid is 
smaller in Naegleria than in other genera of Vahlkampfii- 
dae: Naegleria 12-17.1 kb according to strain; Vahlkampfia 
lobospinosa, 21.4 kb; Tetramitus rostratus, 21.4 kb; and 
Didasculus thorntoni, 24 kb [24]. There is one rDNA tran- 
scription unit per plasmid. The nucleotide sequence of the 
small-subunit ribosomal RNA has proven to be valuable 
for assessing phylogenetic relationships among distantly 
related taxa because many regions are conserved over large 
periods. Woese [85] proposed that ribosomal RNA (rRNA) 

sequences may be the ultimate molecular clock in that the 
rate of molecular divergence appears to be relatively con- 
stant with time. Based upon an analysis of rRNA, Clark 
[14] concluded that Naegleria represents a relatively early 
branch in eukaryotic evolution whereas Acanthamoeba rep- 
resents a much later branch. Phylogenetic trees based upon 
actin [6] however are not congruent with those based upon 
small-subunit ribosomal RNA analyses. In Acanthamoeba, 
the genes for rRNA are located in both the nucleus and the 
mitochondria. Both nuclear and mitochondrial small sub- 
unit rDNA sequences in Acanthamoeba include highly con- 
served and highly variable regions. Byers et al [9] have 
extensively sequenced the 18S rDNA from three strains of 
A. castellanii and found that sequence divergence was less 
than 3%. Gast and Byers [33] have developed genus and 
subgenus specific oligonucleotide probes for the identifi- 
cation of Acanthamoeba. Baverstock et al [4] examined 
four species of Naegleria and found divergence of 0.7- 
6.1% among the 18S rDNA of the four species. Moreover, 
there is relatively little homology between the rRNA of 
Acanthamoeba and Naegleria [4,16], confirming a distant 
evolutionary relationship between these two genera. An 
intron was found in the nuclear small subunit rDNA of only 
two species of Acanthamoeba, A. griffini and A. lenticulata, 
but not in mitochondial small subunit rDNA (Byers TJ, DR 
Ledee, RJ Gast, JM Diedrich, DR Stothard, MH Awwad 
and PA Fuerst, 1996. Abstracts of the 7th International 
Conference on Small Freeliving Amoebae, Adelaide, 
Australia). An intron has been detected in the small subunit 
rDNA of five of ten species of Naegleria examined. All 
isolates of the five species examined to date contain this 
intron. DeJonckheere [22] proposed that this intron may 
have been acquired at an early stage in the evolution of the 
genus and lost in the many Naegleria species. 

Recombination 

Few recombinational systems are available among free-liv- 
ing amoeboid organisms. A number of amoeboid species 
undergo cell fusion, potentially forming heterokaryons, as 
a normal part of their life cycle [45]. Cell fusion may also 
bring together new configurations of nuclear genes and 
mitochondrial genes. In addition, investigators have 
injected nuclei into cells of the same and different amoe- 
boid species. Few studies have rigorously examined the 
genetic consequences of new complements of the nucleus, 
mitochondria and plasmids in amoeboid organisms. It is 
not unexpected that asexual haploid cells of Dictyostelium 
discoideum fuse on rare occasions to generate a relatively 
stable diploid strain that can be induced to segregate hap- 
loid progeny [61]. D. discoideum has seven chromosomes 
or linkage groups as established by parasexual analysis and 
by REMI-RFLP mapping [47]. A number of loci have been 
assigned to one of the chromosomes, allowing comparative 
studies by in situ hybridization. Dictyostelium possesses a 
novel sexual cannabalism. In this process, a giant zygote 
cell, having arisen from the fusion of gametic amoebae, 
attracts unfused nonzygotic amoebae and engulfs them as 
a food source [49]. Indirect evidence of genetic exchange in 
Naegleria lovaniensis has been presented [69] but rigorous 
experimental proof is lacking. 
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Divers i ty  

Our understanding of  the diversity of amoeboid organisms 
is rapidly expanding as methods to detect, culture, charac- 
terize and identify them increases. During the past 15 years, 
more than 20 new genera of  free-living 'naked'  amoeboid 
organisms have been described (Table 1). Investigators 
must be able to identify correctly the organisms with which 
they work [79]. Morphological characteristics are inad- 
equate for classifying amoeboid organisms, leading to an 
underestimate of their diversity, and has limited the ability 
of workers to collect and analyze data on their ecology, 
biochemistry and genetics. Patterson [68] asserted that the 
protists, including the amoebae, are cytologically, organiza- 
tionally, and molecularly more diverse than animals, plants 
or fungi. He concludes that 'phylogenetically, the protists 
are not equal to the animals, plants and fungi, but embrace 
them'. Patterson [68] estimated that prior studies described 
between 10% and 90% of flagellate diversity, and he selec- 
ted the mid-points for his projections. He concluded that 
amoeboid organisms are derived polyphyletically from 
flagellates, and estimated the number of amoeboid lineages 
at 25 compared to 42 for flagellate lineages. Patterson pro- 
jected about 200 ultrastructural lineages, each of  which may 
encompass a thousand species, although some may 
encompass only a few species. It is reasonable to anticipate 
that the current 40 000 described species of protists will 
double during the coming few decades and is more likely to 
quadruple as protists are cultivated from poorly accessible 
niches and from extreme environs [78]. As just one modest 
example, DeJonckheere [23] proposed that the well-studied 
Naegleria gruberi is a complex consisting of  at least four 
clusters or species. Henderson and Partridge (1996, 

Table 1 Genera of free-living 'naked' amoeboid organisms described 
during the past 15 years 

Genus Habitat 

Balamuthia Visvesvara, Schuster & 
Martinez, 1993 [83] 
Deuteramoeba Page, 1987 [66] 
Gruberella Page, 1983 [64] 
Leucodictyon Grell, 1991 [37] 
Metamoeba Friz, 1992 [31] 
Nolandella Page, 1983 [64] 
Neoparamoeba Page, 1987 [66] 
Parachaos Willumsen, 1987 [84] 
Paraflabellula Page & Willumsen, 1983 
[641 
Paragocevia Page, 1987 [66] 
Parvamoeba Rogerson, 1993 [75] 
Pernina El Kadiri, Joyon & Pussard, 1992 
[29] 
Phreatamoeba Chfivez, Balamuth & Gong, 
1986 [13] 
Protacanthamoeba Page, 1981 [63] 
Protonaegleria Michel & Raether, 1985 
[571 
Pseudothecamoeba Page, 1988 [67] 
Reticulamoeba Grell, 1994 [38] 
Thalassomyxa Grell, 1985 [36] 
Thecochaos Page, 1981 [63] 
Willaertia DeJonckheere, Pussard, Dive & 
Vickerman, 1984 [27] 

soil (?) 

fresh water 
sea water 
sea water 
fresh water 
sea water 
sea water 
fresh water 
fresh water 

soil and fresh water 
sea water 
sea water 

fresh water 

soil and fresh water 
mud and fresh water 

fresh water 
sea water 
sea  w a t e r  

fresh water 
soil and fresh water 

Abstracts of the 7th International Conference on Small 
Freeliving Amoebae, Adelaide, Australia) identified 13 462 
amoeboid isolates over a period between August 1985 and 
July 1995 from water samples collected in Western Aus- 
tralia. Another 45 isolates were not identified. Even in this 
rather homogeneous, well studied environment, not all bio- 
logical diversity of free living 'naked' amoebae has been 
characterized. 

Evolutionary relationships among amoeboid organisms 
have been inferred from ultrastructural studies and nucleic 
acid analyses such as sequencing the small subunit rRNA. 
There is increasing congruence among the various phylo- 
genetic reconstructions but a number of issues remain unre- 
solved. Entamoeba, for example, lacks cilia, mitochondria, 
peroxisomes and hydrogenosomes. Entamoeba may be a 
primitive Archezoa or may have lost organelles secondarily 
[12]. Analyses based upon alignment of rRNA sequences 
indicate that Entamoeba is secondarily amitochondriate and 
may be derived from mycetozoan amoebae [14]. The 
relatedness of the true slime mold Physarum to the cellular 
slime mold Dictyostelium is unresolved. Comparisons of 
16S-like rRNA gene sequences indicate that these two lin- 
eages separated early and that Dictyostelium is as closely 
related to, or more closely related to Entamoeba than it is 
to Physarum [39]. Phylogenetic reconstructions based upon 
ultrastructure indicate that Dictyostelium and Physarum 
separated at a later date than Entamoeba [12]. A limited 
phylogenetic reconstruction, drawn from the work of  sev- 
eral investigators using diverse methodologies, illustrates 
the diversity of  amoeboid organisms (Figure 4). In this dia- 
gram, the Phylum Rhizopoda includes Hartmannella and 
Acanthamoeba whereas Naegleria, Vahlkampfia, Tetram- 
itus and Paratetramitus are assigned to the Phylum Percol- 
ozoa [12]. Although Tetramitus and Naegleria have distinct 
life styles, the former predominately flagellated and the lat- 

Xenopus laevis 

Artemia salina 

Saccharomyces cerevisiae 

Zea mays 

Chlorella vulgaris 

Acanthamoeba castellanii 

--  Hartmannella vermiformis 

Physarum polycephalum 

Dictyostelium discoideum 

--t Entamoeba histolytica 

Naegleria gruberi 

Tetramitus rostratus 

_ _ ~ - -  Paratetramitus jugosus 

- -  Vahlkampfia Iobospinosa 

Euglena gracilis 

Trypanosoma brucei 

inferred from data derived by Figure 4 Evolutionary relationships 
diverse methodologies [12,14,39,41]. 
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ter generally amoeboid, these organisms share many dis- 
tinctive characteristics. They form cysts, have a limax mor- 
phology and undergo intranuclear mitosis [41]. It has been 
proposed that organisms that have 'germ-line' extrachro- 
mosal rDNA; for example Euglena, Physarum, Dictyostel- 
ium, Entamoeba and Naegleria, group together and that 
there is a progression from extrachromosomal rDNA, 
through chromosomally integrated but dispersed rDNA, to 
'typical' tandemly arrayed rDNA [14]. The evolutionary 
scheme presented here does not subscribe to that proposal. 
This scheme does corroborate the opinion that the diversity 
of the protists is as great as that of animals, plants and 
fungi [68]. 

Acknowledgements 
This work was supported in part by NIH grant AI-27807 
from the National Institute of Allergy and Infectious Dis- 
eases and the Thomas F Jeffress and Kate Miller Jeffress 
Memorial Trust, Richmond, VA. 

References 
1 Anderson OR. 1994. Fine structure of the marine amoeba Vexillij~ra 

telamathalassa collected from a coastal site near Barbados with a 
description of salinity tolerance, feeding behavior and prey. J Euk 
Microbiol 41: 124-128. 

2 Baldwin KM and B Bowers. 1995. Isolation of N-acetyl-/3-hexosamin- 
idase from Acanthamoeba castellanii, J Euk Microbiol 42: 237-242. 

3 Bamforth S. 1985. The role of protozoa in litters and soils. J Protozool 
32: 404-409. 

4 Baverstock PR, S Illana, PE Christy, BS Robinson and AM Johnson. 
1989. srDNA evolution and phylogenetic relationships of the genus 
Naegleria (Protista: Rhizopoda). Mol Biol Evol 6: 243-257. 

5 Beanan MJ and GB Bailey. I995. The primary structure of an Ent- 
amoeba histolytica /3-hexosaminidase A subunit. J Euk Microbiol 42: 
632-636. 

6 Bhattacharya D, SK Stickel and ML Sogin. 1993. Isolation and mol- 
ecular phylogenetic analysis of actin-coding regions from Emiliania 
hu.rleyi, a prymnesiophyte alga, by reverse transcriptase and PCR 
methods. Mol Biol Evol 10: 689-703. 

7 Butler H and A Rogerson. 1995. Temporal and spatial abundance of 
naked amoebae (Gymnamoebae) in marine benthic sediments of the 
Clyde Sea area, Scotland. J Euk Microbiol 42: 724-730. 

8 Btitschli O. 1880-1889. Protozoa. In: Klassen und Ordnungen des Thi- 
erreichs, vol 1-3 (Bronn HG, ed), Winter'sche, Leipzig. 

9 Byers TJ, ER Hugo and VJ Stewart. 1990. Genes of Acanthamoeba: 
DNA, RNA and protein sequences (a review). J Protozool 37: 17S- 
25S. 

10 Caron DA. Symposium introductory remarks: 'Protistan molecular 
ecology and systematics.' J Euk Microbiol 43:87 88. 

11 Carosi G, M Scaglia, G Filice and E Willaert. 1977. A comparative 
electron microscope study of axenically cultivated trophozoites of free- 
living amoebae of the genus Acanthamoeba and Naegleria with special 
reference to the species N. gruberi (Schardinger 1899), N. fowleri 
(Carter 1970) and N. jadini (Willaert et Le Ray 1973). Arch Protis- 
tenkd 119: 264-273. 

12 Cavalier-Smith T. 1993. Kingdom protozoa and its 18 phyla. Microbiol 
Rev 57: 953-994. 

13 Cha,)ez LA, W Balanmth and T Gong. 1986. A light and electron 
microscopical study of a new, polymorphic free-living amoeba, Phrea- 
tamoeba balamuthi n g, n sp. J Protozool 33: 397-404. 

14 Clark CG. 1990. Genomic structure and evolution of Naegleria and 
its relatives. J Protozool 37: 2S-6S. 

15 Clark CG and GAM Cross. i987. rRNA genes of Naegleria gruberi 
are carried exclusively on a 14-kilobase-pair plasmid. Mol Cell Biol 
7: 3027-3031. 

16 Clark CG and GAM Cross. 1988. Small-subunit ribosomal RNA 
sequence from Naegleria gruberi supports the polyphyletic origin of 
amoebas. Mol Biol Evol 5: 512-518. 

17 Cordovilla P, E Valdivia, A Gonzalez-Segura, A Galvez, M Martinez- 
Bueno and M Maqueda. 1993. Antagonistic action of the bacterium 
Bacillus licheniformis M-4 toward the amoeba Naegleria fowleri. J 
Euk Microbiol 40: 323-328. 

I8 Costas M and AJ Griffiths. 1985. Enzyme composition and the tax- 
onomy of Acanthamoeba. J Protozool 32: 604-607. 

19 Custodio MR, G Imsiecke, R Borojevic, B Rinkevich, A Rogerson 
and VEG MtUler. 1995. Evolution of cell adhesion systems: evidence 
for Arg-Gly-Asp-mediated adhesion in the protozoan Neoparamoeba 
aestuarina. J Euk Microbiol 42: 721-724. 

20 Davis GM. 1995. Systematics and public health. BioScience 45: 
705 714. 

2I DeJonckheere JF. 1993. A group I intron in the SSUrDNA of some 
Naegleria spp demonstrated by polymerase chain reaction amplifi- 
cation. J Euk Microbiol 40: 179-187. 

22 DeJonckheere JF. 1994. Evidence for the ancestral origin of group I 
introns in the SSUrDNA of Naegleria spp. J Euk Microbiol 41: 
457-463. 

23 DeJonckheere JF. 1994. Riboprinting of Naegleria spp: small-subunit 
versus large-subunit rDNA. Parasitol Res 80: 230-234. 

24 DeJonckheere JF. 1995. New information on the amoeboflagellate 
Naegleria provided by molecular biology techniques. Ann Biol 34: 
21-32. 

25 DeJonckheere J and S Brown. 1995. Willaertia minor is a species of 
Naegleria. Evidence that Naegleria flagellates can divide. Fur J Protis- 
tol 31: 58-62. 

26 DeJonckheere J, P Pernin, M Scaglia and R Michel. 1984. A compara- 
tive study of 14 strains of Naegleria australiensis demonstrates the 
existence of a highly virulent subspecies: N. australiensis italica n spp 
J ProtozooI 31: 324-331. 

27 DeJonckheere J, M Pussard, DG Dive and K Vickerman. 1984. Willa- 
ertia magna gen nov, sp nov (Vahlkampfiidae) a thermophilic amoeba 
found in different habitats. Protistologica 20: 5-133. 

28 Drozanski WJ. 1991. Sarcobium l)'ticum gen nov, sp nov, an obligate 
intracellular bacterial parasite of small free-living amoebae. Int J Syst 
Bacteriol 41: 82-87. 

29 El Kadiri G, L Joyon and M Pussard. 1992. Pernina chaumonti n gem 
n sp, a new marine amoeba, Rhizopoda Heterolobosea: morphological 
and ultrastructural characterizations. Eur J Protistol 28: 43-50. 

30 Fritsche TR, RK Gautom, S Seyeclirasbti, DL Bergeron and TD Lind- 
quist. 1993. Occurrence of bacterial endosymbionts in Acanthamoeba 
spp isolated from corneal and environmental specimens and contact 
lenses. J Clin Microbiol 31:1122-1126. 

31 Friz CT. 1992. Taxonomic analyses of seven species of family Amoeb- 
idae by isozyme characterization of electrophoretic patterns and the 
descriptions of a new genus and a new species, Metamoeba n gen, 
Amoeba amazonas n sp. Arch Protistenkd 142:29 40. 

32 Fulton C. 1993. Naegleria: a research partner for cell and developmen- 
tal biology. J Euk Microbiol 40: 520-532. 

33 Gast RJ and TJ Byers. 1995. Genus- and subgenus-specific oligonucle- 
otide probes for Acanthamoeba. Mol Biochem Parasitol 7I: 255-260. 

34 Gautom RK and TR Fritsche. 1995. Transmissibility of bacterial endo- 
symbionts between isolates of Acanthamoeba spp. J Euk Microbiol 
42: 452-456, 

35 Ginsburg GT, R Gollop, Y Yu, JM Louis, CL Saxe and AR Kimmel. 
1995. The regulation of Dictyostelium development by transmembrane 
signalling. J Euk Microbiol 42: 200-205. 

36 Grell KG. 1985. Morphological changes in the plasmodial rhizopod 
Thalassomyxa australis n gen, n sp Protistologica 21:215-234 (in 
German). 

37 Grell KG. 1991. Leucodictyon marinum n gen, n sp, a plasmodial pro- 
tist with zoospore formation I'rom the Japanese coast. Arch Protistenkd 
140: 1-21. 

38 Grell KG. 1994. Reticulamoeba gemmipara n gen, n sp, an 'amoe- 
boflagellate' with reticulopoida and zoosporogenesis. Arch Protistenkd 
144:55 61. 

39 Gunderson J, G Hinkle, D Leipe, HG Morrison, SK StickeI, DA Odel- 
son, JA Breznak, TA Nerad, M Miiller and ML Sogin. 1995. Phy- 
logeny of trichmonads inferred from small-subunit rRNA sequences. 
J Euk Microbiol 42:411-415. 

40 Hasegawa M, T Hasimoto, J Adachi, N Iwabe and T Miyata. 1993. 
Early branchings in the evolution of eukaryotes: ancient divergence of 
Entamoeba that lacks mitochondria revealed by protein sequence data. 
J Mol Evol 36: 380-388. 



Free-living amoebae 
SG Bradley and F Marciano-Cabral 

41 Hinkle G and ML Sogin. 1993. The evolution of the Vahlkampfiidae 
as deduced from 16S-like ribosomal RNA analysis. J Euk Microbiol 
40: 599-603. 

42 Hondeveld BJM, RPM Rak and FC van Duyle. 1992. Bacterivory by 
heterotrophic nanoflagellates in marine sediments measured by uptake 
of fluorescently labelled bacteria. Mar Ecol Prog Ser 89: 63-7/. 

43 Honigberg BM, W Balamuth, EC Bovee, JO Corliss, M Gojdics, RP 
Hall, RR Kudo, ND Levine, AR Loeblich, J Weiser and DH Wenrich. 
1964. A revised classification of the phylum Protozoa. J Protozool 11: 
7-20. 

44 International Task Force for Disease Eradication. 1993. Recommen- 
dations of the International Task Force for Disease Eradication. 42 
(No. RR-16): 1-38. 

45 Jeon KW (ed). 1973. The Biology of Amoeba. Academic Press, 
New York. 

46 Kudo RR. 1959. Pelomyxa and related organisms. Ann NY Acad Sci 
78: 474-486. 

47 Kuspa A and WF Loomis. 1994. REMI-RFLP mapping in the Dico,o- 
stelium genome. Genetics 138: 665-674. 

48 Levine ND, JO Corliss, FEG Cox, G Deroux, J Grain, BM Honigberg, 
GF Leedale, AR Loeblich III, J Lom, DH Lynn, EG Merinfeld, FC 
Page, G Poljansky, V Sprague, J Vavra and FG Wallace. 1980. A 
newly revised classification of the protozoa. J Protozool 27: 37-58. 

49 Lewis KE and DH O'Day. 1996. Phagocytosis in Dictyostelium: nib- 
bling, eating and cannibalism. J Euk Microbiol 43: 65-69. 

50 Linnaeus C. 1758. Systema Naturae. 10th edn. Brit Mus Nat His- 
tory, London. 

51 Linnaeus C. 1767. Systema Naturae. 12th edn. Brit Mus Nat His- 
tory, London. 

52 Lorch J. 1973. Some historical aspects of amoeba studies, ln: The 
Biology of Amoeba (Jeon KW, ed), pp 1 -36, Academic Press, New 
York. 

53 Maitra SC, BN Krishna Prasad, SC Agarwala and SR Das. 1976. Ultra- 
structural studies on experimental primary amoebic meningo-encepha- 
litis (PAME) of mouse due to Naegleria aerobia and Hartmannella 
culbersoni. Int J Parasitol 6: 489M93. 

54 Marciano-Cabral F. 1988. Biology of Naegleria spp. Microbiol Rev 
52:114 133. 

55 Marciano-Cabral F and DM Toney. 1994. Modulation of biological 
functions of Nuegleria fowleri amoebae by growth medium. J Euk 
Microbiol 41: 38-46. 

56 Mertens E, J DeJonckheere and E van Schaftingen. 1993. Pyrophos- 
phate-dependent phosphofructokinase from Naegleria jowleri: an 
AMP-sensitive enzyme. Biochem J 292: 797-803. 

57 Michel R and W Raether. 1985. Protonaegleria westphali gen nov, sp 
nov (Vahlkampfiidae) a thermophilic amoebo-flagellate isolated from 
freshwater habitat in India. Z Parasitenkd 71 : 7005-7013. 

58 Miller DR and AY Rossman. 1995. Systematics, biodiversity and 
agriculture. BioScience 45:680 686. 

59 Nerad TA and PM Daggett. 1979. Starch gel electrophoresis: an effec- 
tive method for separation of pathogenic and nonpathogenic Nuegleria 
strains. J Protozool 26:613 615. 

60 Nerad TA, TK Sawyer, EJ Lewis and SM McLaughlin. 1995. Acan- 
thamoeba pearcei n sp (Protozoa: Amoebida) from sewage contamb 
nated sediments. J Euk Microbiol 42: 702-705. 

61 Newell PN. 1978. Genetics of the cellular slime molds. Ann Rev Genet 
12: 69-93. 

62 Newsome AL, RL Baker, RD Miller and RR Arnold. 1985. Interac- 
tions between Naegleria jbwleri and Legionella pneumophila. Infect 
Immun 50: 449-452. 

63 Page FC. 1981. A light- and electron-microscopical study of Protucan- 
thamoeba caledonica n sp, type-species of Protacanthamoeba n g 
(Amoebida, Acanthamoebidae). J Protozool 28: 70-78. 

64 Page FC. 1983. Marine Gymnamoebae. Inst Terrest Ecol, Cambridge, 
UK, 55 pp. 

65 Page FC. 1986. The genera and possible relationships of the family 
Amoebidae with special attention to comparative ultrastructure. Protis- 
tologica 22: 301-316. 

66 Page FC. 1987. The classification of 'naked' amoebae phylum Rhizo- 
poda. Arch Protistenkd 133: 199-217. 

67 Page FC. 1988. Taxonomic introduction. In: A New Key to Freshwater 
and Soil Gymnamoebae (Page FC, ed), pp 9-15, Freshwater Biol 
Assoc, The Ferry House, Ambleside, UK. 

68 Patterson DJ. 1994. Protozoa: evolution and systematics. In: Progress 
in Protozoology (Hausmann K and N Hulsmann, eds), pp 1 14, Gustav 
Fischer Verlag, Stuttgart. 

69 Pernin P, A Ataya and ML Cariou. 1992. Genetic structure of natural 
populations of the free-living amoeba, Naegleria lovaniensis. Evidence 
for sexual reproduction. Heredity 68: 173-181. 

70 Pernin P, ML Cariou and A Jacquier. 1985. Biochemical identification 
and phylogenetic relationships in free-living amoebas of the genus 
Naegleria. J Protozool 32: 592-603. 

71 Preston TM, LG Cooper and CA King. 1990. Amoeboid locomotion 
in Naegleria gruberi: the effects of cytochalasin B on cell-substratum 
interactions and motile behaviour. J Protozool 37: 6S 1 IS. 

72 Raven PH. 1970. A multiple origin for plastids and mitochondria. 
Science 169:641 646. 

73 Rivera F, L Cerva, J Martinez, G Keleti, F Lares, E Ramirez, P Bonilla, 
SR Graner, AK Saha and RH Glew. 1990. Naegleria lovaniensis tara- 
sca new subspecies, and the purepecha strain, a morphological variant 
of N. I. lovaniensis, isolated from natural thermal waters in Mexico. 
J Protozool 37: 301-310. 

74 Rodrfguez-Zaragoza S. 1994. Ecology of free-living amoebae. Crit 
Rev Microbiol 20:225 241. 

75 Rogerson A. 1993. Pan,amoeba rugata n g, n sp, (Gymnamoebia, 
Thecamoebidae): an exceptionally small marine naked amoeba. Eur J 
Protistol 29: 446-452. 

76 R6sel von Rosenhof AJ. 1755. Der kleine Proteus. Monatl herausgege- 
bene lnsektenbelustigungen 3: 622. 

77 Rowbotham TJ. 1980. Preliminary report on the pathogenicity of 
Legionella pneumophila for freshwater and soil amoebae. J Clin Pathol 
33:1179-1183. 

78 Savage JM. 1995. Systematics and the biodiversity crisis. BioScience 
45:673 679. 

79 Simpson BB and J Cracraft. 1995. Systematics: the science of biodiv- 
ersity. BioScience 45: 670-672. 

80 Singh BN. 1975. Pathogenic and Non-Pathogenic Amoebae. John 
Wiley and Sons, New York. 

81 Tyndall RL and EL Domingue. 1982. Cocultivation of Legionella pne- 
umophila and free-living amoebae. Appl Environ Microbiol 44: 
954-959. 

82 Visvesvara GS and GR Healy. 1975. Comparative antigenic analysis 
of pathogenic and free-living Naegleria species by gel diffusion and 
immunoelectrophoresis techniques. Infect lmmun 11: 95-108. 

83 Visvesvara GS, FL Schuster and AJ Martinez. 1993. Balamuthia man- 
drillaris, n g, n sp, agent of amebic meningoencephalitis in humans 
and other animals. J Euk Microbiol 40: 504-514. 

84 Willumsen NBS, F Siemensma and P Suhr-Jessen. 1982. A multi- 
nucleate amoeba Parachaos zoochlorellae n gen, n sp, n comb Wil- 
lumsen 1982 and a proposed division of the genus Chaos into the 
genera Chaos and Parachaos Gymnamoebia Amoebidae. Arch Protis- 
tenkd 134: 303-313. 

85 Woese CR. 1987. Bacterial evolution. Microbiol Rev 51: 221-271. 
86 Woodworth TW, WE Keefe and SG Bradley. 1982. Characterization 

of proteins of Naegleria .fbwleri: relationships between subunit size 
and charge. J Protozool 29: 246-251. 

321 


