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Summary. The amoeboflagellate genNsegleriacontains pathogenic and nonpathogenic species. As most species are morphologically
indistinguishable, species are defined and identified by molecular methods. For routine identification, isoenzyme aradykemack

For the description of a new species, sequences of ribosomal DNA are increasingly used and the analyses of these segllmmces also
us to define the phylogenetic relationships between species and strains. In the present monbiragler2alineages are discussed and
identified as separate species. Using molecular metNedsgyleriaspp. have been identified which either form dividing flagellates or which

do not form flagellates at all, thus contradicting the accepted definition of the @éhamsrtia, which forms dividing flagellates, is the genus

that is the closest relative of the gemeegleria The genudNaegleriahas some particularities in its molecular biology, such as circular
ribosomal DNA plasmids, group | introns in the small and large subunit ribosomal DNA, and an unusual pyrophosphate-depend
phosphofructokinase. The phylogeny ofift@egleriaspp. is compared to the situation concerning the other genera of the familyVahlkampfiidae.
Also discussed is the state of affairs concerning species designation based on phylogeny in theagdramoebaanother free-living
amoeba with species pathogenic to man.

Key words: AcanthamoebaBalamuthia dividing flagellates, group | intronklartmannella Naegleria pagesp. n.,N. pringsheimsp. n.,
N. tihangensisp. n., non-flagellating, phylogeny, ribosomal DN&ahlkampfia

Abbreviations used: AP - acid phosphatase, ATCC - American Type Culture Collection, bp - basepairs, CCAP - Culture Collection of Algas
and Protozoa, CSF - cerebrospinal fluid, EMBL - European Molecular Biology Laboratory, IC - intracerebral, IN - intranagatetind
transcribed spacer, LSU - large subunit, mt - mitochondrial, NAGMegleriaamoebae cytopathogenic material, NRS - non-ribosomal
sequence, ORF - open reading frame, PAM - primary amoebic meningoencephalitis, PE - propionyl esterase, PCR - polymerase ¢
reaction, PPi-PFK - pyrophosphate-dependant phosphofructokinase, RAPD - random amplified polymorphic DNA, rDNA - ribosom:
DNA, RFLP - restriction fragment length polymorphism, SSU - small subunit.

INTRODUCTION nameNaegleriawas suggested much later by Alexeieff
(1912).

A century ago Schardinger (1899) discovered an Before 1970Naegleria was studied mainly as a
Amoeba. lobos#hat could transform into a flagellatemodel for transformation because the amoebae easily
stage, and called iAmoeba gruberi The genus transform into flagellates (Willmer 1956, Chang 1958,

Fulton and Dingle 1967). However, the genus attracted
much more attention, especially from the biomedical
world, when it was found that soriNaegleriaisolates
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cause PAM were given species status and namedstralia is the most notorious example Dorstlal
N. fowleri after Malcolm Fowler who first recognized1983).
the disease in Australia (Carter 1970). Cases of PAM In the attempts to isolate. fowleri many different
were soon afterwards detected all over the world. TiNaegleriastrains were isolated that have properties that
most recent review on the diseases produced bigd not fit the descriptions of eith&. gruberi(non-
N. fowleriand other opportunistic free-living amoebaepathogenic) oM. fowleri (pathogenic), the only two
belonging to the genefscanthamoebandBalamuthia  species described at that time. At the time of writing this
can be found in Martinez and Visvesvara (1997). monograph, 20Naegleria spp. have been fully de-
Between October 1970 and October 1972 four PABLribed. Three strains are given species status here, and
cases were diagnosed in Belgium in children agedfew more descriptions are in preparation (Table 1).
between 11 and 14 years old (Hermaeral. 1973). All It is mostly due to the use of molecular biology
cases were diagnosed around the city of Antwer@chniques that species descriptions are possible in a
AlthoughN. fowleriwas never isolated from the swim-genus where morphology is not discriminative. However,
ming pools where the four children had been swimmirtgis latter statement may now have to be reconsidered.
before becoming ill, it was presumed that these swirintil recently all vahlkampfiids with dividing flagellates
ming pools were implicated. Because the swimminigad been classified in genera other thiaegleria It
pools are filled with water from the drinking watethas been found that some amoeboflagellates whose
suppliers, the latter were accused of introducing thkagellates can divide (Dobsat al 1993, B. Robinson
pathogenic amoeba into the swimming pools. Therefoqgersonal communication) are in falstaegleria spp.
the Belgian water distributors decided to have the wat@e Jonckheere and Brown 1995, 1999b). In addition
of their network investigated for the presence dhere are twdNaegleriastrains that do not form flagel-
N. fowleri This is where my involvement williaegleria lates under laboratory conditions (De Jonckhetral
started. As a young biologist, with no experience i8001), and a few. fowleristrains from one location in
protozoa at all, | was hired to work on the grant that w&ance have never formed flagellates. Naegleria
assigned to a university laboratory, that also had strain also exists that fails to form cysts, but this seems
experience in protozoology whatsoever. to be due to the presence of a bacterial parasite (Michel
It was quite a coincidence that a new case of PABt al 2000). Infection of otheNaegleriastrains with
was diagnosed in Belgium (Van Den Driessadte the parasite impaired their capacity to form cysts. This
al.1973) only six months after | started to investigatkacteria did not interfere with the transformation to the
methods for the identification and isolatioNoffowleri  flagellate stage. As cyst morphology is informative for
Not only was the timing useful, the place where thielentifying amoeboflagellate genera, and because the
14 year-old boy probably became infected gave a clueldacteria also infects other genera of amoebae, the
the ecology of the pathogenit fowleri The deceased investigation of whether the originally-infected
boy had been swimming in a brook that received coolirmmoeboflagellate does indeed belong to the genus
water from a metallurgical factory, and we were able tdaegleriais recommended.
demonstrate the presence Mdf fowleriin that water In 1988 the definition of th&laegleriagenus was:
(De Jonckheeret al. 1975). Therefore, an investigationthese are vahlkampfiids whose flagellate stage normally
was started on the presence Nf fowleri in warm has two flagella, lacks a cytostome, and does not divide.
water discharges of different industries in Belgium. Thighe cysts have plugged pores through which the amoeba
investigation demonstrated that cooling waters wepxcysts (Page 1988). Although the statement about the
indeed the places where this pathogen could prolifergtkigs in the cysts remains valid the rest of the definition
(De Jonckheere and van de Voorde 1977a). In additiaf,Naegleriashould be emended as follows: these are
the absence dfl. fowleriin drinking water and swim- vahlkampfiid amoebae with a temporary flagellate stage
ming pools in Belgium was also subsequently proven most species, but lacking or difficult to induce in some
(De Jonckheere 1979a). This is in contrast to thepecies and inindividual strains of others. Where present,
situation in other parts of the world where higher annutie flagellate stage lacks a cytostome, is usually biflagel-
water temperatures are prevalent and the presencdaté and incapable of division. In at least two lineages,
N. fowleriin drinking water is not uncommon (Southflagellates initially have four flagella and divide once to
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Table 1 Species of the genidaegleria

Species author, year Max. °C Flagellates EMBL*

N. gruberi Schardinger, 1899, emend. De Jonckheere, this paper 39 + M18732

N. fowleri Carter, 1970 45 + uU80059

N. jadini Willaert and Le Ray, 1973 35 + -

N. lovaniensis Stevens, De Jonckheere and Willaert, 1980 45 + u80062

N. australiensis De Jonckheere, 1981 42 + u80058

N. italica De Jonckheere, Pernin, Scaglia and Michel, 1984 42 + u80060

N. andersoni De Jonckheere, 1988 40 + u80057

N. jamiesoni De Jonckheere, 1988 42 + u80062

N. clarki De Jonckheere, 1994 37 + -

N. galeacystis De Jonckheere, 1994 35 + -

N. minor De Jonckheere and Brown, 1995 38 divide X93224

N. pussardi Pernin and De Jonckheere, 1996 41 + -

N. carteri Dobson, Robinson and Rowan-Kelly, 1997 45 + Y10189

N. morganensis Dobson, Robinson and Rowan-Kelly, 1997 44 + Y10188

N. niuginensis Dobson, Robinson and Rowan-Kelly, 1997 45 + Y10186

N. sturti Dobson, Robinson and Rowan-Kelly, 1997 44 + Y10185

N. robinsoni De Jonckheere and Brown, 1999 38 divide AJ237786

N. fultoni De Jonckheere, Brown, Dobson, Robinson and Pernin, 2001 35 + AJ243440
N. chilensis De Jonckheere, Brown, Dobson, Robinson and Pernin, 2001 30 - AJ243442
N. indonesiensis De Jonckheere, Brown, Dobson, Robinson and Pernin, 2001 38 - AJ243441
N. tihangensis De Jonckheere, this paper 42 + -

N. pringsheimi De Jonckheere, this paper 37 + -

N. pagei De Jonckheere, this paper 37 + -

N. philippinensis In preparation 40 + NA

WA variantN. lovaniensis In preparation 45 + Y10187

NG597 In preparation 42 + Y10184
antarcticNaegleriasp. In preparation <30 + ND

* - EMBL accession N° of SSUrDNA
- - not at EMBL, but partial sequences have been published (De Jonckheere 1994a, Pernin and De Jonckheere 1996)

NA - not available yet

ND - not done (DNA could not be isolated because of poor growth)

form typical biflagellate cellsNaegleriacan only be (DeJonckheere 1982a) or cellulose acetate electrophoresis (Robinson

identified to species level by biochemical and molecul&f al 1992), and the bands of enzyme activity were visualized
according to procedures published by these authors.

techniques.

MATERIALS AND METHODS

Culture

Isoenzyme analysis

Established cultures oRNaegleria strains are grown either
monoxenically on non-nutrient agar plates wihkcherichia coli
(Page 1988) or axenically in a liquid medium (De Jonckheere 1977Qhrimp alkaline phosphatase for 15 min. at 37

DNA sequence analysis

DNA is extracted from cell pellets using either a phenol-chloro-

form-isoamyl alcohol method or a guanidium thiocyanate-sarkosyl

method (Pitcheet al 1989). The small subunit ribosomal DNA
(SSU rDNA), large subunit ribosomal DNA (LSU rDNA) and the
internal transcribed spacer (ITS) regions, including the 5.8S rDNA,
are amplified using primers and polymerase chain reaction (PCR)

conditions described by De Jonckheere (1994a, 1998). In preparation
for sequencing PCR products were treated with exonuclease | and

°C. After inactivating

these enzymes by heating at 80°C for 15 min., the PCR products
were sequenced using the Sequenase PCR product sequencing kit
Protein extracts are prepared by adding 0.25% Triton X-100 {dmersham Pharmacia Biotech UK Limited, Buckinghamshire,
amoebae concentrated by centrifugation. The suspensions are fraZagland) using either®3P] -dATP or [°P] -dATP. SSU rDNA and

and thawned several times to make the amoebae burst. For isoenzyn® amplification and conserved internal primers were used
analyses the proteins are separated by agarose gel isoelectric focudegJonckheere 1994a, 1998). Approximately 800 basepairs (bp)
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between two conserved Pst | sites withinNaegleriaSSU rDNA  species (Perniat al 1992). Of course, genetic recom-
were sequenced and used for phylogenetic analysis (De Jonckhggifeation does not mean sexuality, which involves meiosis

1994a). Sequences of group | introns in the SSU and LSU rDNA 8 form monoploid cells, and karyogamy. It has been
determined using internal rDNA and group | intron primers ’ )

(De Jonckheere 1993). The nucleotide sequence data reported in‘rfmgued that the flagellates Na_(agle”a are g?metes
paper are available in the European Molecular Biology Laboratoffrulton 1993) and the fact that in soMeaegleriaspp.
(EMBL) nucleotide sequence database and the accession numberilage flagellates divide once (De Jonckheere and Brown
indicated at each species description. 1995) could be in support of monoploidy formation.
Phylogenetic analysis However, meiosis irNaegleria has not been proven

experimentally.
The DNA sequences are aligned by eye using the Eyeball

Sequence Editor (ESEE) (Cabot and Beckenbach 1989). PhylogeneBNA plasmid

trees are constructed from the aligned sequences using the DNAPARS . .

(parsimony), DNADIST (distance matrix), NEIGHBOR (Neighbor 1N N. gruberi the rRNA genes are carried exclu-
joining and UPGMA), FITCH (Fitch-Margoliash), KITCH (Fitch- Sively on a 14-kp circular plasmid, and each plasmid

Margoliash with evolutionary clock) and SEQBOOT (bootstrappingtontains only one rDNA repeat unit (Clark and Cross
programs of the P_HYLIP(version3.5720)_package(Felsenstein198@987)_ The number of rDNA circles per cell was
Egcﬁgllsngepoet:;min:fl)tﬁeezacrgepr;;ﬁ;nz ;‘g UZ;OTPARS aktimated to be 4,000. This circular plasmid is a general
prog packag ' feature of the rDNA genes in all the vahlkampfiids
(Clark and Cross 1988a). The length of the rDNA
MOLECULAR BIOLOGY OF THE GENUS plasmid va'ries according to the spe'cies and strain inves-
NAEGLERIA tigated. It is not known whether different numbers of
rDNA repeats per plasmid, as was found in the anaero-
bic Entamoeba histolytic§Bhattacharyaet al 1998),
Chromosomes and ploidy contribute to the plasmid length differences. Length
differences in the ribosomal genes themselves are mainly
Naegleria has an intranuclear mitosis, calleddue to the presence of group | introns. The SSU rDNA
promitosis, following the classical pattern of chromoef several species carry these introns (De Jonckheere
some separation, but the chromosomes are too smalll894b). Length differences in the ITS1 and/or ITS2 also
be counted by conventional histological techniques (Fultaontribute to repeat unit size variability (De Jonckheere
1970). However, it has been possible to enumerate th@98). In a fewNaegleriastrains, group | introns are
chromosomes with the use of pulsed field gel electraiso present in the LSU rDNA (De Jonckheere and
phoresis. The number of chromosomes and their siBeown 1998a, 2001).
differ between species and even between strains of theThe rDNA plasmid ofN. gruberi strain EG has
same species. Two strains Nf gruberi sensu lato been completely sequenced. The molecule is 13,996 bp
have 23 chromosomes, but the size of some chromi{ength with an overall G+C content of 40.7% (Mullican,
somes differ (Clarlet al 1990). These two strains arel. C. Molecular characterization and complete sequence
considered now to belong to two different speciegnalysis of the extrachromosomal ribosomal DNA ele-
N. gruberi sensu strictcand N. pringsheimi(see ment inNaegleria gruberi Ph D thesis. The graduate
below). Within the speciedl. fowleri differences in College in the University of Nebraska, Omaha, Ne-
number and size of chromosomes are observed wiitaska, USA:1-163,1995). A putative open reading frame
different isolates (De Jonckheere 1989). (ORF) for a heat shock protein is detected in the non-
The ploidy of theNaegleria genome is still not ribosomal sequence (NRS) of the gruberi plasmid
known. The sum of the chromosome sizes (approXiMullican and Tracy 1993). No similarities were ob-
mately 19 Mb) does not equal the expected genome ssseved in the NRS betweéh fowleri(strain LEE) and
(approximately 104 Mb), which indicates tiNgegleria N. gruberi (strain NG).
might be polyploid (Clark 1990). It has been demon- Another plasmid has been detected Nn minor
strated that differences in ploidy exist between straiffBe Jonckheere and Brown 1995). The function of this
(Fulton 1993), and isoenzyme studiedNakegleriaspp. 6.0 kb plasmid is unknown but it seems not to be involved
usually imply diploidy (Cariou and Pernin 1987, Adam flagellate division as it is not found M. robinsonj
et al 1989). Isoenzyme studies also reveal that genetiarrently the only otheaegleriaspecies with dividing
exchange occurs ifN. lovaniensisbut not in other flagellates.
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Naegleria sp. NG874 (LSU)
Physarum polycephalum (LSU)
Porphyra spiralis (SSU)
Bangia atropurpurea (SSU)
Porphyra sp. (SSU)

Porphyra tenera 1 (SSU)
Naegleria andersoni (SSU)
Naegleria sp. NG872 (SSU)

Nectria galligena (SSU)
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WA variant of N. lovaniensis
N. lovaniensis
N. fowleri
N. morganensis
N. niuginiensis
N. sturti
N. carteri
N. minor
N. andersoni
N. jamiesoni

r N. jadini

N. australiensis

Porphyra tenera 2 (SSU)

N. tihangensis
Naegleria gruberi EGB (NRS) N. pagei
B Didymium iridis (SSU) N. clarki
) (LS — [ NG597
Naegleria morganensis (LSU) N. gruberi
- N. italica
Fig. 1. Phylogenetic tree inferred from the amino acid alignments of - N. philippinensis
the His-Cys box in the ORF of the group | introns .
N. fultoni
N. pringsheimi

r N. galeacystis

{ N. robinsoni

Group | introns N. indonesiensis

. . N. pussardi
Group | introns are catalytic RNA molecules that N. chilensis
occur within transcribed sequences and are able to self W. magna

excise. The group | intron in the SSU rDNA of

Naegleria spp. is a twintron (Einviket al 1998),

consisting of two distinct ribozymes (catalytic RNAs) _ _ _ .

and an ORF encoding a homing endonuclease wittfi§, 2 Fhviggercic vee pierted fom parie 50 DI ofspeces

His-Cys box (Johansest al. 1993). Endonucleases with

His-Cys boxes are uncommon (Johansemal 1997).

A similar twintron has only been found in the myxo-

myceteDidymium(Einvik et al. 1998). In on&laegleria

lineage the twintron has lost the ribozyme that carries tbeuld be exception to this rule. An ORF with approxi-

endonuclease (De Jonckheere and Brown 1994). Timately 30% identity to the ORF in the SSU rDNA group

group | introns in the LSU rDNA oNaegleriaeither |intron ofN. pringsheimhas been found in the NRS of

carry an endonuclease or do not (De Jonckheere ahd rDNA plasmid of strain EGof N. gruberi(Mullican,

Brown 1998a, 2001). J. C. Molecular characterization and complete sequence
In the genudNaegleriathe group | intron seems to beanalysis of the extrachromosomal ribosomal DNA ele-

transferred vertically in the SSU rDNA (De Jonckheemment inNaegleria gruberi Ph D thesis. The graduate

1994b) and horizontally in the LSU rDNA (De Jonckheer€ollege in the University of Nebraska, Omaha, Ne-

and Brown 1998a, 2001). From this it is inferred that tHeaska, USA: 1-163, 1995). It is trancriptionally silent

SSU rDNA group | intron was acquired in an ancestrahd may be a remnant of the group | intron that was lost

state and lost in most of thidaegleria spp. In all from the SSU rDNA of. gruberi The His-Cys box is

describedNaegleriaspp. with a group | intron in the still present in the ORF in strain EGout comparison

SSU rDNA, the presence of this intron is a property afith His-Cys boxes in the SSU rDNA introns of other

the species. Only the WA variants Nf lovaniensis Naegleriaspp. shows it is phylogenetic distinct (Fig. 1).
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It may have evolved faster because it is silent and thasstrain ofN. gruberisensu latoThe cloned PPi-PFK
under different constraint, or it was introduced horizorgene ofN. fowlerihas been sequenced (EMBL acces-
tally from another organism. sion N° U11733) and the expressed protein had the same
Standard introns properties (Wessbemgt al 1995) as the native protein.

Standard introns are not prevalent in any of the
structural genes sequenced to dataeglerig except OVERVIEW OF SPECIES
for two introns present in the calcineurin B gene (EMBL
accession N° U04380). The introns are 258 and 55 bpFulton (1993) has argued strongly against naming too
long, respectively, and flanked by characteristic spliamanyNaegleriaspp. He reasoned that we might end up
junction sequences (Remillaast al 1995).Naegleria with “more than two-dozen speciesNéegleria many
might be the earliest branching eukaryote known identifiable only by isoenzyme patterns, a level of obscu-
contain canonical introns in only one gene. Together withy so wonderful that everyone would wisely ignore
the fact that this is the first gene encoding calcineurintBose of us who worked on these impossibly classified
found in an organism other than metazoa and yeast, amganisms”. Fulton useld. gruberias an example of a
wonders whether this gene might have been acquireddpecies that is an easily recognizable species by conven-
horizontal transmission. tional criteria. Unfortunately, he did not say what these

criteria were, but at the same time he admited that
mtDNA .. i .
N. gruberiis a polyglot assembly of diverse isoenzyme

Recently, the circular 49,843 bp mitochondrial (mtlypes. Page (1988) calléd. gruberi“intolerably het-
DNA of strain NEG-M ofN. gruberisensu strictchas erogeneous on detailed study”. It is this heterogeneity of
been sequenced and the sequence is available at EMBIsingle species that will scare people away from
under accession N° AF288092. Non-coding sequencstsidying the organism, unless everybody works on the
amount to only 8%. Two genes have been identified thedme strain, i.e. EG.
have previously only been detected in jakobid mtDNA The heterogeneity imN. gruberi is really not so
(Lang et al 1999). TheNaegleria mtDNA seems to surprising. Until recently, modtiaegleriaisolates that
share an evolutionary history with that of the jakobidglidn't fit into the few describedNaegleriaspp. were
even though the mtDNA in the latter is linear. It will becalled N. gruberi Fortunately, new isolates which are
interesting to see whether thiaegleriamtDNA show not further typed are now callédbhegleriasp. instead
other peculiarities, such as RNA editing as found iof N. gruberi
transfer RNAs in mtDNA oAcanthamoeb#lLonergan Several investigations have indicated tNagruberi
and Gray 1993). is in fact a complex of at least 10 species (De Jonckheere
1982a, Adamst al 1989, Clarket al 1989, Pernin and
Cariou 1989, Robinsoet al 1992).N. gruberistrains

From isoenzyme studies it is known that sever&hll into distinct clusters, separated by genetic distances
glycolytic enzymes are presentMaegleria Few have similar to those separating the better-characterised taxa
been studied in detail probably because it has belnfowleri N. lovaniensisN. jadini, N. australiensis
assumed that these enzymes are rather similar in Mllitalica, N. andersonandN. jamiesoniRobinsonet
eukaryotes. HowevelNaegleriaseems to be one of theal. 1992). Allozymes and rDNA sequences give the
eukaryotes that have a pyrophosphate-dependaatne conclusions for delineatifpegleriaspp. (Dob-
phosphofructokinase (PPi-PFK), and shares this pragmnet al. 1997, De Jonckheere and Brown 1997). In the
erty with the amoeb&ntamoeba the flagellates present monograph, the four clusters that have been
Trichomonas Tritrichomonasand Giardia, the ciliate recognized previously iN. gruberi(Clarket al 1989),
Isotricha and the apicomplexdoxoplasmaEimeria are given separate species status. Clearly new species
andCryptosporidium TheNaegleriaPPi-PFK is regu- names are needed rather than lumping everything under
lated by AMP, a property that distinguishes it from all o. gruberi
its counterparts, which are either unregulated or stimu- There is a good reason for naming new species.
lated by fructose 2,6-biphosphate (Mertehal 1993). When the species name is given one knows already
The enzyme was investigated bothiNnfowleriand in  some of the characteristics of the strain under study, for

Pyrophosphate-dependant phosphofructokinase
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example its pathogenicity, thermotolerance, capacity ¢d1TS1, 5.8S rDNA and ITS2 has confirmed the species
transform into flagellates and whether the latter are aldelineation and also aids finetuning the descripions
to divide. | strongly support the notion that, apart frorfDe Jonckheere 1998).

the species name, the strain identification number shouldEight species descriptions in tNaegleriagenus are
always be given (Fulton 1993) as interstrain differencéssed on only one isolate, while different strains of three
exist. It is obvious that different clonotypes can evolvepecies came from the same place. The “one strain”
(Fulton 1993), but these clonotypes never form differespecies areN. jadini, N. pussardi N. niuginensis
clusters in allozymes-derived trees. Slight allozyme diN. galeacystisN. minor, N. robinsonj N. chilensis
ferences between strains of the same species have m@hN. indonesiensisThe three species with strains
demonstrated inN. fowleri (Pernin et al. 1985, from only one place ar¥. italica, N. morganensiand

De Jonckheere 1987, Adamtsal 1989),N. lovaniensis N. fultoni Therefore, the variability within these species
(De Jonckheere 1982a, Permhal 1985, Adamset is unknown. For all these species, data on the rDNA
al. 1989, Robinsoret al1992), N. australienis(De sequences, especially ITS sequences, from different
Jonckheeret al 1984, Perniret al. 1985, Adamet al  strains are needed to assess the variability within the
1989, Robinson 1992)\. andersoni(De Jonckheere species. A recent isolate df. italica from Australia
1988a, Robinson 1992lN. jamiesoni(De Jonckheere shows indeed ITS2 variation in this species (Henderson
1988a, Robinson 1992, sturtiandN. carteri(Dobson et al 2001). Until now, onlyN. fowleri has been

et al 1997), but these are much smaller than tho#eoroughly studied, and a great deal of variability in ITS1
between different species and therefore, creatingsaquence was detected (De Jonckheere 1998).
subspecies would be invalid (see Rivetaal. 1990,
De Jonckheere 1994a).

Since 1994 | have based species delineation on SSUThe genudNaegleriacomprises pathogenic and non-
rDNA sequences (De Jonckheere 1994a) because pathogenic species. All pathogenic species are thermo-
only are the differences easier to quantify, but they alphilic but not all thermophilic species are pathogens.
allow more distantly-related organisms to be comparddhermophilic is defined here as the ability to grow at
than when using isoenzyme differences. SSU rDNAO°C or higher. It is important to know one is working
sequences have been used for delineating speciewith a pathogenic species as special precautions have to
other protists such a&iardia and Cryptosporidium be taken.

(Thompsonet al 2000, Xiaoet al. 2000). rDNA It had been observed thak fowleri can grow at
sequencing provides unambiguous data which is reptemperatures up to 45°C while nonpathog&laegleria
ducible between laboratories. However, sequencingdpp. did not tolerate such a high temperature (Griffin
also prone to errors. Generally, small sequencing errdi@72). This approach was used in the routine testing of
will not influence the phylogenetic identification of awater samples foN. fowleriwhere concentrated water
strain under study to a high degree, but if errors becos@mnples were incubated at temperatures between 42°C
numerous they could influence species identificationand 45°C in an attempt to suppress the growth of other
especially in cluster 5 (Fig. 2). amoebae. When using this isolation method it was soon

Restriction fragment length polymorphism (RFLP)ealized that mor&laegleriastrains than those belong-
analysis of PCR amplified ribosomal DNA, or riboprintinging to N. fowlerican grow at these high temperatures.
produces similar phylogenetic trees as SSU rDNA s&here are currently 12 named thermophNiaegleria
guencing (De Jonckheere 1994c) and constitutes legp. (Table 1). The term thermophilic is arbitrarily
work. However, the latter is less accurate becausednosen with some using the borderline of 42°C (Robinson
riboprinting less information is obtained. Also theet al 1992) instead of 40°C (De Jonckheere 1988a). In
treebuilding can be biased by the presence of groupddition, differences in thermophilic growth tempera-
introns (De Jonckheere 1994b). Riboprinting the LStlires have been noted for the same strain (see below).
rDNA is preferred (De Jonckheere 1994c) as in tr]?atho ic th hili .
genusNaegleriagroup | introns are found infrequently genic thermophilic species
in the LSU rDNA (De Jonckheere and Brown 1998a, Besides the human pathogén fowleri also
2001) compared to the SSU rDNA. Sequence analy$is australiensisand N. italica kill experimental ani-

Thermophilic species
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mals. However, no human infection due to these twecience thesis, Adelaide, 1-48, 1975). Thdaegleria
other pathogenitlaegleriaspp. has been diagnosed tasolates were later described Ids clarki. Subsequent
date. Although the amoeba was found not to be respattempts with amoebae isolated from the mouse brain
sible for the diseasé. lovaniensishas been found as continued to kill some mice with strain RU30, but the
a contaminant in the cerebrospinal fluid (CSF) of eesults didn't show an increased virulence as found for
patient in Mexico (Riverat al 1989). strain PP397, which was later described as pathogenic
About 15 years ago Haegleriawas isolated from N. australiensisPathogenicity tests with strains RU30
human CSF. It will be described as a new species. (sa&l RU42 appeared to remain negative on later attempts
N. philippinensis | have tested the pathogenicity offWillaert 1976) and it was concluded. clarki is a
the latter isolate recently in experimental animals and menpathogenic species (De Jonckheere 1994a), although
mice were killed. Therefore, it is important to discushl. clarkiis closely related to the pathogenicitalica.
virulence and pathogenicity tests. In some of the speciesSomeNaegleriaisolates from a swimming pool in
that are described as nonpathogenic, positive mousSeechoslovakia did kill a few mice soon after isolation,
tests have been reported. but lost that capacity upon subculture (Kadlec 1981).
In some of the pathogenicity tests with nonpathogenkzom the serological tests it can be deduced that some
variants ofN. fowleri later described ds. lovaniensis might have beei. lovaniensisbut that some of the
one out of five mice died after intranasal (IN) inoculatiorsolates belonged to other species.
but amoebae could not be recovered from the brain (DeBecause of the difficulty in interpreting some of the
Jonckheere and van de Voorde 1977b). Virulence couydthogenicity results the Culture Collection of Algae and
not be induced in these strains, in contrast to strainsRrotozoa (CCAP) decided to put a warning of “possible
N. fowleri with attenuated virulence (De Jonckheerpathogen” on alNaegleriaspp. At the American Type
1979b), and it was concludeN. lovaniensisis a Culture Collection (ATCC) a public health permit is
nonpathogenic species. In the USNaegleriaisolated neceassary only foN. fowleri N. australiensisand
at an incubation temperature of 42°C killed one mou$é italica
out of three and was identified on this basis aﬁaegleria fowleriCarter. 1970
beingN. australiensigJohn and Howard 1995). How- '
ever, this isolate (EPA-741) was later identified as Both in the USA and in Australia reports were
N. lovaniensisby immunofluorescence (Johet al published in 1968 on the isolation ofNaegleriasp.
1998) and this identity was confirmed by isoenzymigom human CSF which was different from all the
analysis (De Jonckheere unpublished). This isolate shokltbwn N. gruberistrains (Butiet al 1968, Callicotiet
not be considered a pathogenic straifNofovaniensis al. 1968, Culbertsoet al. 1968, Carter 1968). At that
not only because only one mouse died, but becausginte, pathogenicity had only been proven experimentally
also died after one day (John and Howard 1995), whial free-living amoebae belonging to the genera
is too short a time after IN instillation for the amoeba tblartmannella - Acanthamoeba so similar cases
be the cause of death. In addition, subsequent inocuteed been previously attributed tdartmannella -
tions with isolate EPA-741 did not kill mice (Joahal AcanthamoehaAt that time confusion existed over the
1998). As a resulty. lovaniensishould still be consid- generaHartmannellaand Acanthamoehaln all older
ered a nonpathogenic species. literature whereHartmannellais indicated as a human
Also one mouse died after the first intracerebral (IJathogen it probably refers facanthamoebaBecause
inoculation with the type strain ®f. jadini, but subse- the amoebae could not be isolated from CSF of these
guent attempts to prove pathogenicity of the strafirst human cases they could not be studied in detail.
remained unsuccesful. It was concluded that the pre-In 1970 Carter distinguished the human pathogenic
sumed pathogenicity was probably due to contaminatitdpegleriafrom the commorN. gruberiand named it
bacteria and fungi, which is highly possible after IGfter M. Fowler who first described the disease in
inoculation (Willaert and Le Ray 1973). Australia (Carter 1970). This species distinction was
Two mice each out of six were killed after INbased exclusively on morphological differences and the
inoculation with strains RU30 and RU42 (Jamieson J. pathogenicity of the isolates. The separate species status
Studies of amoebae of the gerNmegleria Master of of the pathogen was later confirmed using serological,
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biochemical and molecular techniques. The human patmapidly after isolation. On the other hamd,italicawas
genic Naegleriasp. has also been callétl aerobia first reported as being most probably an isolate of
(Singh and Das 1970) but the use of the name, mainlyNh fowleri (Scagliaet al 1983). Contrary to other
India, has been abandoned. The junior synonyNmegleriaspp., strains oN. fowleriadapt easily to an
N. invadengChang 1971) has also disappeared rapidgxenic medium, which makes this a quick method for
from the literature. seperating this pathogen from othleaegleria spp.
The disease PAM occurs worldwide and very feyDe Jonckheere 1977). Othdlaegleria spp. can be
people survive an infection witR. fowleri Only Am- adapted only slowly to axenic growth. A chemically-
photericin B seems to be really effective in curing thdefined medium has been described in wiNclowleri
disease if given at a very early stage of the infectiooan be cultured (Neragt al 1983).
The best documented cases of succesful treatmenMost strains oN. fowleri transform into flagellates,
occurred in California (Seidet al 1982) and in Austra- but several strains isolated in France could never be
lia (Anderson and Jamieson 1972). There are sonmeluced to transform (De Jonckheegé al 2001).
additional reports from Hong Kong, Thailand, Italy,There has been a report of dividiNgfowleriflagellates
England and Mexico, but there is doubt whether thegea brain infection (Clavett al. 1996), however, the
patients really suffered from PAM. isolated strain turned out not to béNaegleriasp. but
Mice are the preferred animals for testing the patheeme kind ofPlatyamoebaand is considered to be a
genicity of Naegleriaisolates. Although some differ- contaminant (De Jonckheere and Brown unpublished).
ences in susceptibility tdl. fowleriinfections are ob- The photographs of the organism that was purportedly
served between different mice breeds, the age of migeesent in the CSF of this case, showed the morphology
is more important (De Jonckheere 1979b). The amoelsmed the typical axostyle of drichomonassp.
preferentially migrate to the brain where they multiply tDe Jonckheere unpublished), which explains why the
high numbers while eating the tissue. However, in efagellates were seen to divide. In the meantime, another
perimental infections of mice pneumonitis and hepatitsase of Trichomonasmeningoencephalitis has been
are also observed with masses of amoebae presenteiported (Okamotat al. 1998).
the tissues. Splenitis occurs frequently, while amoebaeRestriction endonuclease digestion of whole-cell DNA
are often found in glomular capillaries as well (CartdiDe Jonckheere 1988a) reveals differences between
1970). However, kidney and liver transplants from K. fowleristrains from different places, differences that
11 year old donor who had died oNafowleriinfection are confirmed by isoenzymes, random amplified
did not induce infection in three different organ recipipolymrphic DNA (RAPD) and ITS sequences analyses.
ents (Krameret al. 1997). Also, guinea pigs (Philips The most clearcut divide is found between the Austra-
1974), old world monkeys (Wonet al 1975), sheep lian-Asian strains and those from other regions. A point
(Simpsonet al 1982), rabbits (Smego and Durackmutation is found in the conserved 5.8S rDNA of these
1984), squirrels, cotton rats and muskrats (John atwio differentN. fowlerilineages (De Jonckheere 1998).
Hoppe 1990) are susceptible to experimental infectidturther differentiations oN. fowleri strains can be
with N. fowleri On the other hand, cottontail rabbitsmade by using the different lengths found in the ITS1
opposums and raccoons seem to be not susceptiiable 2) (De Jonckheere 1998, Pélandeakis. 2000).

(John and Hoppe 1990). A natuidl fowleriinfection Other variations inN. fowleri strains have been
has been detected in a South American tapir (Lozarabserved. While DNA RFLP made similar distinctions
Alarcon et al. 1997). between strains of different continents,Na fowleri

Upon isolation pathogenic strains Wf fowleriare isolate from a surviving patient showed the most differ-
highly virulent, but tend to lose virulence after longterrent DNA RFLP (De Jonckheere 1987), and the strain
axenic culturing (Wonget al 1977, De Jonckheere showed swellings of the flagella that looked like paddles,
1979b). In reports oN. fowleristrains with low viru- not found in any otheNaegleria strain (Johnet al
lence immediately after isolation (Kadlec 1981) th&991).
isolates were probably strains Nf australiensisbe- The ITS1, 5.8S rDNA and ITS2 sequences of differ-
cause, contrary thl. fowleristrains, they were difficult ent N. fowleri strains are available at EMBL under
to axenise and their temperature optimum decreasmttession numbers X96561 till X96567, while the SSU
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Table 2. Lenght in bp of ITS1, 5.8S rDNA and ITS2 in differéwdegleriaspp.

Cluster Species Strain ITS1 5.8S rDNA ITS2 otal EMBL
1 N. fowleri KUL 86 175 106 367 X96561
LEE 86 175 106 367 X96562
M4E 142 175 106 423 X96563
AR12 42 175 106 323 X96564
Northcott 84 175 106 365 X96565
Mstl 84 175 106 365 X96566
J/16/1/42E 84 175 106 365 X96567
N. lovaniensis AQ/9/1/45D 41 175 103 319 X96568
F9 41 175 103 319 X96569
WA variant NG872 36 175 103 314 Y10191
2 N. morganensis NG236 34 175 226 435 Y10192
N. sturti NG334 35 175 118 328 Y10195
N. niuginiensis NG427 46 175 117 338 Y10193
3 N. carteri NGO055 34 174 100 308 Y10197
N. minor WTO43 30 175 528 738 X96577
4 N. andersoni A2 35 174 100 309 X96572
N. jamiesoni T56E 34 174 100 308 X96570
5 N. australiensis PP397 33 175 100 308 X96573
LSR34 33 175 100 308 AJ132034°
N. philippinensis RJTM 33 175 105 313 -
N. italica AB-T-F3 33 175 162 370 X96574
N. clarki RU30 33 175 201 409 X96575
N. fultoni NG885 33 175 106 314 AJ243445
Naegleriasp. NG597 33 175 115 323 Y10194
N. gruberi EG, 33 175 114 322 a
AUD1 33 175 114 322 AJ13203%
DRI 33 175 114 322 -
N. tihangensis T2A 33 175 102 310 -
NG202 33 175 102 310 -
N. pringsheimi CCAP1518/1D 33 175 134 342 -
N. pagei CCAP1518/1E 33 175 165 373 -
CCAP1518/1F 33 175 153 361 AJ132022
N. jadini 0400 35 175 >519 >729 X96576
subcluster  N. galeacystis AV500 33 175 181 389 X96578
N. indonesiensis NG945 33 175 182 390 AJ243444
N. robinsoni NG944 33 175 176 384 AJ237787
6 N. pussardi EDF258 38 174 92 304 X96571
N. chilensis NG946 152 175 129 456 AJ243443

Results are from my laboratory except fdMullican 1995) and (Pélandakist al 2000)

rDNA sequence of strain MCM is under number U8005%aegleria australiensiDe Jonckheere, 1981

The partial SSU rDNA sequence of strain KUL has

been published (De Jonckheere 1994a). The type strain ofN. australiensis(PP397) was
The type strain Nf66 oN. fowleriis available from originally isolated from water in Australia (Jamieson J.

ATCC (N° 30214) together with othéd. fowleriiso- A. Studies of amoebae of the gemNeegleria Master

lates from all over the world. of Science thesis, Adelaide, 1-48, 1975). Itis virulent for
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Table 3. Summary on the presence and length (in nt) of group | introns in the nuclear rDNA of thé\geglesia

Cluster Species SSU rDNA EMBL LSU rDNA EMBL
1 N. fowleri - -
N. lovaniensis - -
WA variant NG874 + (+ ORP - 869 (+ ORF)* AJ271406

WA variant NG872 1318 ( + ORF) AJ001399 474 (- ORF) AJ001316
WA variant NG881 - +
WA variant NG876 - -
2 N. morganensis - 389 (- ORF) $ AJ001314
919 (+ ORF) AJ001315
. sturti - -
. hiuginensis -
. carteri +1324( + ORF) Y10190 -
minor -
andersoni 1309 ( + ORF) X78280 -
jamiesoni 1307 ( + ORF) X78279 -
. australiensis -
. philippinensis 1297 (+ ORF) -
italica 1319 ( + ORF) X78277 -
clarki 1305 ( + ORF) X78281 -
fultoni -
gruberi - -
. tihangensis -
. pringsheimi 1316 ( + ORF) X78278 -
pagei -

zzzzzzzZzZzZZZZ2Z2Z22

. jadini -
Naegleriasp. NG597 375 ( - ORF) X79070 -
subcluster N. galeacystis - -
N. indonesiensis - -
N. robinsoni - -
6 N. pussardi - -
N. chilensis - -

* - at slighty different location from in NG872, $ - different group | introns at different locations in the same® stpa@sent but sequence
not determined

mice but the virulence is lower than thathf fowlei. exactly the same as those of strain LSR34 from France
Generally strains dfl. australiensikill fewer animals (Pélandakiset al 2000). Therefore, the difference in
and require a longer incubation time (De Jonckheewghole rDNA plasmid restriction patterns observed be-
et al 1983a). MoreoverN. australiensisloses viru- tween those two strains must be due to sequence
lence more quickly thaN. fowleriin axenic culture (De differences in the NRS of the plasmid.

Jonckheere 1981), probably due to this lower virulence. The maximum temperature tolerated for growth by
Therefore, a negative virulence test does not indicate tthés species is 42°C, which is 3°C lower than for
strain under investigation does not belong thl. fowleri Strains ofN. australiensisoccur worldwide

N. australiensis The species differs antigenically (Dein warm waters and a strain of. australiensishas
Jonckheere 1981) fromd. fowleriand can be separatedbeen isolated from the brain of a fish (Dykostaal

by allozyme (De Jonckheere 1982a) and DNA (D2001) but they have never been isolated from a human
Jonckheere 1994a) analyses. Intraspecies differenceb@ng. This species is found very frequently in cooling
allozyme and whole rDNA plasmid restriction patterns/aters in Belgium (De Jonckheere unpublished) be-
are observed and the latter indicated that this spec@aise the incubation of concentrated water samples at
might have a European origin (Clagt al 1989). 44°C allows the isolation of species that only tolerate
However, the ITS1, 5.8S rDNA and ITS2 sequences 42°C. The exact reason for this is unknown, but it could
strain PP397 from Australia (De Jonckheere 1998) dpe that the strains are adapted to higher temperatures in
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the environment or because the interior of the agaever been isolated from anywhere other than the spa in
plates does not attain 44°C during the short incubatittaly where it was originally found and continued to be
time for isolation. It has been reported that the uppdetected on subsequent occasions (Scagka 1987).
temperature tolerance limits of describBldegleria In February 2000, two strains isolated from an artificial
spp. vary narrowly (<2°C) between many isolatewater body in Western Australia have been identified as
(Robinsonet al 1996a). Some strains di. fowleri N. italica on the basis of nearly identical allozyme
reported to have low virulence upon isolation, with grofiles (Hendersoet al 2001). The 5.8S rDNA with
temperature optimum that rapidly decreases after isofeanking ITS sequences gave 98% identity with the
tion (see above) and which also do not adapt readily pablished sequence fbi. italica. The australian strains
axenic growth (Kadlec 1981) might actually belong tbave the same insert in the ITS2 that is typical for
the speciedN. australiensis N. italica, but it is in this stretch that the sequence
The ITS1, 5.8S rDNA and ITS2 sequences of strattivergence with the typestrain is observed. Based upon
PP397 and LSR34 are available at EMBL under accdhe extensive sampling fdtaegleriaspp. in Australia,
sion number X06573 and AJ132034 respectively, whild. italica seems to be a rare organism on that continent
the SSU rDNA sequence of strain PP397 is undas well.
U80058. The partial SSU rDNA sequence of strain The ITS1, 5.8S rDNA and ITS2 sequences of strain
PP397 has also been published (De Jonckheere 19948-T-F3 are available at EMBL under accession num-
Strains ofN. australiensiswere adapted to axenicber X96574, while the partial SSU rDNA sequence is
growth. A chemically-defined medium has been dainder UB0060. The sequence of the SSU rDNA group
scribed in whichN. australiensican be cultured. This | intron of strain AB-T-F3 is available at EMBL under
is a modification of the one in whicN. fowleriand accession number X78277. The partial SSU rDNA
N. lovaniensisare grown (Neraét al 1983). The type sequence of strain AB-T-F3 has also been published
strain PP397 is available from ATCC (N° 30958), as a{®e Jonckheere 1994a).
three additional strains from France, Australia and the The type strain AB-T-F3, relabeled SWL NG-073, is
USA, respectively. The strain from the USA was iscavailable from ATCC (N° 50347).
lated from kidney tissue of a goldfish and submited to

laboratory for typing (De Jonckheere unpublished). nHonpathogenlc thermophilic species

o . . Most Naegleria strains isolated from the environ-
Naegleria italicaDe Jonckheere, Pernin, Scaglia and h . o . it th
Michel. 1984 ment are nonpathogenic. It is important to identify them

and find out whether they could be indicators for the

WhenN. italicawas isolated for the first time it waspresence of the pathogenic species.
reported as probably bemgastra|m\bfowl'er|(S(':agI|a' Naegleria lovaniensisStevens, De Jonckheere and
et al 1983). Because of high crossreaction with ant'SWillaert 1980
rum againstN. australiensisit was subsequently de- '
scribed as a subspecies of the latter (De Jonckletere This species was described initially as a nonpatho-
al. 1984). However, allozyme studies suggested that thenic variant oiN. fowleri(De Jonckheere and van de
subspecies deserved species level rank (Adeinat Voorde 1977b) because the amoebae reacted postively
1989), and the genetic distance between the SSU rDNAth antiserum against the pathogehic fowleri yet
sequences of the subspecies are comparable to thihese isolates were not pathogenic. There have been
between otheNaegleriaspp. (De Jonckheere 1994a)some reports on positive pathogenicity tests with
Therefore the subspecies Of australiensiswere N. lovaniensisstrains, but the amoebae were probably
given species status. In contrast wiNh australiensis not the cause of death (see above). More detailed
(Table 3),N. italica has a group | intron in the SSUstudies showed that, although antigenically being the
rDNA (De Jonckheere 1993). Although the pathologicallosest relativeN. lovaniensidiffers from N. fowleri
findings in mice are the same as fér australiensis in many more aspects than by virulence alone. There-
N. italica is much more virulent. fore, it was given separate species status (Steteals

The maximum temperature tolerated for growth b$980). Also, in phylogenetic analysis based on SSU
N. italica is 42°C and strains dfl. italica have been rDNA sequenced)\. lovaniensids the closest relative
adapted to axenic growth. Until recently, this species hat N. fowleri (De Jonckheere 1994a). In contrast to
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N. fowleri no length variation was found in the ITS1 ofind ITS2 PCR product of both species have a similar
five N. lovaniensisstrains investigated (De Jonckheeréength in all six strains (De Jonckheere 1998) but the
1998). sequence of only one strain of each species was deter-
Strains ofN. lovaniensiiave been found worldwide mined. The ITS1 seems to be 1 bp longét.iandersoni
leading to the hypothesis of a common origin and recethian inN. jamieson{Table 2), butin the combined ITS1,
dispersion throughout the world (Pereiral. 1992). The 5.8S rDNA and ITS2, 17 bp differences exist between
N. lovaniensidarascasubspecies and purepecha varithe two species. The 5.8S rDNA in bdth andersoni
ant ofN. lovaniensigrom Mexico (Riveraet al 1990) andN. jamiesonis 1 bp shorter than in the majority of
fall within the variability of zymograms observed in theNaegleriaspp., a character they share wih carteri
species and, therefore, are invalid names (De Jonckhesme N. pussardi
1994a). The particular nucleolar morphology in these Strains ofN. andersonwere first isolated in Austra-
Mexican strains had been observed repeatedly in diee(strains A2 and PPMFB6 in Willaert 1976) and later
natural population oN. lovaniensign Australia. Evi- in Belgium from water associated with imported fish
dence has been presented for genetic recombinatiorfrimm Malawi, Singapore, Nigeria and Brazil (De
N. lovaniensigCariou and Pernin 1987, Perreh al Jonckheere 1988a). StrainsNf andersonhave been
1992) but genetic exchange could not be proven in othisolated again in Australia from an aquarium and from
Naegleria spp. investigated, such as. fowleri the public water supply (Robinsat al 1992) and in
N. australiensisandN. gruberisensu lataPernin and Japan from industrial cooling water (De Jonckhestre
Cariou 1997). al. 1991). This species has not been detected in cooling
A fast method to separatd. lovaniensisfrom waters in Belgium, probably because the upper tempera-
N. fowleriisolates is the use of a liquid axenic mediunture limit for N. andersonis 40°C to 41°C, while the
in which only N. fowleri grows immediately to high samples are incubated at 44°C. Strainkl.cindersoni
numbers, whileN. lovaniensisneeds a lot of time to are sometimes isolated from surface water in Australia
adapt (De Jonckheere 1977). Also, otidaegleria where different incubation temperatures are used for
spp. can be grown in this medium but only after lonigolatingNaegleriaspp. (Robinson personal communi-
adaptation, by each week decanting the medium acation). Strains A2 and PPMFB6 were shown to be
adding fresh medium to the tube. A chemically-definedonpathogenic in experimental animals (Willaert 1976).
medium has been described in whithHovaniensisan The ITS1, 5.8S rDNA and ITS2 sequences of strain
be cultured; a property it shares with fowleri(Nerad A2 are available at EMBL under accession number
et al 1983). X96572, while the SSU rDNA sequence of strain
The ITS1, 5.8S rDNA and ITS2 sequences of straifPMFB6 is under U80057. The partial SSU rDNA
Aqg/9/1/45D and F9 are available at EMBL under accesequence of strain A2 has also been published (De
sion numbers X96568 and X96569, while the SSU rDNAonckheere 1994a). The sequence of the SSU rDNA
sequence of strain C-0490 is under U80062. The partigbup | intron of strain A2 is available at EMBL under
SSU rDNA sequence of strain Ag/9/1/45D has alsaccession number X78280.
been published (De Jonckheere 1994a). Strains ofN. andersonhave been adapted to axenic
Strains LvH1 (30811),TS (30569) and K-1 (30467) ajrowth. Type strain Ag/4/1H is available from CCAP
N. lovaniensisare present in ATCC although they hadinder accession N° 1518/16.
originally been sumitted under different species names;
The three strains were isolated in Belgium, the USA and’
Australia, respectively. This species was originally described as a subspecies
of N. andersonon the basis of similarities in isoenzyme
and DNA restriction patterns (De Jonckheere 1988a).
Naegleriaandersoniis a thermophilic species de-However, allozyme studies suggested that the subspe-
fined on the basis of isoenzyme patterns and rDN&es could be regarded as separate species (Rol@hson
sequences (De Jonckheere 1988a). It is closely-relatdd 1992). Also, the difference in the SSU rDNA
to N. jamiesoni which was originally described as asequence between the two subspecies far exceeded
subspecies dfl. andersoniA group | intron is found in those found between some describéaegleria spp.
the SSU rDNA of six strains investigated of both specid@herefore, the subspecies were given species status, but
(De Jonckheere 1993). The combined ITS1, 5.8S rDNAey do form a cluster in phylogenetic trees (De

egleria jamiesonDe Jonckheere, 1988

Naegleria andersonDe Jonckheere, 1988
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Jonckheere 1994a). As with its closest relativés also available from ATCC (N° 50652). It is not certain
N. andersoniN. jamiesonihas a group | intron in the whether this strain was reclassified on the basis of its
SSU rDNA (Table 3). Strains of this species wermorphological particularity or on the basis of isoenzyme
originally isolated in Belgium from water associated witlanalysis.
!mported fish frqm 'V'"’?'aW' and Slngapore. Thls. SDE)C'elﬁaegleria carteriDobson, Robinson and Rowan-Kelly,
is found sporadically in cooling waters in Belgium (D 997
Jonckheere unpublished) and in the environment in Aus-
tralia (Robinson personal communication). Incubating The differentiation of the specids. carteri was
the samples at 44°C apparently allows species to based on allozyme studies of nine strains isolated from
isolated which have a maximum temperature toleranddferent parts in Australia. Strains of this species were
of 42°C (see alsidN. australiensis also isolated from Sri Lanka (Dobsetal 1997). Slight
The ITS1, 5.8S rDNA and ITS2 sequences of strattifferences in allozymes are detected between different
T56E are available at EMBL under accession numbstrains ofN. carter, and it shares witlN. fowleriand
X96570, while the SSU rDNA sequence is under UB006M. lovaniensighe capacity to grow at 45°C (Dobsein
The partial SSU rDNA sequence of strain T56E has alat 1997). The validity of the separate species status was
been published (De Jonckheere 1994a). The sequenoafirmed by rDNA sequence analysis of reference
of the SSU rDNA group | intron of strain T56E isstrain NG055 (De Jonckheere and Brown 1997). In
available at EMBL under accession number X78279 phylogenetic trees based on SSU rDNA sequences
Although strains olN. jamiesonihave been adaptedN. carteri forms a cluster withN. minor, which is
to axenic growth there is currently no strain available &hown for the capacity of its flagellates to divide. The
either ATCC or CCAP. strain ofN. carteriinvestigated (NG055) has a group |
intron in the SSU rDNAN. carteriis one of the four
Naegleria spp. in which the 5.8S rDNA is one bp
Based on allozyme and SSU rDNA sequences, tehorter (Table 2).
speciesN. pussardiappeared to be the most distantly- The ITS1, 5.8S rDNA and ITS2 sequences of strain
relatedNaegleriasp. (Pernin and De Jonckheere 1996 NGO055 are available at EMBL under accession number
It is one of the fewNaegleria spp. that shows a Y10197, the partial SSU rDNA sequence under Y10189,
morphological particularity; during promitosis the nuclecand the SSU rDNA group | intron under Y10190.
lus tends to fragment in an unequal way in prophase. TheStrains ofN. carteri have never been grown axeni-
description of this species is based on one single isolatly and there is currently no strain bf carteri
(EDF258) from river water in France. The maximunavailable at either ATCC or CCAP.
temperature tolerated for growth is 41°C. Therefore, R[aealeri .
o X N L gleria morganensiBobson, Robinson and Rowan-
for N. jamiesoni there is little chance that it will be Kelly, 1997
isolated while incubating water samples at 44°C for "
N. fowleridetection. In a tree based on 5.8S rDNA and The differentiation of the specidd. morganensis
ITS sequences strain NG260 (allozyme cluster B imas based on allozyme studies of four strains isolated
Robinsonet al 1992) clusters withN. pussardi from the River Murray in South Australia. It grows at
(Pélandaki®t al. 2000). The 5.8S rDNA is 174 bp long,44°C (Dobsonet al. 1997), and the validity of the
which is the same as in the typestrain EDF258. Tlseparate species status is confirmed by rDNA sequence
ITS1 is, however, two bp shorter in the typestrain ahalysis of the typestrain NG236 (De Jonckheere and
N. pussardi Also the maximum growth temperature iBrown 1997). In phylogenetic trees based on SSU
only 37°C for strain NG260. rDNA sequencesN. morganensisforms a cluster
The ITS1, 5.8S rDNA and ITS2 sequences of strawmith two otherNaegleriaspp. that grow at 44-45°C,
EDF258 are available at EMBL under accession numt. niuginensisand N. sturti In this cluster,
ber X96571. The partial SSU rDNA sequence of strai. morganensiss the only described species with group
EDF258 has been published (Pernin and De Jonckheknetrons in the LSU rDNA (De Jonckheere and Brown
1996). 1998a). Actually, it has two group | introns in the LSU
The typestrain EDF258 is available from ATCQDNA, one with and one without an ORF (Table 3). The
(N° 50564) and another strain (VA-1) that was reclaslescription of the only other species known to have
sified from Mastocystis marylandensts N. pussardi group | introns in the LSU rDNA, is in preparation

Naegleria pussardPernin and De Jonckheere, 1996
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(see WA variant oN. lovaniensign preparation). The ferent strains divides the species into two subgroups
only other strains known to belong to tthemorganensis (Dobsonet al 1997). The allozyme differences between
lineage were isolated from the same location as the tygteains NG334/NG390 and NG221/277, respectively, are
strain. One of these other strains (NG258) was founditdermediate and in the same order as those between
generate the same length LSU rDNA PCR product &s australiensisand N. tihangensis The latter was
NG236, indicating the presence of the same two intropseviously called “sister species” ®f. australiensis
as in the type strain. When isolating other strains ¢Adams et al. 1989), later the spa variant of
N. morganensisn the future, they should be investi-N. australiensigRobinson, B. Protozoology. State Water
gated for the presence of group | introns in the LSUaboratory. Engineering and Water Supply Department.
rDNA as these introns are quite unusual. The type strédouth Australia. Protozoology. Report No. 39, 1992),
of N. morganensidias no group | intron in the SSUmore recently a subgroup bf. australiensigDobson
rDNA (Table 3). et al 1997) and is given species status in the present
The ITS1, 5.8S rDNA and ITS2 sequences of stramonograph (se®\. tihangensis Therefore, it is pos-
NG236 are available at EMBL under accession numbsible thatN. sturti comprises actually two different
Y10192, while the partial SSU rDNA sequence is undspecies. Because the SSU rDNA sequence of strain
Y10188. The sequence of the two group | introns in ti¢G334 has been determined to substantiate the estab-
LSU rDNA of strain NG236 are available at EMBLIlishment of N. sturti sequencing the SSU rDNA of
under accession humbers AJ001314 and AJ001315 s&ain NG277, which is available from ATCC, will re-

spectively. solve this issue.

The type strain NG236 dfl. morganensiss avail- The ITS1, 5.8S rDNA and ITS2 sequences of strain
able from ATCC (N° 50351) and strain NG237 fromNG334 are available at EMBL under accession number
CCAP (N° 1518/22). Y10195, while the partial SSU rDNA sequence is under

Y10185.

Naegleria niuginensi®obson, Robinson and Rowan-
Kelly, 1997

The differentiation of the speci&k niuginensisvas
based on allozyme studies of only one strain (NG42
isolated from lake sediment in New Guinea. It shares TheN. grubericomplex (Clarlet al. 1989) is divided
with N. fowleriandN. lovaniensighe capacity to grow in this monograph into four different species. The second
at 45°C (Dobsoret al 1997). The validity of the cluster of theN. grubericomplex contains strains that
separate species status is confirmed by rDNA sequengere isolated from Belgium (De Jonckheese al
analysis of the type strain (De Jonckheere and Brow®83b) and Mexico (De Jonckheere unpublished) in
1997). 1980 and 1983, respectively, while trying to isolate

The ITS1, 5.8S rDNA and ITS2 sequences of straM. fowleriat 44°C. Therefore, the isolates are thermo-
NG427 are available at EMBL under accession numbghilic but the maximum temperature tolerated is only
Y10193, while the partial SSU rDNA sequence is undé2° C. The Belgian strains came from a fish farm that
Y10186. used the cooling water from a nuclear power station,

The only known strain (Dobsomet al 1997) of while the Mexican strains were isolated from geother-
N. niuginensids currently unavailable at either ATCCmal water. The cluster is given species status based on
or CCAP. SSU rDNA (De Jonckheere 1994a) and ITS DNA
. : . (Table 2) sequence analyses. The SSU rDNA of strain
Tg\ge;glerla sturtiDobson, Robinson and Rowan-KeIIy,T2A of N. tihangensisliffers only in one bp (0.125%)

from that of strain NG202 within the 800 bp sequenced

The differentiation of the speciés sturtiwas based (De Jonckheere unpublished). This base substitution isin
on allozyme studies of four strains isolated from water the highly variable loop 17 of the secondary structure.
Australia and Asia. Strains ™. sturtigrow at 44°C The ITS1, ITS2 and 5.8S rDNA of the two strains are
(Dobsonet al 1997). The validity of the separateidentical (De Jonckheere unpublished). Also the LSU
species status is confirmed by rDNA sequences boprints had been proven to be identical (Brown
reference strain NG334 (De Jonckheere and Brovamd De Jonckheere 1997). Strain NG202 is a represen-
1997). Differences in allozymes detected between diftive of what was first called a “sister species” of

Only strain NG277 ofN. sturti is available from
ATCC (N° 50356).

%aegleria tihangensisp. n.
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N. australiensis(Adams et al 1989), later the spa Supply Department. South Australia. Protozoology. Re-
variant ofN. australiensigRobinson, B. Protozoology. port No. 39, 1992). More recently they have been
State Water Laboratory. Engineering and Water Suppipnsidered a subgroup bf. australiensigDobsonet
Department. South Australia. Protozoology. Repodl. 1997). It is not unexpectedly that a thermophilic
No. 39, 1992), and more recently a subgroup afuster is found within thé\N. gruberi sensu latoas
N. australiensis(Dobsonet al 1997). Therefore, other thermophilic species are found to branch in the
the “sister species”, spa variant, or subgroup ofidst of the complex (Clarkt al 1989, Robinsoet al
N. australiensisbelongs toN. tihangensisThe latter 1992, De Jonckheere 1994a). Two other clusters in
species name refers to the location of the power planthh gruberi sensu latoare namedN. pringsheimiand
Tihange, Belgium, from which cooling water strains oN. pagej respectively.
this species were isolated. Straind\oftihangensisre With allozymes it was demonstrated that strains as-
isolated frequently during attempts to isolbtefowleri signed toN. gruberi sensu latoconsist of at least
in Australia (Robinson, B. Protozoology. State WatetO species (Adamet al. 1989). Although some of these
Laboratory. Engineering and Water Supply Departmerdiusters correspond to presently described species, more
South Australia. Protozoology. Report No. 39, 1992) amew species descriptions might be expected (Table 5).
Belgium (De Jonckheere unpublished). Strain EDF145frains of some of these unnamed allozyme clusters are
isolated in France, (Pernin and De Jonckheere 1996) laasilable from ATCC and can thus be studied by anyone
the same acid phosphatase (AP) and propionyl esteraderested. | stated previously (De Jonckheere 1994a)
(PE) isoenzymes, as well as an identical partial SSblat it would be preferable to study all the other allozyme
rDNA sequence, and belongs, therefore, to this neyvoups before giving species rank to the riboprint clus-
species,N. tihangensis ters inN. gruberi but it seems the latter will not be
Although the original Belgian and Mexican strains arachieved soon. Therefore, | decide to upgrade those that
no longer available the species can still be identifidthve been studied most extensively.
based on the partial SSU rDNA sequences of strain Over the years some doubts have developed over the
T2A that has been published (De Jonckheere 1994a&uthenticity of certain CCAP strains asigned to
Strain NG202 from Australia is available from CCARN. gruberi sensu lato.Page suspected that strain
(N° 1518/21). CCAP 1518/1E might have been transposed and allozymes
of the strain were indeed found to be identical to the ones
of the Pringsheim strains (De Jonckheere 1987, Adams
Naegleria gruberi the firstNaegleriasp. described et al 1989). This is the reason why CCAP decided not
turned out to be a large species complex (De Jonckhetrasupply strains CCAP 1518/1A, 1B, 1C, 1D, 1E and 1S
1982a, Adamst al. 1989, Clarket al 1989, Pernin and anymore, but a strain called CCAP 1518/1X (Table 4),
Cariou 1989, Robinsoet al 1992). which would correspond tdN. pringsheimi(Brown
The flagellates of two non-thermophilic speciegpersonal communication). | have done an in depth
N. minorandN. robinsonj have the capacity to divide. analysis of this problem by looking at my old lab notes
The amoebae of two speciebl. chilenis and and corespondence with CCAP. | have used strains
N. indonesiensisould not be induced to transform intoCCAP 1518/1E and CCAP 1518/1F as references in
flagellates (De Jonckheegt al. 2001). comparisons of isoenzyme patterns (De Jonckheere
A note onN. gruberisensu lato.The four clusters 1982a, De Jonckheemt al 1984) and unpublished
distinguished previously by rDNA RFLP plasmid typingdentifications of Belgian and MexicaMaegleria
(Clark et al 1989) inN. gruberisensu latcare given isolates in 1984 and 1985. In these studies CCAP 1518/
the status of species in the present paper (Table 4). Qe was different from CCAP 1518/1F, but also from
of the clusters retains the species ngmeri. Strains CCAP 1518/1D, one the Pringsheim strains. In 1986
belonging to cluster 2 are considered thermophilic €9e Jonckheere 1987), the isoenzyme pattern of CCAP
they were isolated at 44°C (De Jonckheeteal 1518/1E had suddenly changed and was identical to
1983b). They are nameN. tihangensis(see above) those of the Pringsheim strains CCAP 1518/1A, 1C, 1D
and correspond to what was first called a “sister spand 1S. However, in the same publication the DNA
cies” of N. australiensigAdamset al 1989), and later RFLP of the latter strains were identical to each other,
the spa variant dfl. australiensigRobinson, B. Proto- butthat of CCAP 1518/1E did not correspond to it. In my
zoology. State Water Laboratory. Engineering and Wateorrespondence | noticed that all the CCAP 1518 strains

Nonthermophilic species
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Table 4. Strains ofN. gruberisensu lato

Strain Max. °C Analysis Species

EG and descendants 39 allozyme, SSUrDNA, ITS, riboprints N. gruberisensu stricto
AUD1 ?) riboprints, ITS, allozyme N. gruberisensu stricto
DRI 38 RFLP, SSU rDNA, riboprints, ITS, allozyme N. gruberi sensu stricto
CCAP1518/1A(<1986) 37 riboprints N. pringsheimi
CCAP1518/1C(<1986) 37 riboprints N. pringsheimi
CCAP1518/1D(<1986) 37 riboprints, SSU rDNA N. pringsheimi
CCAP1518/1S(<1986) 37 riboprints N. pringsheimi
CCAP1518/1X 37 riboprints N. pringsheimi

BL (contaminant) ?) riboprints N. pringsheimi
CCAP1518/1E(<1986) 37 riboprints, SSUrDNA, allozyme N. pagei
CCAP1518/1F 39 riboprints, ITS, allozyme N. pagei(?)
CCAP1518/1G (?) allozyme ?)

CCAP1518/7 37 riboprints, allozyme N. pagei

Philar (? rboprints, allozyme N. pagei

B14 (?) riboprints, allozyme N. pagei

B26 ? riboprints, allozyme N. pagei

B27 ?) riboprints N. pagei

R6a ?) allozyme N. pagei

113/1 ? riboprints N. galeacystis

T2A 42 riboprints, SSU rDNA, ITS N. tihangensis

T2S 42 riboprints N. tihangensis

Mx6J 42 riboprints N. tihangensis

Mx6G 42 riboprints N. tihangensis

NG202 42 SSU rDNA, ITS N. tihangensis

used in this last isoenzyme analysis had been sent tolafeels for CCAP 1518/1E and CCAP 1518/1F might
from CCAP on September 1, 1986, while the DNA dfiave happened already between 1964/1965 and 1974
CCAP 1518/1E and CCAP 1518/1F had been preparthge 1975). However, a transposition at that time can
from the strains CCAP 1518/1E and CCAP 1518/1be excluded, as both strains still appeared to be different
that | had already in my laboratory before that. So ([Pe Jonckheere 1982a, De Jonckheeteal 1984).
turned out that a transposition of strains had occurr@tius the change in cyst diameter must have been
during the difficult process that preceeded the transitimaused by changes over the years in culture, the second
of the CCAP collection from Cambridge to Windermerepossible explanation (Page 1975).
Strains of CCAP 1518/1E used in different laboratories In the older studies most emphasis was given to the
might therefore not be the original strain if obtained aftédentification of pathogenic and thermophilic strains,
1985. It is comforting to know that all DNA studies Iwhile it was only stated that there was an extreme
have done with this strain were, and still are, with tHeeterogeneity in strains dN. gruberi sensu lato.
DNA from the original CCAP 1518/1E strain. TheHowever, serious consideration was given to the meso-
mislabeled strain was sent to me on September 1986jlic Naegleria in Australia (Adamset al 1989,
while the first publication in which | used the DNA of theRobinsoret al 1992). In examining my published studies
original CCAP 1518/1E was submitted on August Znd unpublished isoenzyme gels | can conclude a few
1986 (De Jonckheere 1987). Also the isoenzyme studieggs on the strains . gruberisensu latqTable 4).
| published before 1987 were performed with the origindlccording to allozyme results strain R6a belongs to
CCAP 1518/1E strain. N. pagej while CCAP 1518/1F might not belong to it.
Because of change in cyst diameter over a 10 yeairain CCAP 1518/1G would still belong to an un-named
period Page mentioned that a possible transpositionspfecies other than the four into whidhgruberisensu
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latois here divided Robinsast al 1992, De Jonckheere Different culture conditions could also explain the differ-
unpublished). ence in maximum temperature noted between strain
CCAP 1518/1E (seé&l. page) from CCAP and that
from ATCC (Robinsoret al 1992). A maximum tem-
This is the first described species Mhegleria perature tolerance of 38°C is observed (Brown personal
(Schardinger 1899), and was originally described asmmunication) with strain DRI, which belongs to
Amoeba gruberi but later redefined as a separat®l. gruberi sensu stricto(see below).
genus (Alexeieff 1912, Calkins 1913). The whole history Naegleriaamoebae cytopathogenic material (NACM)
of how the genudNaegleriawas born has been de-kills various cell cultures (Dunnebacke and Walen 1999)
scribed in detail (Fulton 1970). Until the description oAnd was isolated from strain EGhe descendant of
N. fowleriin 1970, all amoeboflagellates that conformedtrain EG with virus-like particles. NACM is a small
to the genudNaegleriawere assigned to the speciescidic protein, that resists inactivation by irradiation,
gruberi. Due to newer techniques that were introducemdlcleases, and a number of proteases, while it is inacti-
for more rapid identification of the pathogdnfowleri vated by proteinase K and at elevated temperatures.
it was realised that there is an enormous diversity within The reduced specids. gruberi sensu strictostill
the strains that were catalogued\agruberi By using has a worldwide distribution. Other strains belonging to
rDNA analyses it was possible to grobp gruberi the emendedN. gruberi species are strains AUD1
strains into four clusters (Cladt al 1989). The first isolated from a swimming pool filter in France and strain
cluster contains strain EG, and its descendants, that Bl isolated from a water station drain on a golf course
used in different laboratories as the model for differem Australia (Table 4). | have sequenced part of the SSU
tiation from amoebae to flagellates (Fulton 1993). In thd®NA of strain DRI (De Jonckheere 1994a) and there
absence of any type material, it was decided to retain tiseonly one bp difference with that published for strain
species namegruberi sensu strictofor strains that NEG-M. This indel is thought to be probably a sequenc-
cluster with this strain EG and its descendants. Strain @) error in strain NEG-M, as the deletion is a nucleotide
was originally isolated in the early sixties by F. Schusténat is conserved not only in all othdaegleriaspp., but
in California from an eucalyptus grove, hence its desigt all eukaryotes. In the sequence published for strain
nation EG (Fulton 1993). The first SSU rDNA sequenceG, (Mullican 1995), another descendant of strain EG,
from the genublaegleria(EMBL accession N° M18732) there is, indeed, no such deletion (I made the same
was obtained (Clark and Cross 1988b) from strain NEGequencing error in the SSU rDNA Nf minor strain
M, a descendant of strain EG, which has a ploidy doubléT043). The combined ITS1, 5.8S rDNA and ITS2
that of the original strain (Fulton 1993). The samPCR product has the same length in strains AUD1, DRI
descendant was used to determine the full sequenceantl EG (De Jonckheere 1998). The sequences of these
the mtDNA (Langet al 1999). For obtaining the full areas in strain EG (Mullican, J. C. Molecular charac-
sequence of the plasmid containing the rDNA (Mullicaterization and complete sequence analysis of the extra-
and Tracy 1993) strain NGvas used, the EG strain keptchromosomal ribosomal DNA elemant Maegleria
by Balamuth. The EG strain that contains virus-likgruberi Ph D thesis. The graduate College in the
particles is called EG(Fulton 1993). University of Nebraska, Omaha, Nebraska, USA:1-163,
It was mentioned that strain NEG, a clonal strain df995) in strain AUD1 (Pélandaké al. 2000) and DRI
EG, will grow at up to 40-41°C with a maximum rate aare identical (Table 2). Strains that cluster in allozyme
about 33°C (Fulton 1970). Since the temperature optinalysis with strain NEG o. gruberisensu stricto
mum for each species is approximately 4°C lower thdrave been isolated from Australia, Japan, Germany and
the upper temperature limit (Robinseinal 1996a), the Ireland (Robinsort al 1992). These isolates have all an
latter temperature is probably around 37°C founpper temperature tolerance for growth of 38-39°C.
N. gruberi otherwise it would be a thermophilic spe- The ITS1, 5.8S rDNA and ITS2 sequences of strain
cies. Strain ATCC 30544, corresponding to FultonBG, have been determined (Mullican, J. C. Molecular
strain NEG was reported to tolerate a maximum termharacterization and complete sequence analysis of the
perature of 39°C (Robinsat al 1992). It has also beenextrachromosomal ribosomal DNA elemanitlimegleria
reported that strains can decrease their maximum tegmuberi. Ph D thesis. The graduate College in the
perature tolerance after maintenance in the laboratdoyiversity of Nebraska, Omaha, Nebraska, USA: 1-163,
for a certain amount of time (Dobsat al 1997). 1995) while those of strain AUD1 are available at

Naegleria gruberiSchardinger, 1899
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EMBL under accession number AJ132031. These gdohn and John 1990) but there were probably only three
guences of strain DRI are in Table 2. The partial SSdfrains with different origin and the others being descen-
rDNA sequence of strain NEG-M is available at EMBldants of strain EG. Riboprinting (Cladt al 1989)
under accession number M18732 while that of stradgemonstrated a slightly higher variatiomNinpringsheimi
DRI has been published (De Jonckheere 1994a). strains (cluster 3 ofN. gruberi sensu latd than in
Strain DRI is currently available from CCAP undeilN. gruberisensu strictestrains (cluster 1 dfl. gruberi
accession number 1518/17. Strain EG and descendasdasu lath
of this strain, NEG, NEG-M and E@re availabale from Strain BL also clusters with the Pringsheim strains,
ATCC under accession numbers 30311, 30233, 30228dd although strain BL was claimed to have been
and 30540, respectively. isolated from a New Zealand case in 1968, the strain
turned out to be nonpathogenic and reacts with
N. gruberiantibodies and ndtl. fowleriantibodies. It
The third cluster observed by Clagk al (1989) in is clear that the strain must have been mislabeled at
the N. grubericomplex contains strains isolated beforsome point and the BL strain that | used (De Jonckheere
1950 by Pringsheim, of which CCAP 1518/1D is 4993, 1998) certainly clusters with the Pringsheim strains.
representative. The clustering of these strains by DNso, allozyme analysis groups strain BL with CCAP
analysis was confirmed by allozyme analysis (Adaims 1518/1D (Pernin and Cariou, 1989). On the other hand,
al. 1989). This cluster is given species status based sirain BL available at ATCC (N° 22758) might be the
SSU rDNA sequences (De Jonckheere 1994a). All fiveriginal N. fowleri strain. It was submitted as a
strains ofN. pringsheimistudied have a group | intron Echinosteliunsp. by Mandal, one of the original authors
in the SSU rDNA (De Jonckheere 1993) and thef the PAM case in New Zealand (Manealal. 1970).
combined ITS1, 5.8S rDNA and ITS2 PCR product haghe reason for this assumption is that in a recent study
the same length in those five strains (De JonckhedReélandakiset al. 2000) the ITS and 5.8S rDNA of
1989). Strains CCAP 1518/1D and CCAP 1518/18rain BL correspond to what is foundhh fowleri(De
were reported to grow at a maximum temperature dbnckheere 1998). As strain BL in different labs might
37°C (Griffin 1972) as do the other CCAP strainbe a mislabeled strain, except the one at ATCC, it
belonging toN. pringsheimi(Robinsonet al 1992). appears that all strains &. pringsheimiknown at
Strain CCAP 1518/1S came from Singh and could lpgesent are restricted to Europe.
derived from CCAP 1518/1C, while CCAP 1518/1D The speciedN. pringsheimican be identified based
came from Fulton with the information that it came ton the DNA sequences of the partial SSU rDNA
him from Balamuth as strain NB-1, which was derivedequence of strain CCAP 1518/1D that has been pub-
from a subculture of CCAP 1518/1A (Page 1975). THeshed (De Jonckheere 1994a). The sequence of the
latter is supported by the fact that CCAP 1518/1A ar8iSU rDNA group | intron of strain CCAP1518/1D is
CCAP 1518/1D both have cysts of the rough type, bavailable at EMBL under accession number X78278.
CCAP 1518/1S has the angular-smooth cyst type (Pabiee ITS1, 5.8S rDNA and ITS2 sequences of strain
1975). However, Pussard and Pons (1979) believe tiEAP 1518/1D are in Table 2.
the morphology of the cysts depends too much on theUnfortunately, CCAP 1518/1D is no longer available,
condition of the medium on which they are formed anout CCAP 1518/1A and CCAP 1518/1C are at ATCC
they found extreme differences in cyst morphology afnder N° 30874 and 30875, respectively.
clonal cultures. According to Page (1975) strain CCA
1518/1A is the one used by Willmer in his experimenta
study of amoeba to flagellate transformation published in Several strains isolated by F. Page in the USA
1956. According to Pussard and Pons (1979), strgmf which CCAP 1518/1E is a representative), strain
CCAP 1518 that Willaert used corresponds to CCAPhilar isolated in 1981 from the river Nile in Egypt, and
1518/1A or CCAP 1518/1D, which are identical (Pagstrains isolated in 1980 from different lakes in Belgium,
1975). Itis important to know the exact origin and historform a fourth cluster in the. gruberispecies complex
of a strain as conclusions drawn from using differerClark et al. 1989). This cluster is how given species
strains may actually apply to several descendants of $t&atus on the basis of SSU rDNA sequences
same strain. For example, in a study of cytopathic effeq@e Jonckheere 1994a). The name is given in recogni-
of N. gruberi sensu lato,eight strains were usedtion of the contribution of F. C. Page to the knowledge

Naegleria pringsheimisp. n.

aegleria pageisp. n.
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Table 5. Identification of clusters defined on the basis of allozymes by Robieisah (1992)

Cluster ~ N° of strains Type strain Max. °C Culture Group | Species
collection N° intron*
A 10 NG257 34 ACC 50354 - TD
B 2 NG260 37 ACC 50355 - N. pussardi(?)
C 2 NG158 (T56E) 42 - + N. jamiesoni
D 6 NG160 (Ag/4/1H) 40 CCAP 1518/16 + N. andersoni
E 11 NG152 35 ACC 30876 N. pagei
(CCAP 1518/1E)
NGO006 36 CCAP 1518/1G - TD
F 2 NG608 39 - ND TD
G 6 NG282 37 ACC 50357 + N. clarki
NGO010 (PD) 39 ATCC 30544 ND idem
H 9 NG206 40 ACC 50349 - TD
NG250 40 ACC 50352 ND TD
| 5 NG106 37 CCAP 1518/7 - N. pagei
NG230 37 ACC 50350 idem
J 2 NG395 40 - ND TD
K 2 NGO005 40(39) CCAP 1518/1F - N. pagei(?)
(ATCC 50348)
L 8 NGO008 (NEG) 39 ATCC 30223 - N. gruberi
M 5 NGO001 37 CCAP 1518/1A + N. pringsheimi
(ATCC 30874)
N 2 NG408 <30 - ND Antarctic
Naegleriasp.
Gr-3# 2 NG256 37 ACC 50353 - TD

* - De Jonckheere and Brown unpublished, # - in Adaimal 1989, ND - not done, TD - to determine

of amoebae and who isolated several of the strai@€AP 1518/1F has been recently confirmed to be 39°C
belonging to this species. The species has a worldwiflrown personal communication). Severe differences in
distribution. With riboprinting (Clarket al 1989) cyst morphology between strains CCAP 1518/1E and
N. pageistrains (cluster 4 oN. gruberisensu latp CCAP 1518/1F have been reported (Pussard and Pons
were found to be more variable théh pringsheimi 1979) and no cross-reaction was obtained with strain
strains (cluster 3 di. gruberisensu lath The differ- CCAP 1518/1F when antiserum prepared against strain
ence between CCAP 1518/1E and CCAP 1518/1F wi@CAP 1518/1E was used (De Jonckhestral 1974).

the otherN. pageistrains is greater than that betweeRurthermore, in allozyme studies strain CCAP 1518/1F
N. italica andN. clarki (Clark et al. 1989). Of the five does not cluster with CCAP 1518/Mafpage(Robinson
strains ofN. pageiinvestigated only strain CCAP 1518/et al 1992). Because of difference in ITS2 length,
1F has a combined ITS1, 5.8S rDNA and ITS2 PC#&ifferences in isoenzymes and different maximum tem-
product that is a little shorter than the other strainmerature tolerance, cyst morphology and antigens, strain
(De Jonckheere 1998). Also, the isoenzyme patterns@EAP 1518/1F does not really belongNopageiand
CCAP 1518/1F do not correspond to that of CCAReeds further investigaton. According to Pernin and
1518/7 (De Jonckheere 1987). Strain CCAP 1518/XFariou (1989) strain CCAP 1518/1E would not grow at
grows at a maximum temperature of 40°C (only slightl$7°C, but | found in my labnotes of 1974 the strain does
according to Pernin and Cariou 1989), while the othgrow at this temperature. A discrepancy between the
strains ofN. pageionly tolerate 37°C (Robinsoat maximum temperature tolerated (Robingbral 1992)

al. 1992). The maximum temperature tolerance of strawas found between the CCAP 1518/1E strain received
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from CCAP and ATCC. See aboveé (note on (Table 2). The larger size is due to a number of repeats
N. gruberi sensu lajofor information on the CCAP (De Jonckheere 1998). On the other h&hdadini has
strains. Page suspected that strain CCAP 1518/1E mighe of the smallest rDNA plasmids reported (Clark
have been transposed and allozymes for the strain wate1989).
found to be indeed identical to the ones of the PringsheimThe ITS1, 5.8S rDNA and ITS2 sequences of strain
strains (Adamet al. 1989). However, the DNA analy- 0.400 are available at EMBL under accession number
ses (Clarket al. 1989, De Jonckheere 1994a) indicatX96576, while the partial SSU rDNA sequence has been
that they have been performed on the DNA from thaublished (De Jonckheere 1994a).
original strains before the transposition (#eaote on The type strain oN. jadini has been adapted to
N. gruberi sensu lajo These strains have indeed beeaxenic growth. The type strain 0400 is available from
acquired by me from CCAP in the early seventhies ATCC (N° 30900) and from CCAP (N°1518/2).
even found in my labnotes of 1974 the results of t . .
temperature tolerance tests on these strains, so thrﬁafeglena clarkiDe Jonckheere, 1984
was able to compare these to those published (Adams Two Naegleria strains from New Zealand were
al. 1989, Robinsoert al. 1992). found to form a separate cluster relatedNtatalica in
The speciedN. pageican be identified based on thea tree based on rDNA restriction patterns (Clatrial
partial SSU rDNA sequence of strain CCAP 1518/1E989). They have special isoenzyme patterns and total
that has been published (De Jonckheere 1994a). TOHA patterns not found in described species (De
ITS1, 5.8S rDNA and ITS2 sequences of strain CCARonckheere 1988b). The SSU rDNA of strain RU30
1518/1F are available at EMBL under accession numbgas sequenced and on this basis this cluster was given
AJ132022, while that of CCAP 1518/1E are in Table 2pecies status (De Jonckheere 1994a). The two strains
Strains of N. pagei are still available at CCAP of N. clarki have a group | intron in the SSU rDNA
(N° 1518/1F and N° 1518/7) and ATCC (N° 30876), butDe Jonckheere 1993). The two type strains of
it should be investigated whether the latter corresponis clarki, RU30 and RU42, were isolated from water at
indeed to the original CCAP 1518/1E (see abovehe Golden Springs in Rotorua, New Zealand (Jamieson
Because strain CCAP 1518/1F seems to be the mdstA. Studies of amoebae of the gerligegleria
different strain | propose to use CCAP 1518/7 as tiMaster of Science thesis, Adelaide, 1-48, 1975). When
type strain ofN. pagei tested for upper temperature limit strain RU30 was
found to grow at 37°C (Brown personal communica-
tion). Based on allozyme, strains of this species have
The type strain ofN. jadini was isolated from a been identified in water samples from the USA, Austra-
swimming pool in Antwerp, Belgium. Only one strain ofia, Korea, China and Guyana, of which the majority
this species is known and it was identified by immunarows at an upper temperature limit of 37°C, a few at
electrophoretic analysis, a technique not currently erB8°C and only one at 40°C (Dobson personal communi-
ployed in species identification (Willaert and Le Ragation). Strains closely related M clarki, based on
1973). The species can be differentiated from oth&SUrDNA sequences, have been isolated from organs
species by isoenzyme analysis, a technique used mofdish as well (Dykoveaet al 2001). It is of interest to
frequently in the identification oNaegleriaisolates note that soon after isolation the two strainblo€larki
(De Jonckheere 1982a). Howevlr, jadini is unlikely killed some mice after IN instillation (Jamieson J. A.
to be encountered in routindaegleria analyses as Studies of amoebae of the ger@egleria Master of
during these isolation procedures high incubation ter8ecience thesis, Adelaide, 1-48, 1975), but later attempts
peratures are used, ahd jadini does not grow above could not confirm the pathogenicity of this species
35°C (Robinsort al 1992). However, even the Austra{Willaert 1976).
lian Water Quality Centre which uses different incuba- The ITS1, 5.8S rDNA and ITS2 sequences of strain
tion temperatures on samples from all over the worRU30 are available at EMBL under accession number
never seems to have encountered this species (Robinx88575, while the partial SSU rDNA sequence has been
et al 1992). published (De Jonckheere 1994a). The sequence of the
The type strain oN. jadini appears to have one ofSSU rDNA group | intron of strain RU30 is available at
the longest ITS2 region in the gendMaegleria EMBL under accession number X78281.

Naegleria jadiniWillaert and Le Ray, 1973
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Strains ofN. clarki can be grown axenically. Strainspersonal communication), while the SSU rDNA and the
RU30 and RU42 are available from CCAP (N° 1518/1I'S1, 5.8S rDNA and ITS2 sequences of the typestrain
and 1518/15, respectively). NG885 are also novel (De Jonckheeteal 2001).
Strains of this species grow at a maximum temperature
of 35°C and only form flagellates under certain condi-

The strain that was used in different laboratories ¢éisns (De Jonckheert al 2001). Several strains of this
the type strain ofAdelphamoeba galeacyst{&TCC new species were isolated from a reservoir in South
30294) appears now to be a strain that was mislabell@distralia but, as far as | know, not from other places.
Adamset al (1989) already considered ATCC strairStrains of the WA variant df.. lovaniensisvith a group
30294 to be &laegleriaspecies. Since this mislabelled intron in the LSU rDNA were also found in this
strain showed SSU rDNA (De Jonckheere 1994a) anelservoir (see WA variant &. lovaniensisn prepa-

ITS rDNA (De Jonckheere 1998) sequences compaation).

ible with the genudNaeglerig but different from de- The ITS1, 5.8S rDNA and ITS2 sequences of strain
scribedNaegleriaspp., it was given separate specieNG885 are available at EMBL under accession number
status within the genus and the species name wa¥243445, while the partial SSU rDNA sequence is
retained. A strain isolated in South Australia, that comnder AJ243440.

formed to the original morphological description for Typestrain NG885 oN. fultoniis not yet available

A. galeacystisturned out to have identical SSU rDNAfrom either ATCC or CCAP.

sequences aPidascalus thorntoni(De Jonckheere
et al 1997). ThusAdelphamoebas a nonvalid junior
name ofDidascalus Therefore, it is acceptable to use Although flagellates with different numbers of fla-
the species namgaleacystisfor this Naegleria sp. gella are seen in differeMaegleriaspp. (Fulton 1970,

The mislabelling of this isolate probably occurred idohnet al. 1991), the flagellates were never observed to
Napolitano’s laboratory before it was distributed, bedivide although some scanning electron micrographs
cause the typestrain available from ATCC and submittédohnet al 1991) might suggest that they were in the
by Napolitano, is also &laegleria strain. The close process of division (De Jonckheere and Brown 1995).
similarity of strain A. galeacystisfrom ATCC with Recently twoNaegleriaspp. with dividing flagellates
strains ofN. gruberi had already been observed byhave been described, and they belong to different phy-
studying rDNA restriction patterns (Clark and Croskgenetic clusters within the genlsegleria
1988a). Strain 113/1 from France probably belongs
N. galeacystis (Clark et al 1989). | have done a
phylogenetic analysis of the partial SSU rDNA published As in Willaertia magna the flagellates oN. minor
for a Naegleriaisolated from a necrotic lesion in a(strain WTO43) have four flagella, but the flagellates of
reptile (Walochnicket al. 1999). The sequence invari-N. minor can divide only once and the daughter cells
ably clusters with that fromMN. galeacystisalthough the have only two flagella. Strain WTO43 was originally
sequence is not identical. The reptile isolate should Hescribed as a neWillaertia sp., i.e.W. minor(Dob-
further studied for proper identification to species levetonet al 1993) but SSU rDNA sequence comparisons

The ITS1, 5.8S rDNA and ITS2 sequences of strashowed that the type strain W minorclusters within
A.V.500 are available at EMBL under accession nunthe genu®Naegleriaand not withW. magnaTherefore,
ber X96578, while the partial SSU rDNA sequence hd@swas renamedN. minor (De Jonckheere and Brown
been published (De Jonckheere 1994a). 1995). Because of the fact that the flagellates divide only

Strain A.V.500 ofN. galeacystihias been adapted toonce, itis speculated that the division might be a meiosis,
axenic growth. Typestrain A.V. 500 is available fronand that the monoploid daughter flagellates might act as
ATCC (N° 30294) and from CCAP (1506/1). gametes. Although this hypothesis has not been proven
experimentally, the division of the flagellates would
'support the idea of the flagellates being gametes which
has been proposed earlier (Fulton 1993). There is only

Strains described ay. fultoni are different from one strain known dN. minorwhich was isolated from
other Naegleria spp. in allozyme pattern (Robinsonthe Northern Territory in Australia. It is the only

Naegleria galeacysti®e Jonckheere, 1994

Naegleria spp. with dividing flagellates

f\?aegleria minorDe Jonckheere and Brown, 1995

Naegleria fultoni De Jonckheere, Brown, Dobson
Robinson and Pernin, 2001
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Table 6. Keratitis cases implicating amoebae other thaanthamoebapp.

Reference Country Strains isolated Year Contact Age Sex
lens

Haase and De Jonckheere, unpublished GermanyHartmannellasp. 1989 ? ? F
(mentioned in: De Jonckheere
and Brown 1998b)

Kennedyet al 1995 Ireland H. vermiformis ? soft 17 F

Aitken et al 1996 UK Hartmannellasp. 1992 + 24 M
(+ Vahlkampfiasp.)

Inoueet al 1998 Japan Hartmannellasp. 1994 hard 54 F
(+ Acanthamoebap.)

Aimard et al 1998. France Hartmannellasp. ? + 40 F
(+ Acanthamoebap.)

Duaet al 1998 UK Vahlkampfia jugos# 1995 soft 38 M
Naegleriasp. 1997 soft 18 F
Alexandrakiset al 1998 USA Vahlkampfiasp. ? - 30 M
Belle and De Jonckheere, unpublished Belgium Hartmannellasp. 1999 - ? M
Belle and De Jonckheere, unpublished Belgium Vahlkampfia inornata 2000 + 18 F

* - Vahlkampfia jugosavas rename&Paratetramitus jugosuéDarbyshireet al 1976) andletramitus jugosuéBrown and De Jonckheere
1999)

Naegleriastrain in which a plasmid has been detectethgellates can no longer divide (Robinson unpublished).
other than the rDNA plasmid (De Jonckheere and phylogenetic trees based on SSU rDNA sequences
Brown 1995). It is not known what this other DNAN. robinsoni does not cluster witiN. minor (De
plasmid is coding for, but it might be a good candidate fdonckheere and Brown 1999b), the otNaegleriasp.
DNA-mediated transformation instead of the rDNAwith dividing flagellates. The typestrain, NG944, was
plasmid. The strain dil. minorhas one of the longestisolated from freshwater on Kangaroo Island at the
ITS2 in the genudlaegleria(Table 2) but, contrary to South coast of Australia and grows at a maximum
N. jadini, this is not due to repeats (De Jonckheetemperature of 38° C, which is the same temperature as
1998). for N. minor.

The ITS1, 5.8S rDNA and ITS2 sequences of strain The ITS1, 5.8S rDNA and ITS2 sequences of strain
WTO043 are available at EMBL under accession numbBiG944 are available at EMBL under accession number
X96577, while the SSU rDNA sequence is under X9322A.J237787, while the partial SSU rDNA sequence is

The strain ofN. minorgrows at a maximum tempera-under AJ237786.
ture of 38°C and has been adapted to axenic growth.Type strain NG944 df. robinsoniis available from
The typestrain WT043 is available from ATCCCCAP (N° 1518/19).

(N° 50320) and CCAP (N° 1518/18). , , , :
Naegleriaspp. in which no transformation to flagel-
Naegleria robinsoniDe Jonckheere and Brown, 1999ates could be induced

This species description is based on only one strain.It has been reported that four strainsNof fowleri
As is the case witiN. minor, N. robinsonitransforms (Cable and John 1986) and four strainklofovaniensis
into dividing flagellates with four flagella, and the daugh@Johnet al 1991) could no longer be induced to trans-
ter cells have only two flagella. After this division thform to flagellates in the laboratory. These strains had
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formed flagellates before and this loss of ability t&SU rDNA shows that it belongs to the geNagleria
transform is probably due to prolonged axenic cultivdBBecause of unigue allozyme patterns and SSU rDNA
tion. The capacity to transform was not restored Isequence differences it is described as a new species
subculturing on bacteria (Jolehal 1991). In addition, (De Jonckheeret al 2001). Only one strain of this
there are a fewN. fowleristrains from one location in species has been isolated. In phylogenetic trees based on
France that could never be induced to form flagellat&SU rDNA sequencel. indonesiensi€lusters with
since their isolation (Pernin personal communication). M. robinsonj a species with dividing flagellates.
addition there are twblaegleriaspp.,N. chilensisand The ITS1, 5.8S rDNA and ITS2 sequences of strain
N. indonesiensjsthat have never formed flagellatedNG945 are available at EMBL under accession humber
under laboratory conditions, even immediately after isé&xJ243444, while the partial SSU rDNA sequence is
lation (Robinson personal communication). under AJ243441.

While N. fultoni (see above) only forms flagellates Type strain NG945 ofN. indonesiensiss not yet
under certain conditions mo$taegleria spp. easily available from either ATCC or CCAP.
form flagellates soon after isolation (Fulton 1993). In . . i

New Naegleria spp. of which the descriptions are
most cases | even donot need to perform a separaté :
: . n IN preparation

transformation test on neWaegleria isolates. They
tend to form flagellates in the liquid that accumulates at There are thredlaegleriagroups for which most of
the border between the agar surface and the agar bltiok allozyme and rDNA typing has been done and which
on which they are transferred for subculturing. will be described as new species in the near future.
These three are all thermophilic species. Another spe-
cies description has been long in preparation for strains
that were isolated from places at low temperatures,

The type strain oN. chilensis NG946, was isolated cluster N in Robinsoet al. (1992). | have been unable
from alpine Chile and barely grows at 30°C. The strato perform DNA typing on it because of difficulties in
fails to form flagellates (Robinson personal communica&ulturing these strains in the laboratory.
tion) but the SSU rDNA shows that it belongs to thRI
genusNaegleria Because of unigue allozyme patterns
and SSU rDNA sequence differences it is described asln 1984 aNaegleria strain (RJTM) was isolated
a new species (De Jonckheeteal 2001). Only one from the CSF of a young patient diagnosed with en-
strain of this species has been isolated. In phylogeneati&phalitis in the Philippines (Matias, R. Raegleria
trees based on SSU rDNA sequenéeschilensis philippinensis characterization based on morphology,
clusters withN. pussardi which is the most distantly surface membrane antigens, isoenzyme patterns and

Naegleria chilensisDe Jonckheere, Brown, Dobson
Robinson and Pernin, 2001

aegleria philippinensign preparation

related species in the genNsegleria hydrolases. Doctoral Dissertation, University of the
The type strain oN. chilensishas the longest ITS1 Philippines, 1991). Similar strains were isolated from a
ever found in the genudaegleria(Table 2). thermally polluted river and from a heated swimming

The ITS1, 5.8S rDNA and ITS2 sequences of strapool in the Philippines. Alaegleriaisolate with similar
NG946 are available at EMBL under accession numbsoenzyme patterns as the Phillippine isolate was recov-
AJ243443, while the partial SSU rDNA sequence igred from a swimming pool in Hungary (Szénretsal

under AJ243442. 1998). The Philippine strain from thermally polluted
Type strain NG946 dfl. chilensids not yet available water was reported to be of low virulence as high
from either ATCC or CCAP. numbers of amoebae were needed to kill mice (Simeon

et al 1990). | have tested the CSF strain by IN
inoculation of mice with similar amounts of amoebae and
found it did not cause mortality. On NNE it grows only
The type strain ofN. indonesiensjsNG945, was at a temperature up to aprox. 40°C. Since pathogenic
isolated from Bali, Indonesia, and grows at an uppé&laegleriaspp. either grow at 42°C or 45°C, the upper
temperature limit of 38° C. This strain also fails to forntemperature tolerance of strain RJITM would support
flagellates (Robinson personal communication) but that it is not a pathogenic species. The positive virulence

Naegleria indonesiensi®e Jonckheere, Brown, Dob-
son, Robinson and Pernin, 2001
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tests early on are comparable to those obtaing@de WA variant of Naegleria lovaniensisn prepa-
with nonpathogenic species, such Ms lovaniensis ration
N. jadini and N. clarki (see above).

| was able to analyse the isoenzymes of the CSFAt the State Water Laboratory of South Australia
isolate only. The AP pattern is the same as feeveral thermophilidcNaegleria strains with an upper
N. tihangensisand N. clarki but the PE pattern is temperature limit of 44°C have been isolated that show
different. However, differences in PE patterns hawallozyme divergence at nearly 30% of loci with
been observed in several species while the AP pattédn lovaniensis(Robinson and Dobson 2001). These
seems to be more specific to the species. The ARains are provisionally named WA variant as they
isoenzyme pattern of the differeit. philippinensis appear to be restricted to western and northern Austra-
strains appear to be the same (Matias, RNdegleria lia. Also, in phylogenetic trees based on SSU rDNA,
philippinensis characterization based on morphologystrain NG872 of WA variant clusters with lovaniensis
surface membrane antigens, isoenzyme patterns dbg Jonckheere and Brown 1997). The two differ by
hydrolases. Doctoral Dissertation, University of thenly 3 bp (0.5%) in the 800 bp sequenced. Investigation
Philippines, 1991), but some of these strains may belodtjthe SSU rDNA of strain NG872 demonstrated the
to N. tihangensisespecially since the latter seem to bpresence of a group | intron. Moreover, a group | intron
very common in the environment. The isolate frons also present in the LSU rDNA of this strain
Hungary was reported to have similar isoenzyme prfe Jonckheere and Brown 1998a). This is very uncom-
files as the Philippine isolate, but the former is thermaaon in Naegleriaspp. as group | introns in the LSU
philic (Szénaset al 1998). Therefore, the HungarianrfDNA have only been found iN. morganensisand
isolate might be a strain ®f. tihangensis the WA variant ofN. lovaniensis A recent study of

In phylogenetic trees based on SSU rDNA sequencélfferent isolates belonging to the WA variant of
the CSF isolate oN. philippinensis (strain RJITM) N. lovaniensishowed that, in fact, two different group
clusters within theN. australiensis- N. italica group | introns are present in this lineage depending on the
(Fig. 2). Between the two Pstl sites strain RJITM differstrain investigated, and group I introns might be absent
in respectively 14 bp (1.8%) and 16 bp (2.0%) frorfrom either the LSU rDNA and/or the SSU rDNA of
these two pathogenic species. Strain RJTM has ttiéferent isolates (De Jonckheere and Brown 2001).
same 5.8S rDNA sequence as the two pathogeMéile the first detected group | intron in the LSU rDNA
strains andN. clarki. | found the ITS2 to be 105 bp long,has no ORF (De Jonckheere and Brown 1998a), the
but Fontanillzet al (2001) reported that it is 115 bp longsecond one is much longer and encodes an endonuclease
in the same isolate. The ITS2 Nf philippinensisis (De Jonckheere and Brown 2001). In contrast with
5 nt longer than ifN. australiensisand 3 nt longer than the group I intron in the SSU rDNA, which is transmitted
in N. tihangensigTable 2). InN. italica the ITS2 has vertically (De Jonckheere 1994b), the group | introns
a long insert. Contrary td\. australiensisand in the LSU rDNA are transferred horizontally
N. tihangensisN. philippinensishas a group | intron (De Jonckheere and Brown 1998a, 2001).
in the SSU rDNA, as is the case M italica and The ITS1, 5.8S rDNA and ITS2 sequences of strain
N. clarki. Since group | introns in the SSU rDNA is aNG872 are available at EMBL under accession number
property of the speciebl. philippinensicannot belong Y10191, while the partial SSU rDNA sequence is under
to N. australiensisor N. tihangensisHowever, it can Y10187. The sequences of the LSU rDNA group |
also not belong td\. italica andN. clarki as the group intron of strain NG872 and NG874 are available at
| introns are quite different. IN. philippinensisthe EMBL under accession number AJ001316 and
group | intron is 1297 bp long while the length iAJ271406, respectively, while the sequence of the
N. italica and N. clarki is 1319 bp and 1305 bp,SSU rDNA group | intron of strain NG872 is under
respectively (Table 3). AJ001399.

Type strain RIJITM oN. philippinensisis available No strains of the WA variant dfl. lovaniensisare
from CCAP (N° 1518/20). available yet from either ATCC or CCAP.
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Naegleriasp. NG597 in preparation evolutionary distance betwedx. gruberi sensu lato

The three strains known of this lineage were isolateac?d N. fowleri was as great as the distance between
9 . amphibians and mammals (Baverstogk al 1989).

from Australia, Papua New Guinea and Indonesia, rE|owever the mutational distance of the SSU rDNA

spectively (Dobson personal communication).The clus-. . : :
. o ’ |§;ht not represent the true evolutionary distance since
tering of these three strains is based on allozyme studj

? . ; A& rDNA might have evolved at different rates in
(Robinson personal communication), and analysis of t oo

SSU rDNA sequence of one strain (NG597) places th rent organlsms. 'In spite of this, the mutational
. . : : ifferences inMNaegleriabetween the SSU rDNA seem
lineage close tdN. clarki andN. gruberisensu stricto

(De Jonckheere and Brown 1997). Thigegleriasp. to be related to_othgr r_nolecular distances, such as
. . o o allozyme and antigenic differences. Therefore, the use
is special as it is the only knoviNaeglerialineage that

has lost the group | intron ORF (De Jonckheere ar?é SSU IDNA sequence differences is a good guantita-

Brown 1994), which is part of the twintron present in thtlve method for delineating species. Although | had used

SSU IDNA of other intron-bearindlaegleria spp. RFLP of total DNA to characterisblaegleria spp.

. . . before (De Jonckheere 1987), | decided in 1994 to use
(Einvik et al. 1998). The loss of part of the twintron 'SSSU (DNA sequences for differentiating between dif-

found in the three different strains investigated of thPrentNaegIeriaspp (De Jonckheere 1994a)

lineage and the group | introns differ by only three and ) :
four bp, respectively, from each other. The NG597 The genus that is most closely relatedaegleria

Naeglerialineage is another thermophilaegleriasp. is Willaertia, an amoeboflagellate genus with dividing

(upper temperature limit of 42°C), butis awaiting PrOPY ased on SSU rDNA analysis, the othéditlaertia sp.

species description. . .
The ITS1, 5.8S rDNA and ITS2 sequences of straivr¥' minot has turngd out to be M@egllerlasp.
The phylogenetic tree shown in Fig. 2. is based on

NG597 are available at EMBL under accession numbegmial SSU DNA sequences and different clusters
Y10194, while the partial SSU rDNA sequence is undgrithin the genusNae ?eria can be discerned. It is
Y10184. The sequences of the SSU rDNA groupVY 9 9 :

introns of strains NG434, NG597 and NG650 are aval?-bylous that the pathqgemc spemes do not plustgr,
either do the thermophilic species, nor the species with

?(t;lgeogi EMBL under accession numbers X79069 t@ividing flagellates, nor the species which do not trans-
L . . ... farm into flagellates. Therefore, it is impossible to group
No strains of this lineage are available yet from elth% . ) . :
ese isolates into different genera based upon a particu-
ATCC or CCAP. .
lar behaviour of the flagellates. These new genera would
Antarctic Naegleriasp. in preparation have to include species with typiddhegleriacharac-

flagellates (De Jonckheere 1997). As shown above,

The research group of the State Water Laboratory fgyistics.

South Australia has isolateNaegleria strains from The humgn pathoge. fQWIe” clusters_ W'Fh
N. lovaniensisand the WA variant oN. lovaniensis

Antarctica that only grow at temperatures lower thagII strains of these threaegleriagrow at a maximum

30°C. Identical strains have also been reported from the o . :
) . . temperature of 44-45°C. In this cluster, group | introns

northern hemisphere (Robinson personal communica- . : SR
.are found only in the WA variant d. lovaniensisin

J:I??)r;))i.nsl,?(,)yneatdIQIZ)&T]QeQZa)n<’:'1;1I?1lzlsart(2etr):ef(():lr(r)gecsl':J ?é?arttiye Io e LSU rDNA as well as in the SSU rDNA
J ’ De Jonckheere and Brown 1998a, 2001).

N. jadini, yet are certainly a different species. | hav . R

not been able to determine DNA sequences as 'QeThree other species that grow at up to 44-45°C,
u
C

strains are difficult to culture. Therefore, details abo 6:2;?rgzr;gzlscll\tsgl:gmggsiﬁﬂit’eigur:g’ (Ilcl)JrsTe? one
their SSU rDNA phylogeny are lacking. Y X f

speciesll. morganensjscontains group | introns in the
LSU rDNA. However, group | introns are not found in
PHYLOGENETIC RELATIONSHIPS the SSU rDNA of this species.

The third cluster contain®l. minor, one of the
two Naegleriaspp. in which the flagellate stage divides.
It is not thermophilic (upper growth temperature

Although based on a limited dataset of SSU rDNAmit of 38°C), although the second species in this
sequences, it was already known from 1989 that tuster,N. carteri is thermophilic (upper growth tem-

The genus Naegleria
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perature limit of 45°C) and has a group | intron in thstrains of N. lovaniensis a species that is closely-
SSU rDNA. related to the pathogenM. fowleriin many respects

In the fourth cluster, both species are less therm@xcept that it is not pathogenic) were called at first
philic (upper growth temperature limits of 40 and 42°GyonpathogenidN. fowlerivariants (De Jonckheere and
respectively). They had been described originally as twan de Voorde 1977b). The use of molecular biology
subspecies, but the phylogenetic analysis of SSU rDN&chniques allowed a much more precise delineation and
sequences confirms their independent relationship. $eparation of species. Proper identification of thermo-
addition, bothN. andersonandN. jamiesonicontain a philic Naegleria strains is important as it was first
group | intron in the SSU rDNA (Table 3). thought that alNaegleriastrains isolated at 45°C were

Except forN. minor, the species in the two clustergpathogenicN. fowleri
above have a 5.8S rDNA of 174 bp length (Table 2). All Our strategy of defining species on the basis of SSU
other Naegleria spp. have a 5.8S rDNA of 175 bprDNA can lead to other proposals than describing more
exceptN. pussardin cluster 6 where it is also 174 bp.species. This technique can also lead to assembling

Cluster 6 is the most distant cluster in Neegleria several genera under one genus name. The situation
tree. The two species in this cluster are also quipgesently concerning the other vahlkampfiids is an ex-
different from each other in many respects. Whilample of this.

N. pussardigrows at a maximum temperature limit of . .
41°C,N. chilensisonly grows at a maximum of 30°C.Other genera in the Vahlkampfiidae

In addition,N. chilensiscould not be induced to trans- The genusVahlkampfia has gained notoriety re-
form into a flagellate stage under laboratory conditionsently because some cases of keratitis have been attrib-
and in N. pussardithe nucleolus behaves differentlyuted as being caused by strains of this genus (Aitken
during prophase than those in otiNaegleriaspp. al. 1996, Alexandrakigt al 1998, Dueet al 1998) as

The 14 otheNaegleriaspp. form one big cluster 5. well as by strains oHartmannella (Kennedyet al.

In this cluster,N. galeacystis N. robinsoni and 1995, Aitkenet al 1996, Aimarcet al 1998, Inouet al

N. indonesiensisould be considered a subclustef998) and even by a strain bfaegleria (Dua et al
although the latter three species have very little ©98) (Table 6). Yet, in none of these keratitis cases is
common. Naegleria robinsoniis one of the two there enough evidence for the isolated strains to be
Naegleriaspp. in which the flagellate stage can dividegonfirmed as the cause of the keratitis infection
while N. indonesiensigould not be induced to trans-(De Jonckheere and Brown 1998b, ¢, d, 1999a). In a
form into flagellates under laboratory conditions. Howrecently published study of amoeba strains from keratitis
ever, the single strains of these three species haveatients in Austria, no proof was found either that the
similar upper temperature limit for growth between 35°@reeVahlkampfiaand twoHartmannellaisolates were
and 38°C. of clinical relevance (Walochni&t al. 2000).

The 11 other species in cluster 5 vary in pathogenicity, The genud/ahlkampfia as previously defined, con-
temperature tolerance (Table 1) and in the presencesidts of species in which the amoebae are unable to
a group | intron in the SSU rDNA (Table 3). The lengttransform into flagellates as the common character
of the ITS1 of all strains in this big cluster is 33 bp(Page 1988). When it was found tNajugosadid form
except foN. jadini, in which it is 35 bp (Table 2). Also, flagellates after all, it was described as another genus,
in the SSU rDNA phylogenii. jadini seems to be the Paratetramitus jugosugDarbyshireet al 1976).
most distant species in cluster 5 (Fig. 2). Big differences Recently we concluded that the original assignment
in length of the ITS2 (from 100 to over 500 bp) aref all vahlkampfiid species which lack a flagellate phase
observed in species belonging to this cluster. The four a single genus was inappropriate as they form differ-
different clusters of thél. gruberisensu latobranch ent clusters on the basis of SSU rDNA analyses. It was
within cluster 5 as well (De Jonckheere 1994a). In tiproposed that the severahlkampfiaspp. should be
present monograph these four lineages oNthgruberi  partioned between four genera (Brown and De
species complex are given species staltusgruberi Jonckheere 1999). avaraandV. inornataretain the
sensu stricto,N. tihangensis N. pringsheimiand genus nameVahlkampfia while V. aberdonica
N. pagei V. lobospinosaand V. entericaare transferred to the

It has not been the intention to split the genus into genus Tetramitus together withDidascalus and
many different species as possible. As a matter of faP@ratetramitus The difference in SSU rDNA between
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Paratetramitus and Didascalusis 1 %, while the encephalitis appear to cluster in sequence types 1 and 12
difference between these arfi@tramitusamount to (Stothardet al 1998). As is the case in the genus
10 %, exactly within the range we found fdaegleria Naeglerig pathogenic strains belong to different spe-
spp. The two otheMahlkampfia spp. became two cies, or sequence types, in the geAganthamoeba
new, distantly related generdNeovahlkampfiaand Group | introns are also present in the SSU rDNA of
Paravahlkampfia Thus, while the genugahlkampfia Acanthamoebaalbeit in only two species out of
was split into different genera, some species of it ardd investigated (Gast al. 1994, Schroeder-Diedriat
other genera were actually assembled in the germis 1998) compared to nine out of A&egleriaspp.
Tetramitus As a result the genuEetramituscontains investigated (Table 3).
species that form flagellates, and species that do notlt was suggested that the sequence types of cyst
form flagellates, as is also now the case in the genm®rphology group | ilAicanthamoebahould probably
Naegleria In Vahlkampfiathe phylogenetic trees basede reclassified as one or more different genera. The
on the whole SSU rDNA molecules were the same aguation resembles, therefore, what we observed in the
those based on approx. 800 bp of the molecule. We genus Vahlkampfia where two new genera were
therefore confident that iINaegleriathe phylogeny can erected on the basis of the SSU rDNA sequences. But,
be based on the approx. 800 bp spanned between dkdor the species reclassification, no formal proposal for
two Pst | sites, typical for the genus, and that it is ngenera names was made fatanthamoebaThere is
necessary to sequence the whole molecule. around 10 to 11% difference between types that could
be reclassified as distinct genera Acanthamoeba
Therefore, it could be argued that cluster Bagglerig

The generaAcanthamoeband Balamuthiado not in which N. pussardiandN. chilensisdiffer by about
belong to the Vahlkampfiidae; they are even phylogenefi2% from the otheNaegleriaspp. in their SSU rDNA,
cally unrelated. However, it is appropriate to mention theould also be reclassified as another genus. This would
situation in these genera here because in the free-livimgan we would be even more like splitters than like
generaAcanthamoebaBalamuthia and Naegleria lumpers. However, the decision to rename two
pathogenic species occur and they are, therefore, stidhlkampfia spp. into new genera (Brown and De
ied in the same laboratories. In the geAAicanthamoeba Jonckheere 1999) was based on a SSU rDNA differ-
a SSU rDNA analysis has also been performed using thiece of around 40%, and not 10%. Indeed, one has to
whole SSU rDNA sequence (Stothatdal 1998). The realise that the genusaegleria branched off much
situation inAcanthamoebavas more confused by theearlier thanAcanthamoebaand, therefore, species in
fact that many different species had been describ#te genudaegleriahave had more time to diverge than
already purely on the basis of morphology before biepecies in the genuscanthamoeba Therefore,
chemical and molecular typing started, which is in cori:0% evolutionary distance means more in the younger
trast toNaegleria It turned out that different morpho- Acanthamoebagenus than it does in the ancient
logical species ofAcanthamoebacluster in sequence Naegleriagenus. In species that evolved during differ-
type 4. Although Stothardt al (1998) are in favor of ent timescales the molecular distances can not be com-
the proposal that each cluster should be equated witpared in the same way for the definition of a species.
single species, they prefer to call them sequence types .
until strains have been included of all the othsfhe genus Balamuthia
Acanthamoebapp. that were not sequenced yet. As is Like Naegleria and AcanthamoebaBalamuthia
the case in severblaegleriaspp., somécanthamoeba mandrillaris invades the brain and lungs of experimen-
sequence types are represented by only one isolddly infected mice after IN instillation (Visvesvagtal
Only in some caseAcanthamoebaequence types did 1993). Several human brain infections, previously re-
correspond to one described species, such as sequgrueted to be caused ®canthamoebahave later been
type 5, which was shown to be a homogeneous groupatfributed toB. mandrillaris (Visvesvaraet al. 1990).
strains ofA. lenticulata In sequence type four, 24 outWhile it was first believedB. mandrillaris was a
of 25 Acanthamoebd#eratitis isolates cluster. The othedeptomyxid amoeba, a recent phylogenetic analysis of
keratitis strain is a sequence typeA (riffini). Re- the SSU rDNA of the Leptomyxidae, revealed that
cently, a keratitis isolate turned out to belong to sequenBe mandrillaris does not belong to the Leptomyxidae,
type 11 (Walochniket al. 2000). Isolates that causebut to the Acanthamoebidae (Zettidral. 2000). Until

The genus Acanthamoeba
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now, only one species has been recognized in the genudlthough good species identification methods are
Balamuthia and no group | introns are reported to bavailable now folNaeglerig it seems that there is still
present. a problem with isolation methods. The recovery rates of
Naegleriafrom water is very low by filtration. Although
the recovery by centrifugation is much better, it is still
ECOLOGY only 22% and 57% for trophozoites and cysts, respec-
tively (Perninet al 1998). | have used the centrifugation
Naegleriaspp. are found in water and soil but theynethod for concentrating water samples since the sev-
cannot live in seawater. The pathogehc fowleri enties (De Jonckheere 1978) as it is more efficient,
prefers water with high temperatures and, therefor@iminishes competition between different species and is
grows abundantly in thermal waters, be it geothermal lmss work to quantitate the amoebae.
industrial cooling water. Because of special circum- The Australian Water Quality Centre has a lot of data
stances, South Australia is about the only place wheard a huge collection of strains (Dobson personal com-
N. fowleriis present in public water supplies. In thesmunication) but unfortunately, limited data have been
water supplies a positive association betwdefowleri  published. It was observed in Australia that the upper
was found with temperature, bacteriological counts ateémperature limit for growth of each descrilakgleria
otherNaegleriaspp., while a negative association wasp. varies narrowly (<2°C) over many isolates (Robinson
evident with free and total chlorine residuals (Estermaat al. 1996a). The temperature optimum for each spe-
etal 1984). In a swimming pool that had been identifiedies is approximately 4°C lower than the upper tempera-
as the source of an outbreak of 16 PAM casesye limit. Natural populations daegleriaspp. display
N. fowleri and other thermphilidNaegleriaspp. were temperature-correlated seasonal successions of species
found to proliferate in a cavity behind a damaged wall @fccupying different temperature frames. The Australian
the pool (Kadleet al 1980). Water Quality Centre found, for example, that Hope
Although a lot has been published on the presence\@lley Reservoir in South Australia supportdNgegleria
N. fowleri in thermal waters, very little research haspp. at densities up to 320(Robinsoret al 1996a). At
been done on the accompanyhgegleriaspp. in these this place in South Australidy. fultoni (not thermo-
waters. The first other thermophildaegleriaspp. to philic), N. australienisand the WA variant of
be recognised waN. lovaniensiswhich seems to be N. lovaniensiswere found, but neveN. fowleri nor
guite prevalent. The presence Nf lovaniensishas N. lovaniensisalthough these two are closely related to
been taken as a signal that conditions are right for ttfee latter one. The recently described speblesarteri
growth ofN. fowleri It is of significance, therefore, thatN. morganensisN. sturtiandN. niuginensisseem to
high numbers ofN. lovaniensiswere found in two colonise artificial environments, such as water supplies,
hospital hydrotherapy pools (De Jonckheere 1982b). Hather poorly, in contrast td. fowleriandN. lovaniensis
aguariaNaegleriais the predominant amoeba genugDobsonet al 1997). The colonisation &. fowleriin
and a high percentage of theNaegleriaisolates is different water supply pipelines in four Australian states
thermophilic (De Jonckheere 1979c). occurs as discrete, infrequent events, rather than as
It was only when allozyme and DNA techniquegontinuous contamination, reflecting increased tempera-
were used that some information on the ecology of othterre and poor distribution of chlorine (Robinseinal
Naegleria spp. became available. To my knowledgel996Db).
there are presently only three laboratories that useThis discontinuous presence bf fowleriis also
allozyme analyses routinely for identificatiorN#egleria observed in the cooling water of industries in Belgium
spp. isolated over longer periods of time: my ProtozodPe Jonckheere and van de Voorde 1977a) and in fish
ogy Laboratory in Brussels, Belgium, Le Laboratoire d&arms using heated waters (De Jonckheéss. 1983Db).
Biologie Cellulaire of Pierre Pernin in Lyon, France, anBuring isolation campaigns over the last two years |
the Protozoology Section of the Australian Water Qualleund that none of the described thermopilezgleria
ity Centre of Bret Robinson in Adelaide, South Australiapp. apart fronN. fowleri N. lovaniensisN. jamiesoni
In these three laboratories some interesting results cdh-australiensisandN. tihangensisare encountered in
cerning the presence of thermophifaegleria spp. Belgium (De Jonckheere unpublished). When the water
were obtained. temperature drops below 24°C no thermopiNkegleria
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are detected. The latter seems to be in contradiction with fultoni The most notoriously restricted occurrence
previous reports in Belgium (De Jonckheere and van dé a Naegleriasp. isN. italica, which has only been
Voorde 1977a, De Jonckheeztal. 1983b), however, detected in one place in Italy until recently, although the
during the recent campaigns no sediments were sampladstralian Water Quality Centre, especially, searched
In lakes in Florida pathogeniblaegleria were not for it all over the world (Dobson and Robinson personal
detected in water samples when the water temperatemmmunication). These observations on the restricted
dropped below 26.5°C, although the organism remainedcurrence of certaiNaegleriaspp. are in conflict with
present in sediment samples (Welliegjal. 1977). Also, the idea of ubiquitous dispersal of microbial species
the cooling waters were disinfected with chlorine andFinlay and Clarke 1999). | believe this conflictis caused
consequently, théNaegleria cannot use spots with by the fact that these authors, who support this ubiqui-
higher water temperature within the cooling system tous dispersal of species, use morphotypes as the basis
proliferate. In previous investigations the temperature of species, while morphotypes might actually constitute
the water where the amoebae proliferated was probalgignetically different species. The different morphotypes
higher than that of the water sampled. these authors refer to are far more different in the SSU
Although the laboratory of Pernin in France has vagdDNA sequences than species éegleria In this
information on the occurrence of the othidmegleria hypothesis modtlaegleriaspp. would be treated as one
spp. typed by allozyme, little of it has been published. morphotype and, therefore, it is actually the genus that is
France up to 3,000l. fowleriare detected per liter in ubiquitous, not the different species.
cooling water and 8@lin the river downstream fromthe It is sure many mord&laegleria spp. are awaiting
electricity power plant (Pringueet al 1998). In that species description and it will be important to keep the
study it was not indicated how far downstream samplirtgpe strains in culture collections. As can be noticed in
was conducted. In Poland, pathogeNicfowleriwere the species descriptions above, not all type strains have
detected repeatedly up to 13 km downstream from theen submitted in the past. This is a pity because strains
warm discharge of an electric power station (Kasprzai Naegleriacan easily be cryopreserved (Simione and
et al 1982). Daggett 1976, Kilvington and White 1991, Brown and
There is only minimal information on the occurrenc®ay 1993, Menratket al. 1995). The Australian Water
of Naegleriaspp. other thamN. fowleriin continents Quality Centre keeps a large collection of their isolates
besides Europe and Australia. A study by John amdyopreserved and these collections are a goldmine for
Howard (1995) indicates thal australiensiseems to people like me who investigate the biodiversity of the
be prevalent in the USA. Attempts in my laboratory tgenus Naegleria
isolate thermophilidNaegleriaspp. from African mud
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