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To become personally intimate with particular amoebae or infusoria; to con- 
trol their goings out and comings in; their diet and personal habits; to 
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interfere with their social and domestic relations; to feed them and mate 
them; to make them do and live as we want them to live,-this is what we 
have to do if we are to really understand their lives, their behavior, their 
growth, their matings, their heredity, their evolution. 

-H. S. Jennings, 1920 

Only through knowledge of an organism’s life cycle, properties, 
requirements, and tolerances does an experimental inquiry that uses 
that organism as a research partner become possible. In this sense 
method and general biology are entwined. Since neither has been re- 
viewed for the amebo-flagellates, they are discussed together here. 

A. Amebo-flagellates : History, Types, and Life Cycles 
Amebo-flagellates is a loose term, coined by Awerinzew (1910) and 

Rafalko ( 1947), and applied loosely to taxonomically diverse amebae 
that can transform into flagellates. As early as 1841, Dujardin pointed 
toward the existence of such organisms. He noticed that certain protozoa 
can lose and regain their flagella, and he discussed the sponges, whose 
ameboid and flagellated cells he thought bridged the gap between the 
amebae and the flagellates. Though such dimorphic forms were noticed 
several times during the second half of the nineteenth century (see 
especially Kent, 1880), it was Schardinger (18%) who first carefully 
described the transformation of amebae into flagellates, Schardinger 
was studying an ameba with blunt pseudopodia, Amoeba. lobosa, which 
he isolated from feces (and water?) and grew with bacteria on agar 
culture media. These amebae were 12,-24p in diameter, contained a 
single nucleus with a prominent nucleolus, and formed a contractile 
vacuole about every 3 minutes. He studied the growth of these amebae 
in various environments and found that they formed cysts whose walls 
had 3 to 6 “secondary thickenings.” One observation he made on his 
agar cultures was disturbing at first. As he described it: 

From the beginning of my culture studies, flagellate nuisances appeared 
occasionally in the condensation water of the cultures. I took these to be 
contaminants, and so endeavored to find some developmental stage of the 
flagellates, to make possible elimination of the ‘contaminants.’ This was in 
vain; always I had only uniform cysts at the end. . . . The matter remained 
confused, until a fortunate ‘accident’ brought enlightenment. A ‘hanging 
drop’ inoculated with amebae was left in the incubator a t  about 25-30” . . . 
for two hours and then observed. The amebae were almost completely 
replaced with lively swimming flagellates. 

Schardinger then watched the metamorphosis and saw the amebae 
round up and form two flagella which lengthened and became more 
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active; soon the organisms began to swim as flagellates with a smooth 
ovoid shape. “Within 75 to 80 minutes over 9048 of the amebae have be- 
come flagellates.” In the flagellates, the nucleus was usually at the 
anterior, flagella-bearing end, and the contractile vacuole at the posterior 
end. The flagellates were temporary, neither ate nor reproduced, and 
eventually-the time depending on temperature and other conditions- 
reverted to amebae. In reversion, the flagellates lost their smooth con- 
tour, and became ameboid, and then lost their flagella. Since Amoeba 
lobosa transformed into flagellates, he renamed it A. gruberi in honor 
of M. Gruber. 

Schardinger’s meticulous description provides a fine introduction to 
the life cycle of the organism now known as Naegleriu gruberi (Fig. 1 ) .  
Subsequent studies during the next fifty years confirmed his observa- 
tions. N .  gmberi amebae grow, encyst and excyst, and transform into 
flagellates. As Schardinger noted, the flagellates are transient, and 
only the amebae reproduce or encyst. 

Naegleriu gmberi, now known to be extraordinarily common, is most 
remarkable for the rapidity and completeness with which its amebae can 
transform into flagellates, from a form that would certainly be classified 
in the protozoan class Sarcodina, where Naegleria has often been placed 
(e.g., Kudo, 1966), to a form that would, with equal confidence, be 
placed in the class Mastigophora. This transformation, a “Jekyll-and-Hyde 
life history” (Kofoid, 1915), offers an opportunity to study phenotypic 

ENCYSTMENT TRANSFORMATION 

EXCYSTMENT 

FIG. 1. The life tricycle of Naegleria. 
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change, cellular differentiation, in a population of eucaryotic cells which 
can be induced to change from amebae into flagellates in a little more 
than an hour. Since the conversion involves the development of new 
cell organelles-the flagella and associated structures-organelle morpho- 
genesis can also be studied. Perhaps only history, with its changing per- 
spectives, as embryology became developmental biology, has prevented 
more extensive study of these organisms. Whatever the cause, most 
biologists who have studied Naegbria have authored only a single, de- 
scriptive paper on the organism, and thus, until recently, Naegkria has 
been little and sporadically studied. 

With the discovery, around 1910 (see Section IV,B), that the nuclear 
division of Naegleriu amebae was superficially unorthodox, fitting ideas 
about “promitosis” which were in vogue at that time, much emphasis 
came to be placed on descriptions of mitosis in Naegleria. The mitosis 
is unusual in that neither the nuclear membrane nor the nucleolus dis- 
assemble during karyokinesis. In addition, during anaphase and telophase 
the nucleolus separates to form polar masses and “interzonal bodies” 
(Section IV,B). 

Several other species of Naegbria have been described (Section II,A ). 
None is common, and they have been little studied. 

Another amebo-flagellate, Tetramitus rostrutus, discovered in 1852 
by Perty, was described, studied, and classified as a flagellate for seventy 
years. The flagellates have a distinctive conical shape, and there are 
four flagella (Tetru-mitus) emerging from the truncated anterior end, 
near a beaklike projection, the rostrum (rostratus) (Fig. 2). A trough 
runs along one side from the anterior end to midbody-the oral groove, 
cytostome, or mouth (discovered by Klebs, 1892). A nucleus and a con- 
tractile vacuole are found in the anterior part of the cell. These flagellates 
reproduce by longitudinal fission ( Perty, 1852; Dallinger and Drysdale, 
1875). Alexeieff, who had described nuclear division in Naegleria amebae 
in 1911, made the first accurate description of karyokinesis in Tetmmitus 
flagellates ( Alexeieff, 1914), but the organisms seemed so different that 
he failed to intuit any relationship between them. 

Then Bunting (1922, 1926) isolated an ameba, and in her cultures 
flagellates appeared, indistinguishable from T.  rostratus. Her studies 
established T. rostrutus as an amebo-flagellate. Amebae, much like those 
of N. gruberi in size, morphology, and nuclear division, feed on bacteria 
and reproduce, These amebae form cysts which are unlike those of 
Naegkria, with thin walls that disappear when amebae excyst. The 
amebae transform, slowly and not readily-unlike Naegleria-into flagel- 
lates, which in turn can reproduce. The reverse transformation, from 
flagellates to amebae, can occur, but at least under some conditions 
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FIG. 2. Tetramitus rostratus flagellates. Two views, from Klebs (1892). The oral 
groove, 0, the nucleus, n, and the contractile vacuole, c, are labeled. The rostrum 
is above the oral groove in Fig. 2b. X1400. 

the flagellates are very stable, as shown by the many years when 
Tetramitus was known only as a flagellate, as well as by some more 
recent studies ( Bunting, 1926; Brent, 1957). 

Tetramitus rostratw is an extraordinary organism, with a life cycle 
superficially similar to that of N .  gruberi, but distinct in that the flagel- 
lates themselves can reproduce. Tetramitus has generally been classified 
among the Mastigophora. From Bunting's description until recently 
Tetramitus has been studied as an amebo-flagellate only by Hollande 
(1942)) by Rafalko (1951), and by Balamuth and his students Brent 
and Outka. 

In 1962 Droop described Heteramoeba Clara, a larger (20-70 ,u) marine 
ameba able to encyst and to transform into a flagellate with two flagella 
and a cytostome. Heteramoeba, like Tetramitus, can reproduce both as 
ameba and as flagellate. On the basis of observations of the conditions 
under which flagellates revert to amebae, Droop suggested that Heter- 
amoeba flagellates are haploid and have two distinct mating types, and 
that the mating of these leads to formation of diploid amebae. This 
interesting possibility needs further exploration. Heteramoeba may be 
related to Naeglem'a and Tetramitus, but as Droop emphasized the 
nucleus lacks the prominent nucleolus found in the other species. Except 
for a nutritional study (Droop, 1966)) Heteramoeba has not been further 
studied. 
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The life cycle of a “typical” true slime mold. FIG. 3. 

The true slime molds, Myxomycetes or Mycetozoa-classified either 
among the fungi or the Protozoa-are amebo-flagellates, though they are 
not usually considered as such. The Myxomycetes have been studied 
extensively (reviewed by Martin, 1940; Alexopoulos, 1963, 1966; von 
Stosch, 1965), and more than three-hundred species have been described 
( Martin, 1949), though relatively few of these have been domesticated. 
The life cycles of at least several species follow a consistent sequence 
(Fig. 3) .  Haploid spores germinate, yielding one to four cells, either 
amebae (myxamoebae ) or flagellates (swarm cells). Usually the spores 
germinate to amebae, but in an aqueous environment these amebae 
develop flagella almost immediately. The flagella are temporary, can 
be formed and lost repeatedly, and regularly disappear during division. 
The swarm cells usually have two flagella, though one of the flagella 
often is short and not readily seen. Myxomycetes of various species 
differ in the extent of the haplophase that they spend as amebae or as 
flagellates; on this basis they have been divided into three groups: briefly 
flagellate, flagellate, and completely flagellate ( Ross, 1957). Some species, 
though able to form swarm cells, can complete their life cycle without 
ever becoming flagellated (Kerr and Sussman, 1958; Alexopoulos, 1963). 
Depending on the species and other factors, either myamoebae or swarm 
cells can act as gametes, fusing in pairs to produce a diploid zygote. In 
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some species only cells of specific mating types fuse (Dee, 1960, 1962, 
1966a; Collins, 1961, 1963). The zygotes grow, by mitosis and by 
coalescence of zygotes, to produce a syncytial plasmodium, which in 
turn forms a fruiting body. Meiosis occurs and the syncytium cleaves 
during the fruiting process, producing a group of haploid spores. In one 
species, Didymium nigripes, in which cell fusion has been reported 
(Kerr, 1961a), recent work suggests that the life cycle may be com- 
pleted without either zygote formation or the subsequent meiosis (N. S. 
Kerr, 1967; S. J. Ken, 1968). 

Studies of Myxomycetes have focused on life cycles and taxonomy, 
on the morphology of fruiting bodies, and the physiology of plasmodia. 
Relatively little attention has been paid to the conversion of myxamoebae 
into swarm cells. de Bary (1854) noticed that swarm cells were produced 
upon germination, and in his pioneering studies of the life cycle of 
Myxomycetes he soon recognized the existence of both myxamoebae and 
swarm cells, and their interconversion (de Bary, 1887). He was thus 
among the first to see an amebo-flagellate, and was soon followed by 
others (see Martin, 1940). Although as part of their studies of life 
cycles several investigators described the reversible formation of flagel- 
lated cells (e.g., Cadman, 1931; Howard, 1931), Kerr's (1960) investiga- 
tion of the conditions influencing flagella formation in D. nigripes is 
one of the first studies of Myxomycetes as amebo-flagellates. 

Olive (1964; Olive and Stoianovitch, 1966) described two species in 
a new genus of slime molds, Cavostelium, quite different from the others. 
Its amebae can form cysts, fruiting bodies, or flagella. Single amebae 
develop into minute fruiting bodies, with one or two spores, which 
germinate to yield amebae. When Cavostelium amebae are submersed 
in water, they rapidly form a single flagellum, occasionally more; the 
flagella are temporary. Olive (1967) placed Cavostelium in a new order, 
Protostelida, in which he has recently found other amebo-flagellates 
besides Cavostelium (L. S. Olive, personal communication). 

This ends the list of amebo-flagellates presently available for use as 
research partners. Others are of interest for comparative purposes. There 
are some similar to Nuegleriu,l but of uncertain status. One of these is 
Trimastigamoeba philippinensis. As described by Whitmore ( 1911 ), this 
organism is almost certainly Naegleria (see Section I1,A). On the other 

'Unless otherwise qualified, Naegleria refers to N .  gruberi and Tetramitus to T. 
rostratus. Some of the papers that refer to Naegleria leave some doubt as to whether 
N. gruberi was the organism studied, as examples to be given will illustrate. 
Unqualified reference to papers means that, in my opinion, the organism discussed 
probably was N. gruberi. 
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hand, Bovee (1959) described an organism to which he gave the name T .  
philippinensis, which, as he described it, differs from Naegleria in sevcraI 
respects. The amebae are similar, hut nuclear division was not described. 
These amebae excyst by splitting the cyst wall, like some of the 
Myxomycetes do, rather than by exiting through pores, as does Naegleria. 
The flagellates have four rather than two flagella. These four flagella are 
described as arising from two “mastigonts,” which grow out of the cells 
and then split lengthwise into two flagella each-an extraordinary occur- 
rence. The flagella are also described as passing toward the center of the 
cell through a “gullet-like tube.” Finally, division is said to “also occur 
in the flagellate phase.” The drawings accompanying the paper do not 
look like Naegkria, and the life cycle described suggests a completeIy 
new organism. This organism needs to be reinvestigated, but unfortu- 
nately the original isolate has been lost (E. C. Bovee, personal 
communication). 

Some reports describe organisms that probably should be allowed 
to rest in peace. As an example, Jones (1937) described a remarkable 
organism which he called Naegkriu gruberi. Photographs of mitosis in 
the amebae show an interzonal body, and suggest Naegleria. These 
amebae were described as transforming into flagellates with a single 
flagellum; these flagellates divide. The amebae of Jones’ organism also 
encyst. In “early spring” hundreds of amebae aggregate into a plas- 
modium, in which the nuclei divide, becoming smaller at each division, 
and finally the protoplasm cleaves into many small cysts. The only 
clear conclusion that can be drawn from Jones’ report-even the number 
of species involved is uncertain (see Gilbert, 1927)-is that he was not 
studying N .  gruberi. This report had an interesting consequence: it led 
Hyman (1940), in her treatment of the Protozoa, to place Naegleria 
among the fungi as a myxomycete, and thus exclude it from consideration. 

There are other organisms of uncertain status, even as to whether 
they are amebo-flagellates at all. An example is Cunningham’s (1881) 
long but unconvincing description of amebae and flageIlates in the 
intestine, which he suggests may be one dimorphic organism and 
compares to the Myxomycetes. Another is Schaudinn’s (1896) descrip- 
tion of Paramoeba eilhardi as a marine ameba that forms flagellates 
which can divide, and can return to amebae. Paramoeba clearly exists 
as an ameba with a secondary nucIeus, possibly “parasitic” (Grell, 
1961; also Janicki, 1928, 1932), but whether it can form flagellates 
is less certain. Dobell (1919) finds Schaudinn’s account “far from con- 
vincing” and considers Paramoeba “probably a fictitious organism, 
formed by combination of a rhizopod with the swarmers of an alga,” 
whereas Wenyon ( 1926 ) takes Paramoeba more seriously. Still another 
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such “amebo-flagellate” is Craigia hominis ( Craig, 1910, 1926; Calkins, 
1913), similar to Paramoeba, which may also be two different organisms 
( Dobell, 1919; Wenyon, 1926). Since none of these organisms have 
been studied as amebo-flagellates, they need not concern us further. 

There are some amebo-flagellates distinctly unlike those that have 
been described. There are the large amebo-flagellates found in termites, 
Gigantomonas ( Kirby, 1946) and DeZtotrichonympha (Cleveland, 1966), 
which have not been domesticated. There is Histomonas (Tyzzer, 1920), 
which causes “blackhead in turkeys and which has been domesticated 
(Bishop, 1938; Lund et al., 1967), but is basically an ameboid flagellate 
that does not always have flagella (for references see Wenyon, 1926; 
Kudo, 1966; Schuster, 1968). 

The Plasmodiophorales, slime molds which are intracellular parasites 
of plants, whose relationship to the Myxomycetes is uncertain, qualify 
as amebo-flagellates, but they have never been studied in culture. Some 
of the proteomyxids also have ameboid and flagellate forms in their life 
cycles, but appear never to have been studied as amebo-flagellates. Some 
of these organisms are considered further in Section IV,E. 

If we move farther afield, the list of organisms with resemblances to 
amebo-flagellates becomes open-ended. There are numerous ameboid 
flagellates and flagellated amebae ( Pascher, 1917). Some of these, such 
as Heteromita (Dujardin, 1841; Wenyon, 1926), can lose their flagella, 
and divide either as amebae or as flagellates. Histomonas may belong in 
this class. Among the protists there are amebae, flagellates, algae, and 
fungi that have flagella during only parts of their life cycle-and many 
of these have an ameboid phase. Among the multicellular animals and 
lower plants there are obviously cell types that are ameboid and cell 
types that are flagellated. One example, often mentioned in relation 
to these dimorphic forms, is the ameboid and flagellated cells of the 
sponges ( e.g., Dujardin, 1841; Kent, 1880; Willmer, 1960). 

Among the amebo-flagellates, Naegleria gruberi, Tetramitus rostratus, 
and certain of the Myxomycetes are now being studied in laboratory 
cultivation. Others, including Heteramoeba and Cavostelium, as well as 
other species of Naegbria and possibly of Tetramitus, are candidates 
for further cultivation and study. All the rest are at present of uncertain 
status, have not yet been domesticated, or have not been studied as 
amebo-flagellates. 

This survey of amebo-flagellates leads to some evident conclusions. 
The “amebo-flagellates” do not encompass a consistent taxonomic group 
of organisms, but simply a collection of protists whose life cycles include 
unicellular ameboid and flagellated phases. At the edges of this group 
the dividing line becomes tenuous, yet a more rigorous definition of 
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amebo-flagellates probably would serve no useful purpose. Those orga- 
nisms included here as amebo-flagellates are undoubtedly polyphyletic. 
They are not generally classified together, and everything we know 
about them indicates that some, at least, are so different as to suggest 
little relatedness (see Section IV,E). In spite of the lack of any phylo- 
genetic reason for grouping these organisms, the term amebo-flagellate 
remains useful-as do the terms ameba, flagellate, plant, and animal. 

The remainder of this review will focus on Naegleria, with excursions 
to Tetramitus, and mention of other organisms, especially Myxomycetes, 
for comparative purposes. This selectivity is based partly on my back- 
ground, since I have studied Naegleria for eight years, and have occa- 
sionally been seduced by Tetramitus. It is based also on available in- 
formation. The true slime molds have been studied extensively, but 
infrequently as amebo-ff agellates, and information on the life cycles, 
cultivation, taxonomy, and so forth of Myxomycetes is readily available 
in other reviews. The other organisms have, as yet, barely been studied 
in cultivation. 

B. The Naegleria Transformation Experiment 

Inevitably a review of this kind is based on its author’s own bias and 
experience, and in this case a summary of our approach to method will 
give helpful background for what follows. The major concern of my 
laboratory has been the ameba-to-flagellate transformation of Naeglem’a 
gruberi. To study this phenotypic conversion we developed a method- 
ological approach we call the “transformation experiment” ( Fulton and 
Dingle, 1967). This experiment, based on the observations of Schardinger 
(1899) and those who followed him, uses modern microbiological tech- 
niques to obtain the complete, synchronous, and quantitatively repro- 
ducible conversion of amebae into flagellates. The experiment also 
provides a means for measuring the conversion, and for interpreting 
the measurements. Details of the methods are given in Section V. 

Amebae of a clonal isolate of N .  gruberi are used. In our early studies, 
including most of those we have published, we used strain NB-1; more 
recently we have also used strain NEG (Section V,A). Amebae are 
grown on a dilute nutrient agar in association with Aerobacter aerogenes. 
The amebae grow exponentially with a doubling time of 1.7 hours to a 
stationary phase yield which ranges from 2 to 10 x lo7 amebae per 
agar plate, depending on the strain and medium. These amebae are 
harvested, washed relatively free of bacteria by differential centrifuga- 
tion, and incubated in suspension in nonnutrient buffer. After a period 
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The transformation experiment-performance and analysis-offers a 
means for the dissection of events during the phenotypic change. In 
addition, the rapidity of the events-the rapid growth of amebae, which 
permits the investigator to use “overnight” cultures, to decide on an 
experiment on Sunday and do it on Monday, and the rapid transforma- 
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FIG. 4. The transformation experiment: appearance and disappearance of flagel- 
lates in N .  gruberi NEG. Amebae grown with Aerobacter aerogeiies on NM agar 
medium at 33°C were harvested when the plate was 95% clear. At zero time the 
amebae were suspended in tris buffer and washed by method C (Section V,E). At 
6.5 minutes they were placed in a 125-ml flask with 20 ml of buffer containing 
1.4 X lo6 cells/ml and shaken at 28 +- 0.1”C in a water bath. The curve indicates 
the percentage of cells with flagella in samples fixed at various times, and the out- 
lines indicate the typical form of cells at that time. The T,, or time for 50% of the 
cells to become flagellates, was 48 minutes. 
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11. Taxonomy of Naegleria and Tetramitus 

This is the organism renamed “Amoeba punctutu” by Dangeard (1910)- 
an easily recognizable and common form which has been frequently studied 
and almost as frequently named. 

-C. Dobell, 1919 

In this section we will look at classification at the genus and species 
levels-diagnostic features and synonyms-reserving discussion of higher 
taxa until the biology of these organisms has been described (Section 
IV,E ) . The diagnoses of myxomycete species (Martin, 1949; Alexopoulos, 
1963), Cavostelium (Olive, 1967), and Heteramoeba (Droop, 1962) 
are available in the cited papers. 

A. Naegleria gruberi 

Schardinger (lS99), in the first description of Naegleriu, called it 
Amoeba gruberi, an A. lobosa that could metamorphose into a flagellate. 
Subsequent students rightly felt Naegleria should not be included in the 
unrelated genus Amoeba. Because of differing opinions, and also be- 
cause of incomplete knowledge of the literature, they placed the organism 
in several genera (Table I). Naegleriu seems to be the name of choice, 
though this is by no means an open-and-shut case. 

(1)  Alexeieff ( 1912b) suggested the genus Naegleria for small amebae 
with a large nucleolus which divides forming polar masses during mitosis. 

TABLE I 
NAMES FOR Naegleria gruberi” 

Generic names Specific names References for species 

*Na,egleria *gruberi Schardinger, 1899 
*Amoeba *pimctata Dangeard, 1910 
*Dimastigamoeba *tachypodia Glaser, 1912 
*VahRampjia soli Martin and Lewin, 1914 
Trimastigamoe ba philippinensis Whitmore, 191 1 
Wasidewskia limax Wasielewski and Hirschfeld, 1910 

species no. 1 Wherry, 1913 

a References for genera are in the text. Synonyms marked (*) have been used fre- 
quently, in various genus-species combinations. 
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The type species N .  limar did not form flagella, but the genus also in- 
cluded N .  punctata, which did. The ability to transform into flagellates 
was not a characteristic of the genus. 

(2)  Chatton (1912) pointed out that he and Lalung-Bonnaire (1912) 
beat Alexeieff by a month, having suggested the genus Vahlkampfia for 
the same group of organisms as Alexeieffs Naegleria. Chatton and 
Lalung-Bonnaire’s type species of Vahlkampfia was probably N .  gruberi 
(cysts with pores, mitosis with polar masses and interzonal bodies), 
but flagellates were not reported and no attempt was made to find them. 
Alexeieff (1912~) accepted the priority of Vahlkampfia over Naegleria. 

(3) Then in the same year Alexeieff (1912d, 1913a) decided that 
the generic name Dimastigamoeba ( Blochmann, 1894) antecedes both 
Naegleria and Vahlkampfia. Meanwhile Alexeieff had rediscovered 
Schardinger’s paper, so he suggested the specific name D. gruberi. (The 
debate between Alexeieff and Chatton continued, but happily we can 
leave it at this point.) The genus Dimastigamoeba would have priority, 
but Blochmann (1894) chose this name for the species Dimorpha radiata 
(Klebs, 1892), which is clearly a different organism than Naegleria, 
as Chatton (1912), Rafalko (1947), Page (1967a), and others have em- 
phasized. Alexeieff (1912~) himself realized this, and in 1924 returned to 
Vahlkampfia gruberi, but Wenyon (1926) stayed with Dimastigamoeba. 
(4) Calkins (1913) concluded there was too much confusion, and 

neatly separated Naegleria from Vahlkampfia, both genera dividing with 
polar masses but only Naegleria having the ability to transform into 
flagellates, “a distinct characteristic of diagnostic value.” If one accepts 
Calkins’ separation, as many have, then Naegleria is the correct name 
for the amebo-flagellate genus. 

(5) Trimastigamoeba, suggested by Whitmore (1911) for an ameba 
species that transformed into a flagellate with three flagella, would have 
priority over Naegleria except for some uncertainty as to what Trimmtig- 
amoeba is. Even if Whitmore’s T.  philippinensis is the same as N .  gruberi 
( see below ), the name Trimastigamoeba is descriptively misleading for 
an organism that usually forms two flagella, and has caused much con- 
fusion. I suggest that the generic name Trimastigamoeba be discarded. 

(6)  Wasielewskia, suggested by Hartmann and Schiissler (1913) and 
used by Zulueta (1917) and Boeck and Stiles (1923), does not have 
priority over anything. 

The specific name gruberi has unequivocal priority. The others listed 
in Table I were used for the most part before Schardinger’s paper was 
rediscovered. Thereafter most who accept the genus Naegleria have 
called the organism N .  gruberi, as Wilson (1916) suggested. 
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FIG. 5. Diagnostic characteristics of N .  gruberi: mitosis, cysts, and flagellates. 
( A )  Telophase showing polar masses and interzonal body; the chromosomes, not visible 
here, are in the gray areas between the polar masses and interzonal body (NB-1; 
OsO, fixed); ( B )  excystnient, showing emergence through a pore; a second pore is 
opposite the exit pore (NB-I, live); ( C )  flagellate, showing characteristic body 
shape and two anterior flagella (NB-1, fixed in Lugol's iodine, photographed by A. 
D. Dingle). All about X2800. 

The genus Naegleria ( Alexeieff, 1912b, amended by Calkins, 1913) and 
species gruberi are thus recommended for the organism whose full name 
becomes Naegleria gruberi (Schardinger, 18%). Most other students 
of Naegleria who have considered this question have come to the same 
conclusion (e.g., Wilson, 1916; Rafalko, 1947; Singh, 1952; Page, 1967a). 

The synonyms for the species have been belabored here for this reason. 
Because of the uncertainties about the proper name, the organism has 
been described and discussed under a variety of synonyms (Table I). 
In textbooks and review articles the synonyms have resulted in N .  gruberi 
being discussed repeatedly as if it were several different organisms, with 
discordant results being considered as differences between organisms 
(see Section IV,E). Thus it is important for those interested in N .  gruberi 



13. AMEBO-FLAGELLATES AS RESEARCH PARTNERS 355 

to become familiar with the synonyms, to know, for example, that 23. 
grub&, V, tachypodia, and N .  punctata are all the same species. 

All the many isolates of N .  gmcberi that have been studied sufficiently 
have been found to share the following features, which serve to diagnose 
the species: 

( 1) Amebae, roughly 1&20 ,p in diameter, with lobose pseudopodia, 
one or more contractile vacuoles, and a nucleus having a prominent cen- 
tral nucleolus. 

(2)  Amebae, and only amebae, reproduce by binary fission. The divi- 
sion is characterized by intranuclear karyokinesis during which neither 
the nuclear membrane nor the nucleolus disappear. The nucleolus divides, 
forming polar masses; an interzonal body is left toward the center of 
the nucleus in anaphase and telophase (Fig. 5A). 

FIG. 6. Cysts of N .  gmberi NB-1 photographed at  two focus levels. The upper 
photograph is focused near the center of the cysts. The cyst on the left has an evident 
nucleus with central nucleolus, but notice the smooth double wall without visible 
pores, The cyst on the right is empty; pores can tentatively be distinguished at  opposite 
sides (ca. 9 and 3 o’clock). The lower photograph is focused on the surface of the 
same cysts; pores are now evident. Living cysts, Nomarski illumination. X3000. 
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(3 )  The amebae form rounded, smooth cysts that have a double wall 
with about 3-10 pores containing plugs (Fig. 6 ) .  During excystment 
amebae exit through one of these pores, leaving empty cyst walls behind 
(Fig. 5B). 

( 4 )  The amebae also transform readily, when suspended in a dilute 
aqueous solution, into temporary flagellates. These flagellates have an 
elongate, vaguely ovoid shape and two to four equal, anteriorly directed 
flagella (Fig. 5C).  The nucleus is usually toward the front, and the con- 
tractile vacuole toward the rear. Most flagellates have two flagella, but 
this is not a diagnostic character, and flagellates with one to four flagella 
are common. 

This list of regularly found characteristics of N .  gruberi could be ex- 
panded considerably (as has been done thoroughly by Page, 1967a), 
but the three characteristics shown in Fig. 5 seem precisely to define the 
species. No other ameba is known which has ( a )  intranuclear mitosis 
with polar masses and an interzonal body, ( b )  cysts with several pre- 
formed pores through which the amebae excyst, and ( c )  temporary 
flagellates with about two anterior and equal flagella. In fact no organism 
other than N .  gruberi seems to have been described which possesses any 
two of these diagnostic characteristics but not the third-though not all 
isolates have been examined with sufficient thoroughness. Many descrip- 
tions of N .  gruberi mention only two characteristics. Though Schardinger’s 
(1899) A. gruberi is the “holotype” for the species, Schardinger did not 
provide details on mitosis. As another example, the Vahlkampfia de- 
scribed by Chatton and Lalung-Bonnaire (1912) was probably N .  
gruberi since it has the requisite mitosis and cysts, but flagellates were 
neither sought nor seen. Many isolates have been shown to have the 
complete constellation of diagnostic features.? The fact that this constella- 
tion of characteristics regularly is found together allows some confidence 
that the many papers that refer to N .  gruberi, by whatever name, are 
dealing with that organism. 

This diagnosis of N .  gruberi differs from that of Page (1967a) in one 
important respect. Because of his own findings, Page placed emphasis 
on the formation of flagellates with two flagella. Our own results in- 

‘The diagnosis of new strains is quite simple. Flagellates are readily produced 
(with all strains we have tested), and may be examined alive and after fixation 
in Lugol’s iodine (Section V,E). Naegleria gruberi cysts are easy to recognize, 
especially during excystment (Section IV,C). These two tests are accessible to in- 
troductory course laboratories. Determination of the pattern of mitosis does not 
require staining the chromosomes-not always easy with these organisms-but can 
be accomplished simply by fixing log-phase cultures in OsO, and exanlining thc 
amebae with phase-contrast optics (Section V,F).  
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dicate that not all N .  gruberi have two flagella; some strains tend to 
have a preponderance of flagellates with three to four flagella (Sections 
IV,A and V,H). This observation removes some confusion from the 
literature. 

As mentioned previously, Trimastigamoeba philippinensis ( Whitmore, 
1911) poses a problem. Whitmore based the new genus on the fact that 
amebae transformed into flagellates with three flagella, but his figures 
show six N .  gruberi-like flagellates: three with three flagella, two with 
two, and one with four flagella. This distribution of flagellum number, 
for a sample this size, agrees with some of our strains. Furthermore, 
Whitmore described and illustrated amebae, 1618 p in diameter, with 
lobose pseudopodia, contractile vacuoles, and prominent nucleoli. He 
showed mitotic figures exactly like those of N .  gruberi, including polar 
masses and interzonal bodies. He showed double-walled cysts and excyst- 
ment through holes in the wall. In all respects Whitmore’s organism is 
N .  gruberi (perhaps of the 2X-4f type; see Section V,H). I see no way 
around this conclusion, which Wenyon (1926) also reached. In the past 
Whitmore’s description has caused confusion mainly because many ob- 
servers have thought N .  gruberi almost always has exactly two flagella 
(though Schardinger realized that this is not the case). Alexeieff (1912a, 
c,d) believed more than two flagella to be an optical illusion, and so 
although he concluded that Trimastigamoeba is N .  gruberi, he based this 
on the conviction that Whitmore’s observations were in error. Others 
have accepted Whitmore’s observations, and concluded the presence of 
three flagella justifies a separate genus (e.g., Jollos, 1917; Page, 1967a). 
Bovee ( 1959), like Alexeieff, concluded that Whitmore “erred in report- 
ing . . . 3 flagella,” but Bovee believed Whitmore’s organism had 
four flagella. All this is not very interesting, but perhaps the question of 
Trimastigamoeba can be put to rest once and for all. Whitmore’s orga- 
nism is N .  gruberi as clearly as are most other isolates of N .  gruberi that 
have been described. Whitmore did not err in reporting three, or more ac- 
curately two to four flagella, in the limited sample of flagellates he de- 
scribed. This gives the generic name Trimastigamoeba priority over 
Nuegleria, but I reiterate my vote against the name. Finally, these re- 
marks do not apply to Bovee’s (1959) organism, which as described is 
neither Naegbria nor Trimastigamoeba. Kudo (1966) added an interest- 
ing touch in his text: Bovee’s description with Whitmore’s figures. 

Are any similar species known which might be confused with N .  
gruberi? Several have been described, but they all have been encountered 
rarely, under the same conditions of isolation that yield N .  gruberi, and 
are not often discussed in the literature. All are described as having cysts 
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without pores.3 Naegbria bistadialis, as described by Puschkarew (1913)) 
also differs in having two unequal flagella, with the short one directed 
backwards. Wasielewski and Kuhn (1914) described the N. bistadialis 
they studied as having an anteriorly directed and a trailing flagellum, 
but in their diagnosis make no mention of any inequality in flagellar 
length. Kudo (1966) distinguishes N .  bistadialis from N .  gruberi as 
having a “cyst with a smooth wall,” a most misleading description. There 
is some doubt whether any recent observer has seen N .  bistadialis, with 
the possible exception of McCullough ( 1935, 1937). Sandon ( 1927) 
never found it in his extensive collections, and neither we nor Page 
(personal communication) have ever found it. 

Naegleria bistadialis has mitosis similar to N. gruberi ( Wasielewski 
and Kiihn, 1914). Two other species have been described which differ 
in mitosis. One is N .  thorntoni, which Singh (1952) described as 
Didmcalus thorntoni ( see Section IV,E). This species, apparently found 
only once, differs from N .  gmberi in having no interzonal bodies during 
mitosis, as well as in having smooth, single-walled cysts and in not 
transforming readily. Singh ( 1952) suggested that the organism described 
as Vahlkampfia soli by Martin and Lewin (1914) may be N. thorntoni, 
but I think it likely that V .  soli is N .  gruberi. The other species with 
different mitosis is N .  mutabilis (Wasielewski and Kiihn, 1914), which 
is supposed to have an extra “chromatin” body during division, form flag- 
ellates like N. gruberi and cysts like N. bistdialis. Naegleria mutabilis 
has not been seen again. 

Other possible species are most uncertain. Aragiio‘s (1909) A. diplomi- 
tot& could be N .  gmberi, on the basis of amebae and mitosis, but its 
cysts are inadequately described and flagellates are not described at all. 
Schmidt (1913) described A. aquatilis, a “new species” which could be 
N. grubem’. Lobeck (1940) described V .  salumandrae from salamander 
intestines, which based on division, cysts, and flagellates probably is 
N. gruberi. Elazari-Volcani (1943) found a “Dimastigamoeba” in the 
Dead Sea, but did not describe it well enough to allow one to decide 
whether it represents a new species. 

Only a few of these species are usefulIy defined: N .  bistadiatis, N .  

3Though it is not difficult to see the plugged pores in cysts of N .  griiberi, and it 
is even easier to see the empty pores after excystment, the pores are not obvious 
(Figs. 5B, 6 ) .  Unless one made a comparative study, it would be easy to describe 
the cysts of N .  gruberi as “smooth walled.” Drawings of cysts, such as the one in 
Kudo’s (19%) book, often exaggerate the pores and plugs. Such descriptions as 
AragBo’s (1909.) of the cysts of A. diplomitotica, in which the inner wall had a 
“distinct double contour,” or Lackey’s ( 1932) of Vahlkampfia frugilis, whose cysts 
had “slight protuberences,” leave the question of pores open. Studies of Naegleria- 
like organisms should include comparison of cysts with those of N. gruberi. 
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thorntoni, and possibly N .  mutabilis. There is no reason to think that the 
many reports of N .  gruberi have involved these other species. 

B. Tetramitus rostratus 

Tetramitus rostratus, described as a flagellate by Perty (1852) and 
as an amebo-flagellate by Bunting (1922, 1926), may be the same orga- 
nism as the flagellate named Copromastix prowazeki by AragPo (1916; 
see Bunting, 1926), but this has caused no confusion. Those strains of 
T .  rostratus isolated as aniebo-flagellates have the following diagnostic 
properties: 

(1) Amebae similar to those of N .  gruberi. 
(2)  Amebae form more or less spherical, thin-walled cysts without 

pores, whose walls are dissolved during excystment. 
(3) Amebae can transform into flagellates, though not readily. The 

flagellates can be stable and reproduce, but can also revert to amebae. 
(4) The flagellates have a characteristic, unique morphology (Fig. 2) :  

conical, truncated at the front and tapering toward the rear, with 
(usually) four more or less equal, anteriorly directed flagella; nucleus and 
contractile vacuole located anteriorly; oral groove and mouth; and a 
projecting “beak-like” rostrum. 

( 5 )  Karyokinesis in amebae and flagellates is similar to that in N .  
gruberi: intranuclear with polar masses and an interzonal body. 

There are no similar species. 
At least 10 additional species of Tetramitus have been described (see 

Klebs, 1892; Sandon, 1927; Klug, 1936; and-for salt water forms- 
Ruinen, 1938). None of these is known to be an amebo-flagellate. All 
have been seen only as flagellates, with four unequal flagella and a 
lateral mouth. They differ mainly in body contour and in the arrange- 
ment of the flagella; externally all are unlike T.  rostrdtus. In most species 
the nucleus is anterior and the contractile vacuole posterior (Klebs, 1892; 
Klug, 1936). They have been found mainly in dirty water, with the 
exception of T. spiralis, which has been found only in soil (Goodey, 
1916; Sandon, 1927). Some species have been found repeatedly; Klug 
(1936) reports one, T. pyriformis, “very widespread and abundant in 
foul water,” and SlCldeEek (1963) found that species in sewage and 
organic industrial wastes under relatively anaerobic conditions. None 
of these species seems to have been studied very much, and not enough 
is known to decide whether they are related to one another or to T .  
rostratus. At  least T .  spiralis may be unrelated, since its nuclei do not 
have a prominent nucleolus (Goodey, 1916). Since only T. rustratus is 
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known to be an amebo-flagellate, it is impertinent to consider the other 
species further here. 

111. Amebo-flagellates in Nature 

The earth is the mother of all of us, plants, animals and men. 

-“Soils and Men,” 1938 Yearbook of Agriculture 

A. 

No one seems ever to have seen, or at least recognized, Naegleria or 
Tetramitus in nature, with the possible exception of Fellers and Allison 
(1920), who mentioned seeing N .  gruberi in one soil sample. How these 
organisms live in the wild-their life cycles, their relationship to other 
organisms-remains largely unknown. We do know something about 
their distribution in nature (as cysts? as amebae?) from the kinds of 
samples from which they can be isolated. Naegleria gmberi, in particular, 
is very widely distributed, and readily isolated. 

Naegleria is a “soil ameba.” It has been found in soil samples from 
all over the world, from Svalbard (78”N) in the Arctic to South Georgia 
(54”s) within the limits of the southern pack ice, and from numerous 
temperate and tropical localities in between (Sandon, 1927). It was 
found in 19 of 23 samples of surface soil from agricultural stations scat- 
tered all over the United States (Allison, 1924). Though apparently 
most common in samples of good crop soil taken near the surface, 
Naegleria has been found in clay taken at depths of 2.4 meters (Sandon, 
1927) and even at more than 6 meters (Kofoid, 1915). 

Nuegleria is a ‘%ater ameba,” and many have isolated it from fresh- 
water samples taken from rivers, lakes, and swamps. Page (1967a,b) 
found it to be very common in freshwater habitats. It has even been 
isolated from tap water (Whitmore, 1911; Wherry, 1913). 

Naegleriu is a “coprozoic ameba,” a free-living ameba that can live 
within discharged feces, listed by Andrews (1930) as one of the ten 
most common forms isolated from the feces of man and other animals. 

Naegleriu has also been found in other, similar environments, such as 
in soil-associated plant material, including hay and moss ( Schuckmann, 
1920; Pietschmann, 1929), and in septic tanks (Lackey, 1925). In their 
original description of Vahlhmpfia, which probably is N .  gmheri, 
Chatton and Lalung-Bonnaire (1912) reported finding it in the hu- 

Distribution and Habitat: Soil Amebae? 
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man intestine in cases of intermittent diarrhea. DobeIl (1919) doubted 
this report, and concluded that Naegleria “does not live in the in- 
testine,” a conclusion Craig ( 1926) also reached. Schardinger found 
N. gruberi in a diarrhetic stool, but no one other than Chatton and 
Lalung-Bonnaire seems to have found it in a mammal’s intestine. Lobeck 
(1940) isolated an organism from a salamander intestine that probably 
was N .  gruberi. I first became acquainted with amebo-flagellates when 
I isolated one, probably N .  gruberi, from Hydra littoralis growing vigor- 
ously in laboratory culture. The ameba was living closely associated 
with the hydra, in an undetermined position but one where it was not 
removed by thorough washing of fragments of the body wall, One other 
possible habitat of Naegleria, the human brain, is discussed in the next 
section. 

Clearly Naegleriu is a ubiquitous organism, common in diverse soil 
and water environments. We have found it easy to isolate. In one careful 
study (by K. Pine) of 10 samples collected in eastern Massachusetts 
in September, 4 water samples and 3 cultivated soil samples all yielded 
Naegleria; 3 samples from undisturbed woodland soil did not, though 
all contained amebae. Other observations indicate that Naegleria can be 
isolated regularly from habitats with standing fresh water, rich in organic 
matter, and the associated mud. 

Puschkarew (1913) isolated N .  bistadialis from air, and Wasielewski 
and Kiihn (1914) from straw. These reports suggest the possibility that 
N .  bistacEialis may occupy a special habitat, which would explain why it 
has not been seen in the soil and water samples of other collectors (see 
Olive, 1967). 

Contemporary literature gives the impression that Tetranzitus rostratw 
is a “strict coprophile” (Balamuth and Outka, 1962), and indeed with 
one notable exception all isolations since Bunting discovered it to be an 
amebo-flagellate have been from the cecum or feces (Bunting, 1922, 
1926; Hollande, 1942; Rafalko, 1951; Outka, 1965). Andrews ( 1930) lists 
T.  rostratus among the ten most common forms in feces. Bunting (1922) 
concluded that it was a coprophile since when amebae were fed to mice 
and rats, only cysts could be recovered from the cecum. The exception 
is the strain on which most recent work has been done, TrB, which was 
isolated from “sterile” human urine (Brent, 1954). 

However, T. rostratus was isolated many times when it was known 
only as a flagellate. Though the conditions are not often given in detail, 
the flagellate was usually found in stale (anaerobic?) infusions. Thus 
Perty (1852) discovered Tetmmitus in “an old and decomposed swamp- 
water infusion,” and Fresenius (1858) and Klebs (1892) in water rich 
in organic matter. Dallinger and Drysdale (1875; see also 1873) found 
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it in “an exhausted maceration of cod-fish which had decomposed in a 
broth extracted from the boiling of rabbits” (Dallinger, 1885). It also 
occurs in soil. Allison (1924) found Tetramitus in 3 of 23 soil samples, 
and Sandon (1927) reported it “common in dirty waters, septic tanks of 
sewage works, etc., and found in soils from Kenia, Gough Island, 
Tristan da Cuhna, and India.” 

The discrepancy between pre- and post-Bunting reports may be ex- 
plained by a change in approach and in culture conditions. Tetramitus 
flagellates require relatively anaerobic conditions to appear from amebae 
(Section IV,D) and possibly to reproduce (Section V,C). Such condi- 
tions would be more likely to develop in the old, undisturbed macerations 
and infusions of yesterday than in the frequently short-term, dilute 
nutrient liquid cultures of today. Flagellates would not grow on agar 
plates (Section V,C). Though Tetramitus amebae would grow on agar 
plates, simple tests to see if these amebae transformed into flagellates 
when placed in water-which would suffice for Naegleria-might lead 
to the conclusion that these amebae did not transform, since suitable 
anaerobic conditions for Tetramitus transformation might not develop. 
The distribution of Tetramitus needs to be reevaluated with attention to 
the requirements for completion of its life cycle. It is clear, however, that 
Tetramitus can be found in the same places as Naegbria: soil, dirty 
water, and feces. 

B. Is Naegleria a Pathogen? 
Ignorance of the habits of Naegleria and other amebo-flagellates in 

nature allows one to conjecture that there may be more to their life 
cycles than we know from laboratory study. Although the distribution 
of Naegleria suggests that it is a free-living soil-and-water organism, 
conceivably it might also inhabit some other organism, where it might 
have a different life cycle. We were initially encouraged to think about 
a possible relationship of Naegleria to warm-blooded vertebrates by the 
ability of Naegleria amebae to grow at 37°C (Chang, 1958a; Section 
V,C) and to grow in tissue cultures (Chang, 1960), but as already dis- 
cussed, there was no good evidence for ability of Naegleria to live in 
homeotherms. Then Butt et al. (1968) identified as Naegbria the amebae 
associated with a fatal human case of meningoencephalitis, and Culbert- 
son et al. (1968) showed this ameba was pathogenic for mice and other 
mammals. As a result, the pathogenicity of Naegbria must be considered 
seriously. This has practical implications for those of us interested in 
using Naegleria as a research partner. 

Tissue culture infections by hartmannellid amebae-soil amebae un- 
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related to Naegleria (Page, 1967b)-have been known for more than 
a decade (Jahnes et al., 1957; see Moore and Hlinka, 1968). The destruc- 
tion of cultures by these amebae is such that they have often been con- 
fused with viruses (see Dunnebacke and Williams, 1967; Warhurst and 
Armstrong, 1968). Culbertson and his colleagues have shown that some 
strains of hartmannellid amebae are pathogenic to mice and monkeys 
( Culbertson et al., 1958, 1959, 1965; Culbertson, 1961). Inoculation of 
these amebae into the nasal passages is sufficient to produce fatal en- 
cephalitis. Hartmannellid amebae have been isolated from human throat 
and nasopharyngial swabs ( Wang and Feldman, 1967)) and possibly 
implicated in some human fatalities (see below). 

Butt (1966) described 3 cases of acute meningoencephalitis in which 
amebae were found in the brain and spinal fluid, and reviewed 5 other 
cases, all of which suggested that the meningoencephalitis might be due 
to hartmannellid amebae, or at least to amebae with a prominent nu- 
cleolus. Butt further suggested that in the cases he studied “there may 
be a common etiologic pattern of intranasal inoculation resulting from 
prolonged swimming in tepid water.” Butt continued to study the amebae 
from the fatal cases, and identified one as Naegkria (Butt et al., 1968). 
The number of cases of fatal meningoencephalitis attributed to amebae 
is rapidly increasing, with recent examples from Australia, Czecho- 
slovakia, and the United States, and several pathologists have suggested 
that the amebae may be Naegleria (Callicott et al., 1968; Carter, 1968; 
Cerva et al., 1968). C .  G. Butt (personal communication) estimates that 
about forty human cases have been found that are clearly attributable to 
amebae with a prominent nucleolus. Four of these have been identified 
as Naegleria. Some of the cases may be due to hartmannellid amebae, 
but in most cases the amebae have not been identified, In several of 
the reports (above references) there is an association with swimming, 
and the possibility of intranasal infection. In one report an epidemic of 
16 cases is attributed to swimming in one pool (Cerva et al., 1968). In 
general the human cases have been characterized by a progressive head- 
ache followed by explosive encephalitis and death about 5-6 days after 
onset of headache. Patients have not responded to chemotherapy. 

Evidence is accumulating that Naegleria can be pathogenic. In the 
first case in which Naegleria was identified, and the only one for which 
details have been published, Butt obtained spinal fluid from a meningo- 
encephalitis victim, some of which he studied himself and some of which 
he sent to Culbertson for independent study. Butt et al. (1968) grew 
amebae from the spinal fluid on agar with E .  coli at 37°C; they would 
not grow at room temperature. Mitosis in these amebae was found to be 
intranuclear with polar masses and probably interzonal bodies. Amebae 
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in the bacterized cultures formed cysts which looked superficially like 
those of N .  gruberi, but “definite apertures or plugs were not recognized.” 
The absence of pores would be distinctive, but there is no indication 
that Butt et al. (1968) compared these cysts to those of N .  gruberi, and 
they may have been looking for pores as evident as those in textbook 
diagrams (see footnote 3).  When amebae were diluted into water and 
incubated at 37” or 45”C, 10-15% transformed into ovoid flagellates with 
two flagella. There is little doubt that this organism belongs in the 
genus Nuegleria, as defined in Section IV,E, but whether it is N .  p b e r i  
remains uncertain. It is of interest that this isolate would not grow at 
room temperature, and transformed at 37” and 45”C, since amebae of our 
most studied strains, N .  gruberi NB-1 and NEG, grow at room tempera- 
ture, transform poorly at 37°C (see FuIton and Dingle, 1967), and die 
at 45°C. 

Butt et al. (1968) made one test of pathogenicity. Amebae from 
cultures with dead E. coli were injected intracerebrally into three mice 
and three guinea pigs. All developed encephalitis and died within 8 
days. 

Culbertson et al. (1968) injected some of the spinal fluid they received 
from Butt into the frontal lobe of a mouse brain. Six days later the mouse 
died, and many amebae were found in the brain. A suspension of this 
brain tissue, injected into other mice, produced infections. Suspensions 
of the brain tissue were also used to inoculate tissue cultures of monkey 
kidney cells, where the amebae “multiplied rapidly and destroyed all 
the mammalian cells in 48-96 hours.” The amebae, designated strain 
HB-1, were maintained by weekly intracerebral mouse passage and also 
by regular subculture on monkey kidney cells. 

Amebae of strain HB-1 were found to be quite virulent. When as few 
as 100 amebae were inoculated intranasally into mice, 5 of 10 mice 
died within 2 weeks; with 5000 amebae, 10 of 10 mice died in an average 
of 8 days. The mice died of “rhinencephalitis,” and amebae were also 
found in the liver. Injections of amebae into the ear veins of rabbits or 
the brains of monkeys also frequently resulted in death, with extensive 
brain damage. The evidence is thus good that strain HB-1 is pathogenic 
for several mammals, suggesting that the presence of these amebae in 
some human cases of meningoencephalitis is more than coincidental, 

Culbertson et al. ( 1968) concluded, as did Butt et al. (1968), that 
strain HB-1 is a Naegleria species resembling N .  gruberi. Strain HB-1 
amebae did not grow, encyst, or transform as readily as the most fre- 
quently studied strains of N .  gruberi4 Culbertson et al. found strain HB-I 

‘Some of the differences between HB-1 and other strains in ease of cultivation, 
encystment, and transformation may be illusory. After prolonged cultivation in 
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would not grow readily on agar with bacteria, so they worked mainly 
in tissue culture and in mice. Strain HB-1 amebae have lobose pseudo- 
podia, contractile vacuoles, and a prominent nucleolus. Karyokinesis is 
intranuclear with polar masses and probably interzonal bodies (see 
their Fig. 16). The amebae encysted with difficulty, and many cysts 
seemed to be abortive. In “only a minority” of the cysts could pores 
be seen (their Fig. 12). When amebae excysted, they left “the empty 
shell with triangular rents in the wall,” a description which suggests a 
difference from N .  gruberi. Most of the amebae in monkey kidney cell 
cultures lysed when the cultures were diluted with water, but some of 
the survivors transformed into temporary flagellates with two flagella, 
which resemble the flagellates of N .  gruberi (their Figs. 6-9). 

It seems clear that a Naegleria species has been obtained from a human 
infection and produced infections in mammals. The independent descrip- 
tions of strain HB-1 by Butt e t  al. (1968) and Culbertson e t  al. (19s8) 
are in substantial agreement. The species is probably N .  gruberi, though 
additional information, especially on its cysts, is needed to be certain. 
There is little question that strain HB-1 amebae are pathogenic, but it 
should be noted that in the published reports the infective agent appar- 
ently was not cloned or systematically purified before testing virulence. 
Additional pathogenic strains of Naegleria have been isolated (C. G. 
Butt and C. G. Culbertson, personal communications); a note on one of 
these has been published (Cerva e t  al., 1969). 

The finding that Naegleria can be associated with meningoencephalitis 
raised the question whether all strains of Naegleria were patho- 
genic. Preliminary tests of strain NEG for pathogenicity were done by 
L. J. Wangh in our laboratory. Mice were fed cysts or flagellates in their 
drinking water (4  mice), or injected with 104-106 amebae or cysts either 
under the skin, into the peritoneum, muscles, or tail vein (14 mice). Six 
mice were inoculated intranasally with >5 x lo5 amebae each. None of 
these 24 mice died or became ill during the 5 weeks or more they were 
kept after exposure, and in the few cases tested no Naegleria were re- 
covered from the blood or feces of these mice. 

Injection of NEG amebae or cysts directly into the brain did produce 
some deaths (Table 11), but the evidence available does not suggest 

particulate-free axenic media (Section V,C ), Naegleria gruberi NEG amebae initially 
do not grow well when returned to cultures with bacteria, and sometimes many 
generations are required before the amebae will grow rapidly, if they ever do at  all. 
Whether this change is adaptation or selection is not known. NEG amebae grown 
in axenic cultures usually do not transform as well as do those grown on bacteria. 
Finally, NEG amebae encyst poorly in some culture situations, though they encyst 
readily in others (Section V,D). 
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pathogenicity here either. The mice that died within 1 day did so only 
if more than 5 x lo5 amebae or cysts were injected. Control experiments, 
in which comparable quantities of fluid, Aerobacter, or heat-kilIed cysts 
were injected into the brain, produced no deaths, suggesting that the 
deaths observed were somehow associated with NEG-perhaps localized 
toxicity or lysis in critical areas of the hindbrain. If the infected mice 
survived 1 day, they usualIy did not develop any disease (Table 11). 
Even the 7 mice that died after 1 day did not seem to die of a systematic 
infection, and usually no NuegZeria could be recovered from their brains. 
Furthermore, injected amebae disappeared from the brain within a 
week-usually within 2 days-and cysts disappeared within about 2 
weeks (Table 11). Those cells inoculated as cysts were recovered from 
the brain as cysts, as indicated by the fact that the recovered cells sur- 
vived if the brain homogenate was incubated for 20 minutes at 45°C 
before plating (Section IV,C). 

Amebae from particulate-free axenic cultures (Section V,C) were 
also inoculated intracerebrally into 6 mice, each of which received 
>5 x lo3 amebae. One was apparently injured by the injection and 
died 6 days later; no amebae could be recovered from its brain. The 
remaining 5 mice survived at least 5 weeks. 

These experiments provide no indication that N .  gruberi NEG is 
a mouse pathogen. Most mice survived without ill effect for weeks after 
receiving about 105 amebae. One observation, reported below, suggests 
our strain NB-1 is not a pathogen for rabbits. Culbertson (personal com- 
munication) has evidence that several other strains of N .  gruberi isolated 
from soil and water are not pathogenic. On the other hand, C. G .  Butt (per- 

TABLE I1 
TESTS FOR INTRACEREBRAL PATHOGENICITY OF N .  gruberi NEG" 

Death following Recovery of Naegkria from brain tissue 
injection (fraction of mice) 

Number 
of mice in 1 in > I  1-2 3-7 8-14 15-24 

Injected injected day day (days after injection) 

Amebae 43 so 4 8/18 s/4 0/2 - 
cysts 33 4 3 9/9 7/8 3/3 0/4 

aBetween 104 and 106 washed amebae or cysts were inoculated in a small volume 
(ca. 0.025 ml) of water or saline into mice 3-4 weeks old. Intracerebral injections were 
given through a 25-gauge needle inserted slowly along the spinal column under the 
occipital, through the membranes into the hindbrain. All numbers refer to the number 
of mice. To test for the presence of Nuegleria in the brain tissue, the hindbrains of mice 
which died or were sacrificed were plated with Aerobacter, usually after homogenization 
of the tissue. 
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sonal communication) isolated from a lake a Naegbria which proved 
pathogenic for guinea pigs and mice. 

The results at hand indicate that not all strains of N .  gruberi are 
pathogens, Culbertson et al. (1965) previously found that not all hart- 
mannellid amebae are pathogens. For Nmgleriu the following compari- 
sons are instructive: 

( 1)  Culbertson et  al. (1968) found that strain HB-1 rapidly destroyed 
monkey kidney cells. Chang (1960) found that his strain of N .  gruberi 
grew in monkey kidney cell cultures, but “the amebae exhibited no toxic 
effect on the epithelial cells and fed on cell debris.” 

( 2 )  Culbertson et al. (1968) found that intranasal inoculation of mice 
with 5000 strain HB-1 amebae resulted in death of all mice in 5-15 
days. Intranasal inoculation of mice with 500,000 of our strain NEG 
amebae produced no infections. 

( 3 )  Culbertson et al. (19f38) reported that when “large doses of 
300,000 live HB-1 amebas were injected into the ear veins of healthy, 
5-pound adult rabbits . . . some of the animals died after 8-10 days.” 
Some years ago we prepared antisera against N .  gruberi NB-1 flagellates. 
Two rabbits were injected intravenously ( ear vein) and intraperitoneally 
with living NB-1 flagellates, with ten successive injections each of 2 5  x 
loG flagellates over the course of a month, followed by bleedings to pre- 
pare the sera. The rabbits remained healthy throughout this procedure. 
Schardinger (18%) injected amebae of his N .  gruberi into a guinea pig, 
without ill effects, and cysts into two rabbits which died, but probably 
not from Naegleria. 

The apparent pathogenicity of some Naegleria strains indicates a 
need for caution in working with these organisms, and raises an im- 
portant question: Why are some strains of Naegleria pathogenic, and 
others not? Naegleriu is a widespread and common organism, and pre- 
sumably we are all exposed to it frequently-though not in the tre- 
mendous quantities handled in the laboratory. All strains we have tested 
grow readily at 37°C. The only known differences between the patho- 
genic and nonpathogenic strains, besides the obvious difference in patho- 
genicity tests, are the different behavior in mammalian cell cultures 
and the higher temperature tolerance of pathogenic strains. Could the 
difference between pathogens and nonpathogens be the ability to phago- 
cytize, lyse, and somehow kill mammalian cells? Could it be the ability 
of pathogens to continue to grow when infected individuals have a fever? 

Some “facultative pathogens,” able to grow free-living or as parasites, 
are also known in fungi (see Emmons, 1960). It remains a question 
whether some strains of Naegleriu are simply avirulent. Possibly free- 
living strains, growing in soil or water as phagotrophs of bacteria, 



368 CHANDLER FULTON 

have a finite chance when they enter a mammalian host of “adapting,” 
so they become able to phagocytize the mammalian cells instead. Once 
adapted they might remain pathogens-at least as long as transferrcd 
with mammalian cells. This hypothetical adaptation could be similar to 
that observed when Naegleria are transferred from bacterized to axenic 
culture or in the reverse direction (Section V,C; Fulton, unpublished). 
Several observations argue against this explanation: a pathogenic strain 
remained pathogenic after growth on bacteria (Butt et al., 1968); a 
pathogenic strain was isolated from a lake (C. G. Butt, personal com- 
munication); and an “epidemic” of infections occurred in one swim- 
ming pool (Cerva et al., 1968). These observations suggest that there 
are virulent and avirulent strains, but the possibility of adaptation re- 
mains open, and indicates the need for caution at present in using the 
“nonpathogenic” strains. 

Though Tetramitus has never been implicated in a disease, it can also 
grow at 37”C, so caution is in order. The Myxomycetes tested in the 
laboratory apparently cannot grow above 30°C (e.g., Daniel and Bald- 
win, 1964; Haskins, 1968), so these are less likely to be mammalian 
pathogens. 

C. Ecology: Why Amebo-flagellates? 
Though the life cycle of Nsugleriu was given in Fig. 1 as if clearly 

known, our ignorance about how Naegleria lives in nature and the recent 
evidence for pathogenicity suggest we should keep open minds to 
the possibility of additional aspects of the life cycle, under as yet un- 
known conditions. The life cycle of Tetramitus probably has not yet been 
correctly described, even under laboratory conditions ( Section IV,D ) . 

Amebo-flagellates share their environment with other organisms, and 
at least Naegleria and Tetramitus seem to depend largely on bacteria or 
other organisms for growth. Since they occupy diverse habitats in nature 
and since their amebae can grow in diverse environments in the labora- 
tory, it is reasonable to conclude that suitable conditions of moisture 
and temperature, and available food organisms, are the limiting condi- 
tions for their growth. Alexopoulos (1963) reached a similar conclusion 
for the Myxomycetes. 

There have been some studies at the Rothamsted Experimental Station 
in England of the coexistence of Naegbriu and other organisms in soil. 
Cutler et al. (1921) made a daily count of the number of N .  gruberi and 
other species in soil samples taken from the same area for 365 successive 
days, They found great daily fluctuations in the number of Naegleria; 
these fluctuations were not easily correlated with rainfall or other condi- 
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tions. When there were more bacteria, there were fewer amebae. Sandon 
(1927) noticed that two widely distributed amebae, N .  gruberi and 
Hartmannella hyalina, found in 44 and 77 of 148 soil samples, were found 
coexisting in only 13 samples. “Even within the limits of the Rothamsted 
Farm it has been found that in one field N .  gruberi will be the dominant 
soil ameba, H. lzyalina being almost totalIy absent, while in a neighboring 
field the position will be reversed.” In one experimental plot, Naegleria 
disappeared as Hartmannella increased. Sandon could offer no explana- 
tion for this apparent mutual exclusion. Later Singh (1952) was unable, 
during the course of a decade, to find N .  gruberi in Rothamsted soils, 

Cutler (1923) examined the relation between bacteria and Naegkria 
in soil samples in the laboratory. Sterilized soil samples were inoculated 
with bacteria of 3 species and, in experimental samples, with N .  gruberi. 
The water content of the samples were kept constant. The Naegleria 
grew (at  least three generations) in this soil, and Cutler found fewer 
bacteria in the samples containing Naegleria than in those without-a 
result supporting field data. 

What is the role-that is, the adaptive function, the selective advantage 
-of the flagellate phase in the life cycle of amebo-flagellates, particularly 
those with temporary flagellates? Several possibilities can be, and have 
been, imagined. One is implied by the myxomycete term “swarm cells.” 
According to this view, flagellates provide for more rapid dispersal in 
an aqueous environment than do amebae. After a rain, or whenever 
enough moisture is present to submerge the amebae (or spores, or 
cysts?), if other conditions permit, flagellates are formed and swim 
away through the liquid. Though this argument is not overwhelming, 
especially in view of our ignorance of the ecology of these organisms, 
it does have appeal. It is supported by the idea that “the evolutionary 
race goes to the swift” (Davis, 196l), and by the conditions that, in the 
laboratory, favor the development of flagella. This possibility has been 
suggested often, with various modifications, many of which make the 
argument less convincing. For example, Rafalko (1947) suggested that 
that flagellate of Naegleriu “appears to be an adaptation to enable the 
animal to transport itself from a relatively unfavorable to a potentially 
optimum environment.” Another possibility is that the flagellates are 
gametes, supported by analogy to diverse other organisms with flagellate 
gametes. This may be true in Heteramoeba (Droop, 1962) and possibly 
in Tetramitus (Section IV,D). There is no evidence that Naegleria flag- 
ellates are gametes (Section V,H). In some true slime molds, which do 
mate, either myxamoebae or swarm cells seem able to function as gametes, 
so one cannot argue that only flagellates have this role in Myxomycetes. 
A third possibility is that amebo-flagellates are evolutionary relics, per- 
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sisting from a time early in the evolution of amebae and flagellates. 
According to this view, the flagellates of NaegkTia, for example, may no 
longer serve any useful function-but notice that they have persisted 
throughout the world-wide distribution of the organism. Perhaps all these 
possibilities-dispersal, sexual, and evolutionary relic-have some merit. 
We do not know. 

IV. General Biology 

The history of research on Naegleria gruberi (Schardinger) Wilson, 1916, 
is one of slow progress in the early stages and then stagnation. 

-Pittam, 1963 

Until now most studies of amebo-flagellates have been descriptive, 
focusing on the morphology of cell types and changes in morphology 
during the life cycle: the amebae, their mitosis, encystment and excyst- 
ment, and transformation into flagellates. It is the nature of descriptive 
studies to recur, as new observers and technology permit new observa- 
tions, and the amebo-flagellates are no exception. In spite of the relatively 
limited literature on amebo-flagellates, some observations have been re- 
peated numerous times. As yet there has been little biochemical descrip- 
tion, and not much use of these organisms as research partners. These 
past trends dictate the emphasis on morphology in this survey of the 
general biology of amebo-flagellates. 

A. Amebae and Flagellates 
The amebae and flagellates of Naegleria and Tetramitus share numer- 

ous structural similarities with other eucaryotic cells. What is known of 
their cell membranes, mitochondria, ribosomes, other cytoplasmic inclu- 
sions, nuclei, and nuclear envelopes justifies calling them “typical 
eucaryotic cells.” Consideration of the nucleus and its division is deferred 
to Section IV,B. 

Naeglmia 

A NaegZeria- ameba (Fig. 7)  illustrates the basic morphology. Studies 
of their fine structure have been made by Vickennan (1962), Schuster 
(1963a), and Dingle and Fulton (1966). The cell membrane is a typical 
unit membrane. Page (1967a) found that the cell surface gives a positive 
reaction with periodic acid Schiff reagent, indicating the presence of 
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polysaccharide. The cytoplasm is densely packed with ribosomes, often 
in clusters, but only traces of endoplasmic reticulum have been observed. 

NuegZeria amebae are generally referred to as “limax” amebae, which 
means they should have a sluglike motion, flowing slowly in the direction 
of a single broad pseudopodium. This is not strictly correct, as was 
pointed out by Wilson (1916), and more recently by Page (1967a), 
who described their movement quite precisely: “Amoebae in locomotion 
monopodial, except temporarily, progressing by broad, hemispherical, 
hyaline eruptions formed alternately somewhat to either side of anterior 
end or sometimes in center of anterior end, so that progress in one 
direction generally follows a sinuous course.” Page’s description implies 
more regularity than we have observed. On a substratum an ameba usually 
progresses by a single lobose pseudopodium, which erupts from the 
surface and determines the direction in which the ameba flows for a 
short while, until a new pseudopodium erupts-often nearby the pre- 
ceding one but frequently elsewhere-which the ameba then follows. 
Though the amebae can abruptly change the direction in which they 
are moving, they are usually elongated in the direction of flow and have 
a distinct polarity with a broad anterior end, where pseudopodia are 
forming, and a narrower posterior end, where a temporary uroid (thin 
cytoplasmic filaments stuck to the substratum) is sometimes seen 
(Schardinger, 1899; Page, 1967a). The flowing pseudopodium is optically 
clearer than the rest of the cell, and does not contain the larger cyto- 
plasmic inclusions, so the cytoplasm is separated temporarily into the 
ectoplasm and endoplasm characteristic of amebae. During movement 
the nucleus rolls around in the cytoplasm, and both it and its nucleolus 
can be deformed. Page’s (1967a) measurements indicate that at room 
temperature Naegleria amebae move 50-100 p, or several times their 
diameter, per minute. Amebae in suspension usually have several lobose 
pseudopodia, and no obvious polarity. 

The size of NaegZedu amebae is variable, depending on the strain 
(Section V,H), culture conditions (e.g., Chang, 1958a), and other factors. 
When rounded, a diameter of 10-20 p is a reasonable estimate, though 
smaller and larger amebae can be found. Many measurements have been 
reported ( e.g., Schardinger, 1899; Wilson, 1916; Rafalko, 1947; Page, 
1967a ) . 

The contractile vacuole is frequently found toward the posterior por- 
tion of moving amebae. It seems to be formed by coalescence of several 
small vacuoles (e.g., Wilson, 1916) and then its contents expelled 
by fusion of the vacuole membrane with the cell membrane (Schuster, 
1963a). Sometimes an ameba has more than one contractile vacuole, 
each with several contributing vacuoles (e.g., Page, 1967a). The time 
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FIG. 7. Ameba of N .  gruberi NEG. The nucleus, in the upper center of the 



13. AMEBO-FLAGELLATES AS RESEARCH PARTNERS 373 

for one cycle of filling and emptying, from systole to systole, has been 
measured as 3 minutes (Schardinger, l899), 40-60 seconds (Wilson, 
1916), and 2 5 5 0  seconds (Page, 1967a)-a decline with recentness that 
may reflect improvements in central heating. 

The amebae are ordinarily phagotrophs, and in the laboratory feed 
mainly on bacteria, though they can grow on other foods, from the 
mammalian cell debris already mentioned ( Chang, 1960) to nonparticu- 
late axenic media ( Section V,C). Schardinger ( 18%) described the 
engulfment of yeasts and algae, 6-8 p in diameter, and their passage 
through the cell and out the posterior end. Amebae growing on bacteria 
contain numerous food vacuoles, which stain with neutral red (Wilson, 
1916; Pittam, 1963). Schardinger ( 1899) fed amebae Serratiu murcescem, 
whose red pigment allowed him to observe the ingestion of the bacteria 
and the formation of food vacuoles, which enlarged as the bacteria were 
digested. 

The electron microscope reveals intricate lamellar structures in food 
vacuoles (Fig. 8) ,  as first described in Naegleria by Vickerman (1962) 
and Schuster (1963a), who give references to related observations in 
other organisms (especially Mercer and Schaffer, 1960). Our observa- 
tions with NaegEeria amebae fed Aerobacter suggest the following se- 
quence ( Dingle and Fulton, unpublished). Bacteria, as individuals or 
small groups, are seen relatively intact in food vacuoles, enclosed within 
a unit membrane probably derived from the cell membrane. The bacteria 
soon are converted to dense, amorphous structures, surrounded by 
lamellar membranes. The membranous structures increase in com- 
plexity until the food vacuoles are filled with whorls of membranes, not 
continuous with the limiting membrane (Fig. 8).  Finally, food vacuoles 
move to the surface, where the limiting membrane probably fuses 
with the cell membrane and the lamellar bodies are expelled from the 
cell. Empty lamellar structures are found free in the surrounding medium. 

These lamellar structures ( “lamellosomes” ) are universally found when 
cells are digesting cells (see Swift and Hruban, 1964). Several experi- 
menters (e.g., Revel et aZ., 1958; Stoeckenius, 1959) have produced super- 
ficially similar “myelin figures” from phospholipids, and since then, the 
lamellar structures have often been considered “artifacts” produced by 
the digestion of the protein portion of cell lipoproteins (e.g., Swift and 
Hruban, 1964). Lamellosomes clearly represent the leftovers of diges- 
tion. They do not seem to be produced when Naegleria amebae are fed 

section, shows the prominent nucleolus with a nucleolar vacuole. The clear area in 
the lower right is a contractile vacuole. Profiles of mitochondria can be seen at the 
top, bottom, and middle right of the section (see also Fig. 11). The large spherical 
structures around the nucleus are food vacuoles. X16,OOO. 
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FIG. 8. A food vacuole with a particularly complex lamellar structure. X35,500. 
See Figs. 7, 11, and 12 for examples of other food vacuoles. 

heat-killed bacteria (Schuster, 1963a) or, in another species, latex beads 
(Korn and Weisman, 1967). 

Naegleria flagellates have been described many times. The shape of 
“finished or mature flagellates (see Section IV,D) is both plastic and 
uniform, and the adjectives usually applied to this shape-ovoid, pyri- 
form-do not convey an adequate picture. The flagellates have a smooth 
surface and swim actively, with the flageIla leading. The anterior portion 
of the cell is flattened, and often indented where the flagella leave the 
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surface (Wilson, 1916; Rafalko, 1947). The surface contour bulges be- 
hind this flattened area, and then tapers toward the posterior end (Fig. 
5C). The “bulge” is usually asymmetric, greater on one side than the 
other. The posterior end is usualIy rounded, but occasionally ends with 
a hernia of cytoplasm (Wilson, 1916). The precise shape depends on 
the strain and the aqueous environment. Schardinger (1899) and Chang 
(1958b) described their flagellates as pear-shaped, pointed at the an- 
terior end. 

The cytoplasmic inclusions of Naegleria flagellates are similar to those 
in amebae. Even food vacuoles are present, though fewer in number. 
In addition to the structures found in amebae, flagellates contain a 
flagellar apparatus-flagella, basal bodies, rhizoplast, and associated 
structures-no traces of which have been found in amebae. The com- 
ponent structures of the flagellar apparatus (see Fig. 9), as well as 
their interconnections and association with the nucleus, have been 
thoroughly described ( Schuster, 1963a; Dingle and Fulton, 1966). The 
individual components are similar to those found in other flagellates. 

No difference has been found in the structures of the cell membranes 
of amebae and flagellates (Schuster, 1963a; Dingle and Fulton, 1966). 
In particular, the flagellates have no “pellicle” or other surface differ- 
entiation, an observation which is not surprising since flagellates can 
“instantly” revert to amebae (see Section IV,D). The truncated anterior 
end of flagellates may be explained by a localized cytoskeleton of sub- 
surface microtubules (Fig. 9) ,  which emanate from the vicinity of the 
basal bodies and appear to run radially under the surface of the anterior 
end. These have not been described previously in Naegkriu since, like 
many cytoplasmic microtubules (see Porter, 1966), they are preserved 
by glutaraldehyde but not by osmium tetroxide. 

The number of flagella on NaegZeria flagellates has been the subject 
of considerable debate, as previously mentioned (Section II,A). Schard- 
inger (1899) reported that most flagellates have two flagella, but found 
flagellates with four flagella. Alexeieff (1912a) believed Naegkria flag- 
ellates always have exactly two flagella-an influential view to which he 
was perhaps led by comparison with other flagellates such as Chlumy- 
domonas, which almost always do have two flagella. Wilson (1916) also 
believed Naegleria flagellates regularly have two flagella; Pietschmann 
(1929), two to four flagella; and Willmer (1956), four flagella. This list 
of variant reports could be expanded. 

Our conclusion, for all independent isolates of Naegleriu we have 
examined (more than 12), is that the flagellum number is not precisely 
fixed, though in most strains two flagella are most often found. Sample 
distributions of flagellum number for the two strains we have studied 
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FIG. 9. Flagellar apparatus of N .  gruberi NEG. These micrographs supplement 
the detailed description in Dingle and Fulton (1966). Both are of flagellates fixed 
in glutaraldehyde, followed by Os04. ( A )  Transverse section of a flagellum, showing 
the typical “9 + 2” structure and arms on the doublets. ( B )  On the right is a row 
of subsurface microtubules in transverse section; two basal bodies are in the center 
of the micrograph; a striated rhizoplast runs from the two basal bodies toward the 
nucleus, which begins at the bottom left. Both about X87,OOO. 

most extensively, NB-1 and NEG, are given in Table 111. These distribu- 
tions are not absolute, as indicated by the two examples from different 
experiments with NEG, but the basic patterns are reproducible. Page 
(1967a) reported the distribution of flagellum number for eight strains; 
though he found some variability, most of his flagellates had two flagella. 
For example, he found that 100% of his strain no. 36 flagellates had 

TABLE I11 
DISTRIBUTION OF FLAGELLUM NUMBER IN N .  gruberi FLAGELLATES‘ 

~ 

Percent of flagellates with 
Number 1 2 3 4 5 

Strain counted flagella 

NB-I 967 14 66 13 7 0 
N EG 472 16 81 2 1. 0 
NEG 500 23 73 3 1 0 
Page’s no. 36 500 20 75 3 2 0 
Page’s no. 30 500 12 49 32 6 1 

0 Selected examples of flagellates obtained by growt,h and transformation under 
standard conditions (see Fig. 4) a t  25”C, fixed in Lugol’s iodine, and counted using 
phase contrast (X400). The values for NB-1 are based on Fulton and Dingle (1967); 
occasional NB-1 flagellates have five or more flagella. 
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two flagella; when we tested this strain under our conditions, it had 
a distribution similar to strain NEG (Table 111). The cause of the 
difference between Page’s and our results is unknown. 

Under our standard conditions of growth and transformation there 
are reproducible strain differences in the flagella per flagellate. In all 
strains at least some uninucleate flagellates can be found with one, two, 
three, and four flagella. Strains such as NEG and Page’s no. 36 tend to 
have mostly two flagella, while strains such as Page’s no. 30 tend to 
have many flagellates with three or more flagella. Some but not all strain 
differences may be related to ploidy, as shown by experiments with 
strain NEG (Section V,H). Flagellum number is also influenced by 
growth conditions and by transformation conditions ( unpublished ob- 
servations), but we have not found a set of conditions which eliminates 
the heterogeneity in flagellum number completely. 

The question arises whether the distribution may be more regular 
than suggested by the examples in Table 111, for example that all flag- 
ellates have two or four flagella, and the odd numbers are errors of 
observation. Occasional flagella are hidden under cells and not seen, but 
evidence indicates that the counted distributions give a true picture of 
the actual distribution. When the observer rolls around fixed cells by 
pressure on the coverslip (see Fulton and Dingle, 1967), an occasional 
flagellate with one or three flagella becomes a flagellate with two or 
four flagella, but most remain as originally classified. It is possible, in 
fact probable, that some flagellates with one flagellum result from either 
an abortive attempt to form two or from loss of one after two formed. 
Though much remains to be learned about flagellum number in 
Naegbria, our results indicate that the number formed is not fixed, and 
that there are reproducible strain differences in distribution of flagella 
per flagellate. 

Naegbria amebae and flagellates have been used in a few experimental 
studies. The amebae have an electrophoretic polarity (Forrester et al., 
1967). Their density has been measured (Leontjew, 1926); it is such 
that in a dilute aqueous solution the amebae settle at a rate of about 
0.3 mrn per minute (C. Fulton, unpublished). The flagellates of N .  
bistadialis have been reported to move toward light ( McCullough, 1937), 
though in our experience with N .  gruberi phototaxis, if it occurs, is not 
very strong. The flagellates have been used in a comparative study of 
the thermodynamics of flagellar activity (Holwill and Silvester, 1967). 

Tetramitus 

Tetramitus amebae are very similar to Naegleria amebae in size, gross 
morphology, and pattern of movement (Bunting, 1926; C. Fulton, un- 
published), and in their fine structure (Outka and Kluss, 1967). 
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The flagellates of Tetramitus remain an enigma. Though they are ob- 
viously different from other flagellates, and therefore easy to recognize, 
their precise external form has not been described adequately. Klebs’ 
(1892) description, on which Fig. 2 is based, is one of the best: “Body 
basically a narrow egg-shape, truncated at the front, with a beak-like 
projection on one side; constricted at the rear. At the front is a group 
of four flagella of unequal length, set aside in a narrow groove on the 
ventral side. A bowl-shaped mouth lies below the rostrum. The nucleus 
and contractile vacuole are at the anterior end.” The exact spatial ar- 
rangement of the flagella, rostrum, and cytostomal trough remains un- 
certain. Although Klebs (1892) and Klug (1936), among others, refer 
to the flagella as being two pairs of unequal length, my observations 
leave me uncertain of this, and I concur with Bunting’s (1926) vague 
description of the length as “equal or subequal.” 

Tetramitus flagellates have been noticed by several observers to be 
smaller than the amebae (Bunting, 1926; Hollande, 1942; Rafalko, 1951 ) . 
Klebs (1892) described the flagellates as 18-30 p long and 8-11 p wide; 
Bunting (1926) and Hollande (1942) reported them as 1418 p long 
and 7-10 p wide. 

Tetramitus flagellates mostly have four flagella, though the stable, 
reproducing flagellates I have studied (provided by Brent) have from 
two to six flagella, suggesting that in Tetramitus, as in Naegleria, fla- 
gellum number is not rigidly fixed. 

The basic ultrastructural features of Tetramitus flagellates are very 
similar to those of Naegkh ,  including all the components of the flagellar 
apparatus (Outka and Kluss, 1967). Though Bunting ( 1926) and others 
refer to a pellicle, the cell membrane of flagellates shows no special 
differentiation. Outka and Kluss (1967) found that the shape of the 
flagellates, and especially the rostrum and cytostomal groove, are cor- 
related with an extensive array of subsurface microtubules. 

Tetrurnitus flagellates are vigorous swimmers, and are strongly at- 
tracted to, and concentrate near, surfaces: the tops of unagitated tubes, 
the ends of open capillaries, the edges of slide-coverslip preparations. 
Klebs (1892) saw flagellates eat; when bacteria came into the cytostome, 
“they sank into the cytoplasm.” Food vacuoles are found, similar to those 
in Naegkriu (Outka and Kluss, 1967), and they accumulate toward the 
rear of the flagellates. 

My xomyce tes 

The myxamoebae and swarm cells of Myxomycetes superficially re- 
semble Naegleria and Tetrarnitus, but there are important differences, 
exemplified by the swarm cells. As described by several observers, in- 
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cluding de Bary (1887), the swarm cells are pointed at the anterior end, 
where the flagella and nucleus are found, and broad and ameboid at 
the posterior end, where the contractile vacuoles are located. Alexopoulos 
(1963) referred to swarm cells as “flagellated myxamoebae,” and de 
Bary (1887) noted that “swarm cells with purely amoeboid motion 
have been unnecessarily distinguished by the name of myxamoebae.” 
Swarm cells do not seem to be very good swimmers, and alternate swim- 
ming-which de Bary referred to as a “hopping movement”-and crawl- 
ing, using the pseudopodia at their hind end. 

Another difference is in the accessory microtubules of the flagellar 
apparatus. The swarm cells have a Verbindungstuck or “flagcllum cone” 
(Jahn, 1904; Cadman, 1931), seen clearly by light microscopists, which 
runs from the basal bodies to the nucleus, and proves to be composed 
of microtubules ( Schuster, 1965b; Aldrich, 1968). No rhizoplast is 
present. 

The swarm cells have one to two anterior flagella (see Gilbert, 1927; 
Elliott, 1949; Martin, 1960; Alexopoulos, 1963; von Stosch, 1965; Schuster, 
1965b), though often one flagellum is short and hard to see. Kerr (1960) 
found that swarm cells of Didymium nigripes have only one flagellum at 
first; a second one becomes evident later. Haskins (1968) found that 
swarm cells of Echinostelium minutum have one to four flagella, with 
two being most common. 

B. The Nucleus and Mitosis 

Naegleria 

Singh (1952) wrote in reference to N .  gruberi, “The study of nuclear 
division in this amoeba has created more confusion, in the past, than 
that of perhaps any other form among the small free-living amoebae.” 
Singh‘s conclusion seems conservative to me. Before looking at the sources 
of confusion, and the issues involved, it will help to look at the pattern 
of nuclear division in Naegleria amebae, The Feulgen positive, and there- 
fore DNA-containing, chromatin lies around the periphery of the inter- 
phase nucleus, outside the nucleolus (Fig. 10a). During prophase, the 
nucleus enlarges and the chromosomes condense ( b ) .  As the chromo- 
somes move toward the equatorial plate, the nucleolus elongates and 
becomes dumbbell shaped, creating the two polar masses (c,d). The 
chromosomes gradually separate as the polar masses pull apart ( e,f ). In 
anaphase and telophase an interzonal body, from the nucleolus, is left 
behind toward the center of the division figure, so the chromosomes are 
sandwiched in a clear area between the optically dense polar masses 
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FIG. 10. Karyokinesis in N .  gruberi (diagrammatic). Drawn from original draw- 
ings and photographs, and including information from Rafalko (1947), Singh (1952), 
and others. For clarity Feulgen-positive material is shown in black. ( a )  and ( j )  
Interphase; (b-c) prophase; ( d )  metaphase; ( e )  anaphase; (f ) telophase; ( g)  
teIophase with cytokinesis; ( h )  same stage as g, but drawn as seen by Vahlkampf 
(1905) and others; ( i )  and (j) just after cytokinesis. Approximately X1500. 

and interzonal body ( f-g) . The nuclear envelope remains intact through- 
out karyokinesis. Toward the end of telophase, the interzonal body 
breaks in half (g).  Cytokinesis occurs, and each polar mass and inter- 
zonal body coalesce, as the chromosomes elongate and the nuclei re- 
organize their interphase morphology ( i-j ). 

As far as is known, the behavior of the chromosomes during karyo- 
kinesis is quite conventional, and follows the pattern of classical (i.e., 
textbook) karyokinesis, which permits staging of Naegleria mitosis with 
the standard terms and definitions (Fig. 10). But controversy has raged 
about the behavior of the chromosomes, as well as about the division of 
the nucleolus, the presence and origin-or the absence-of centrioles, 
and other matters. These issues are important today, in part because 
anyone wishing to use Naegleria as a research partner would want 
to evaluate the nature of the nucleus and its components. Do the 
superficially unorthodox features of mitosis indicate fundamental differ- 
ences from other eucaryotic cells? For example, the nucleolus divides : 
is it a true nucleolus, or something else (e.g., a macronucleus)? Though 
such questions are not definitely answered, enough information is avail- 
able for informed judgment. 

The controversies, now largely only of historical interest, had several 
roots. One is the limited resolution of the light microscope. These nuclei 
are relatively small, roughly 4-5 in diameter. The chromosomes are 
minute, and not easily seen. Centrioles, if present, would be even smaller. 
Another source of disagreement came from staining. Prior to Rafalko’s 
(1947) use of the Feulgen reaction, observers depended on hematoxylin 
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and other nonspecific stains. Sometimes, it seems, they failed to stain the 
chromosomes, and interpreted the movements of the polar masses, and 
the interzonal body, as movements of “chromosomes.” In other cases the 
nonspecific staining led to erroneous conclusions, such as that chromatin 
comes from the nucleolus. Still another source of arguments were some 
preconceived ideas about what should be present, such as centrioles, 
which led observers to struggle very hard to see things that were not 
present-over and over again. 

As was so often the case, Schardinger (1899) gave both the first and 
an accurate description of mitosis in Naegleria. He described, based on 
observations of living amebae, the elongation of the nucleolus, how it 
becomes dumbbell shaped (huntelfdrmig), how the polar masses sep- 
arate leaving a connecting filament that finally breaks, and how all 
this occurs within the nuclear membrane, which itself divides. Schard- 
inger saw mitosis rarely, so did not attempt staining. 

The discovery of intranuclear karyokinesis, with division of the nu- 
cleolus, is generally credited to Vahlkampf ( 1905), who reported divi- 
sion of an Amoeba l i m x  that may have been Naegleria. Vahlkampf saw 
the nucleolus clearly, but his drawings barely show chromosomes at all 
(Fig. 1Oh). This emphasis on division of the nucleolus, and the inter- 
zonal body, is found in many of the subsequent descriptions, and pro- 
vides a basis for growing confusion. Nagler (1909) described similar 
mitosis, and gave it the name “promitosis.” As Nagler saw it, promitosis 
was primitive (pro meaning before), and he considered the nucleolus 
as the division center, which gives rise to the chromatin, and contains 
intranucleolar centrioles. This idea was gradually modified, so that Wilson 
(1925, p. 1141), for example, defined promitosis as a “primitive type 
of mitosis in Protista in which the whole process is intranuclear, asters 
are absent, and a large ‘karyosome’ is present.” But Nagler’s ideas 
about the nucleolus as division center, source of chromatin, and home 
of centrioles persisted. 

There have been numerous subsequent descriptions of mitosis in N .  
gruberi or very similar organisms, among the most thorough of which 
are those of Wasielewski and Hirschfeld (1910), Wilson (1916), Pietsch- 
mann ( 1929), Rafalko ( 1947), and Singh ( 1952) .5 

‘The list of those who described mitosis in Naegleria includes Schardinger 
( lS99) ,  Vahlkampf (1905), hag50 ( 1909), Dangeard (1910), Wasielewski and 
Hirschfeld (1910), Alexeieff (1911, 1913b), Whitmore (1911), Glaser (1912), 
Wherry (1913), Ford (1914), Wasielewski and Kiihn (1914), Wilson (1916), 
Zulueta (1917), Kiihn (1920), Wenyon (1926), Pietschmann (1929), Ivani6 (1936), 
Rafalko (1947), Singh (1952), Chang (1958a), Pittam (1963), and Page (1967a). 
Not all of the early descriptions necessarily refer to N .  gruberi, or even to any 
Naegleria species. 
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FIG. 11. Metaphase-anaphase of mitosis in N .  gruberi NB-1. The nuclear mem- 
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We can now examine the diff erences-real and spurious-between 
mitosis in Naegleriu and other eucaryotes. 

Karyokinesis in Naegleria amebae is definitely intranuclear. In a search 
for centrioles in Naegleria (Fulton and Dingle, 1969) we have had occa- 
sion to examine the ultrastructure of hundreds of mitotic figures, and 
have never found any definite discontinuity in the nuclear envelope 
during division. Two examples are shown here (Figs. 11 and 12). The 
nuclei of mitotic amebae contain a spindle composed of bundles of 
microtubules, seen when cells are fixed with glutaraldehyde (Fulton and 
Dingle, 1969). These microtubules, though entirely inside the nuclear 
envelope, are similar to those observed in the extranuclear spindles of 
other eucaryotes. Intranuclear mitosis is not uncommon among the 
protists, from fungi (e.g., Ichida and Fuller, 1968) to ciliates (e.g., 
Jenkins, 1967). 

Since Rafalko (1947) used the Feulgen reaction on Naegleria, there 
has been general agreement that chromosomes reside near the nuclear 
envelope during interphase, and go through conventional motions during 
mitosis (Singh, 1952; Pittam, 1963; Page, 1967a). The possibility that 
chromosomes come from the nucleolus (initiated by Vahlkampf and by 
Nagler) seems properly to be a dead issue. The chromosomes have been 
counted. Wasielewski and Hirschfeld (1910) reported 3 to 4, Ford 
(1914) and Wilson (1916) reported 8, Pietschmann (1929) 10 to 12, and 
Rafalko (1947) 14 to 16. I would like to believe these authors, but I 
have made many attempts and concluded that the chromosomes are 
too small and too closely packed (in metaphase) to count accurately. 
Page (1968) considers chromosome counts “out of the question.” We 
have been unable to unequivocally distinguish the chromosomes in 
electron micrographs. Equal distribution of chromosomes is the essence 
of mitosis; as far as can be observed, karyokinesis in Naegleria is orthodox 
in this respect. 

Because the nucleolus divides, and especially because of Nagler’s 
ideas, people questioned whether it was a nucleolus at all, and it 
became fashionable-indeed almost universal-to call it an “endosome” 
or “karyosome.” Almost nothing is known about the nucleolus of Naegleriu 
-certainly nothing about whether it has a nucleolus organizer or 
what its function is-but this is true for most organisms. Though one 
recent text notes, as do most, that “the disintegration of the nucleolus is 
one of the most characteristic events of prophase” (Bresnick and 
Schwartz, 1968), this cannot be considered a fundamental characteristic 
of nucleoli, Persistence of the nucleolus through division is uncommon 
brane is intact, The nucleolus is fragmented (cf. Fig. 7 ) ,  but still can be seen. 
Spindle microtubules are preserved ( glutaraldehyde fixation ) . Centrioles are absent. 
X 16,000. 
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FIG. 12. Telophase of mitosis in N .  gruberi NB-1. The insert shows the entire 
ameba from which the enlarged view was taken. The nucleolus is more compact 
than in anaphase. The nuclear membrane remains intact, except possibly at the 
point of separation of daughter nuclei. Neither chromosomes nor centrioles are 
seen. X18,500. 

but is found in organisms scattered throughout the Protista (Wilson, 
1925; Kudo, 1966), including some fungi (Robinow and Bakerspigel, 
1965) and euglenoid flagellates (Leedale, 1967). Exceptions to the dis- 
appearance of nucleoli have been noted in higher plants (e.g., Brown 
and Emery, 1957) and in mammalian cells (e.g., Heneen and Nichols, 
1966), though in these cases the persistent nucleoli do not participate 



13. AMEBO-FLAGELLATES AS RESEARCH PARTNERS 385 

in division in an orderly way (see Sirlin, 1962). It is possible that in 
“typical” mitosis, where nucleoli disappear and reappear, they may be 
dispersed and reassembled (Harris, 1961; Brinkley, 1965). These ob- 
servations indicate that the persistence and division of nucleoli in 
Naegleria is neither unique nor necessarily an indication that these 
nucleoli are fundamentally difl’erent from those which disappear during 
division. 

The structure of a Naegleriu nucleolus (Fig. 7 and Vickerman, 1962; 
Schuster, 1963a; Dingle and Fulton, 1966) is similar to that in other 
organisms (cf. Swift et al., 1965). A Naegleriu nucleolus contains fibrillar 
and particulate elements, often one or more nucleolar vacuoles, and has 
no limiting membrane. It contains protein (Unna and Tielemann, 1918) 
and RNA ( Pittam, 1963), and no detectable DNA (Rafalko, 1947; Singh, 
1952; Pittam, 1963). Naegbria nucleoli incorporate uridine ( Schuster 
and Svihla, 1968), and actinomycin D has been reported to cause changes 
in the nucleoli (Balaniuth, 1965), as it does in other organisms (Schoefl, 
1964). 

With one exception observers have concluded that the nucleolus of 
Naegbriu remains intact throughout division. Pittam ( 1963) reported 
that the nucleolus disintegrates briefly during prophase, and then re- 
appears. Page (1967a) questioned this, and so do I. Phase-contrast 
observations of thousands of OsO,-&ed NB-1 amebae fixed during syn- 
chronized division, when up to 60-70% of the cells are in mitosis (Fulton 
and Guerrini, 1969), revealed evident, dense-appearing nucleoli in all 
stages of mitosis. Though the nucleolus looks intact throughout division 
to the light microscopist, electron micrographs of glutaraldehyde-fixed 
amebae show that during inetaphase and anaphase, at least, the structure 
of the nucleolus loosens and becomes more diffuse (cf. Figs. 7 and 11). 
The nucleolus seems to become more compact again in telophase 
(Fig. 12). This loosening and reassociation of the nucleolus during 
division, though only partial, suggests even more similarity to the 
“typical” nucleolus. 

Much remains to be learned about the nucleolus of Naegleria, but 
what is known makes it seem reasonable to conclude that it is a typical, 
though large, nucleolus that happens to persist through karyokinesis. 

The interzonal body (named by Rafalko, 1947) seems clearly to be 
left behind from the nucleolus as it divides, as most observers agree [as 
Chang (195th) said, “a piece drops out”]. The fine structure of the 
interzonal body is similar to that of the polar masses (Fig. 12 and un- 
published observations). Pittam ( 1963) and Page ( 1967a) reported 
that the interzonal body is not always seen; I have found it regularly in 
strain NB-1 during telophase (Fig. 5A), but not always in anaphase. 
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Ford (1914), Rafalko (1947), Singh (1952), and Chang (1958a) all 
described “polar caps”-structures between the polar masses and the 
nuclear envelope. Though there is sometimes space in that region (Fig. 
l l ) ,  no structure corresponding to polar caps has been observed in 
electron micrographs, and I agree with Pittam (1963) and Page (1967a) 
that these are probably “spurious structures.” 

Lastly, we come to the question of centrioles. Since Nagler (1909) 
decreed the nucleolus a division center, containing centrioles, some have 
“seen” centrioles in the Naegleria nucleolus (e.g., Wasielewski and Hirsh- 
feld, 1910; Wilson, 1916). A frequent “home” is the nucleolar vacuole. 
Others, especially Rafalko (1947), place them outside the nucleus, draw- 
ing a typical, pointed spindle. We have made an exhaustive and exhaust- 
ing electron microscope study, which gives a clear answer: no centrioles 
are present during mitosis (Fulton and Dingle, 1969). It is hard to ex- 
plain the light microscope reports of centrioles, except to note that ob- 
servers tended to “see” centrioles where they expected to find them. 
Many observers did not find centrioles (Alexeieff, 1913b; Dobell, 1914; 
Ford, 1914; Singh, 1952; Chang, 1958a; Schuster, 1963a; Page, 19674. 
There are cases in other organisms of intranuclear mitosis with extra- 
nuclear centrioles (e.g., Ichida and Fuller, 1968; Lessie and Lovett, 
1968), but I know of no cases of intranuclear centrioles which have 
been verified by electron microscopy. 

Naegleriu amebae remain motile during most of division, rounding up 
only briefly during cytokinesis (Wilson, 1916; Pittam, 1963; Page, 1967a). 
The time from the beginning of nucleolar division to cytokinesis has been 
estimated as 15-20 minutes (Schardinger, 1899; Rafalko, 1947; Fulton 
and Guerrini, 1969). 

These observations lead me to conclude that there is nothing extraor- 
dinary about Naegleria mitosis, nothing outside the continuous spec- 
trum of mitotic patterns found in other organisms, nothing to suggest 
that the genetic apparatus of Naegleria might be unorthodox. Some 
future observation could reveal a fundamental difference, but the differ- 
ences of the past, beginning with Nagler’s promitosis, seem easily dis- 
posed of as basically fallacious. The nucleolus divides, but is not a 
division center or the source of chromatin, and contains no centriole. 
I suggest that because of its implications the term “promitosis” should 
be dropped, even as a descriptive term for this type of mitosis. Intra- 
nuclear mitosis with persistent nucleolus is much more descriptive. It 
also seems that, at our present state of knowledge, the term nucleolus 
is proper, and endosome or karyosome unnecessary for Naegleriu. Obvi- 
ously, there is still much to be learned about the nucleus, and its chromo- 
somes and nucleolus, as well as about the interesting, but here irrelevant, 
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questions of mechanism raised by the intranuclear spindle and by nu- 
cleolar division. 

Multinucleate Naegleria amebae, with as many as 40 nuclei (Wherry, 
1913), have been reported frequently. These multinucleate amebae 
probably result from unfavorable growth conditions which permit limited 
karyokinesis but not cytokinesis. They we rare in our cultures, though 
binucleate cells could be produced by subjecting mitotic NB-1 amebae 
to trauma ( Fulton and Guerrini, 1969). Synchronous karyokinesis has 
been described in multinucleate amebae (Wherry, 1913; Wilson, 1916). 
Multipolar mitosis has also been described (Wasielewski and Hirsch- 
feld, 1910; Kiihn, 1920). 

Exogenous budding, to which Wilson ( 1916) attached significance, in 
modern terms consists of the breaking off of bits of anucleate cytoplasm. 
This is relatively common in Naegleria. The anucleate fragments move 
abortively for several hours ( Fulton, unpublished) ; their subsequent 
fate is unknown. 

Naegleria flagellates are not known to divide. Wenyon (1926) figured 
a single flagellate with a nucleus in metaphase (his Fig. 120-12), which 
he interpreted as an ameba that developed flagella while in the process 
of division. Fulton and Guerrini (1969) found that mitotic amebae com- 
pleted mitosis before or during transformation; all flagellates observed 
had interphase nuclei. 

Tetramitus 

Both the amebae and flagellates of Tetramitus have karyokinesis similar 
to Naegleriu amebae, right down to the presence of an interzonal body. 
Dallinger (1886) and Calkins (1898) first described nuclear division in 
flagellates. Dallinger’s observations are primitive, and show evidence 
of a liberal imagination, but they came very soon after the discovery of 
chromosomes. Calkins apparently preferred to forget his strange descrip- 
tion since he did not mention it in any of his subsequent texts (e.g., 
Calkins, 1926), though it is cited and figured by Wilson (1925), Calkins’ 
colleague at Columbia. Alexeieff ( 1914) accurately described karyo- 
kinesis in flagellates, followed by the descriptions, for both amebae and 
flagellates, of Bunting and Wenrich ( 1929), Hollande (1942), and 
Rafalko (1951)-the last of which used Feulgen reagent. These authors 
found no difference in the pattern of karyokinesis in amebae and flag- 
ellates, and their descriptions suggest no difference from karyokinesis 
in Naegleria. No centrioles seem to be present in amebae. In flagellates 
the basal bodies divide separately from the nucleus (Bunting and Wen- 
rich, 1929; Rafalko, 1951). Rafalko ( 1951) reported that Tetramitus 
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amebae have 10-12 chromosomes, but Bunting and Wenrich (1929) 
found the chromosomes too small and impossible to count. 

M yxomycetes 

The pattern of karyokinesis in Myxomycetes is different in myxamoebae 
and in plasmodia (Wilson and Cadman, 1928; Cadman, 1931; Howard, 
1932; Schuster, 1964,1965b; Kerr, 1967; Aldrich, 1967; McManus and Roth, 
1968; Guttes e t  al., 1968; and others). Both are different from Naegleria. 
In both myxamoebae and plasmodia the nucleolus fades and reappears 
during mitosis, though in plasmodia the dissolution of the nucleolus 
may be only partial (Guttes et al., 1968). Myxamoebae have “classical” 
mitosis, with dissolution of the nuclear membrane, and centrioles at the 
poles. In plasmodia, division is intranuclear, with a spindle and no 
centrioles. (Meiosis, as described by these authors, is also intranuclear 
without centrioles. ) In both myxamoebae and plasmodia, chromosomes 
are visible in electron micrographs of mitotic cells (Schuster, 1964, 
196513; Aldrich, 1967; McManus and Roth, 1968). Early counts of the 
number of chromosomes (e.g., Wilson and Cadman, 1928; Cadman, 1931) 
are considered doubtful (Koevenig and Jackson, 1966; S. Kerr, 1967, 
1968; Ross, 1966, 1967b). Treatment of myxamoebae with ribonuclease 
causes disappearance of the nucleolus (Koevenig, 1964), an experiment 
that has not been tried with Naegleria. 

C. Encystment and Excystment 

Naegleriu 

The gross morphology ( Schardinger, 1899; Wilson, 1916; Rafalko, 
1947; Page, 1967a) and fine structure (Schuster, 1963b; Schuster and 
Svihla, 1968) of Naegleriu cysts have been described. The cysts are 
rounded and smooth-walled, and the walls are double with a thin outer 
and a thick inner wall (Fig. 5B ) . The walls are pierced by three or more 
pores (Dangeard, 1910), which are plugged. The pores are definite but 
not obvious (Fig. 6) .  The cysts are slightly smaller than amebae, rang- 
ing from about 6 to 18 in diameter. Though the cysts are usually uni- 
nucleate, cysts with two or more nuclei have been described; these are 
larger and can have twenty or more pores (e.g., Wenyon, 1926). The 
nucleolus is smaller in cysts than in amebae (Wilson, 1916; Rafalko, 
1947), and probably has less RNA (Schuster and Svihla, 1968). Nuclear 
division has never been observed in cysts, or during en- or excystment. 
Food vacuoles are not obvious in cysts (Wilson, 1916), but they do 
persist during encystment ( Schuster, 1963b). 
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The cyst walls probably contain cellulose ( Werth and Kahn, 1967), 
though in intact cysts it is masked and not readily demonstrated (Page, 
1967a; Werth and Kahn, 1967). The outer wall is digested by proteolytic 
enzymes ( Napolitano and Cohen, 1964) ; the inner wall and plugs contain 
polysaccharides (Page, 1967a). Werth and Kahn ( 1967) isolated the 
cyst walls by breaking the cysts, and analyzed their gross chemical 
composition, but it should be noted that the isolation procedure involved 
trypsin digestion of the walls, so protein components may have been 
removed. 

Cysts can survive brief exposure to 45°C (e.g., 20 minutes), a treat- 
ment which kills and lyses amebae (Chang, 1958a; C. Fulton and L. 
Wangh, unpublished), though not those of a pathogenic strain (Butt 
et al., 1968). Cysts survive, and amebae lyse, when mixed suspensions 
are treated with 0.1% (w/v)  solutions of the detergent Sarkosyl (sodium 
lauroyl sarcosine from Geigy Industrial Chemicals, Ardsley, New York; 
C. Fulton, unpublished). Picric acid kills amebae sooner than cysts 
(Hajra, 1959). Cysts can survive drying, though not as readily as the 
cysts and spores of some other organisms (Section V,D). 

Encystment has an obvious adaptive function since cysts can survive 
environmental conditions lethal to amebae, but the conditions inducing 
encystment of Naegleria amebae are unknown. Starvation has often been 
considered, and is a reasonable candidate, though as Schuster and Svihla 
(1MS) pointed out, encysting amebae must have available sufficient 
energy-producing and biosynthetic capacities to meet the requirements 
for cyst construction. Chang (1958a) suggested that drying causes en- 
cystment, but this is unlikely since encystment can occur in liquid 
( e.g., Schuster, 1963b; Fulton and Dingle, 1967). Amebae of strain NB-1 
growing on agar plates rapidly encyst after they reach stationary phase 
(A. D. Dingle and C. Fulton, unpublished), whereas strain NEG 
amebae form unstable cysts on regular agar plates, and require a differ- 
ent, though undefined, environment for stable encystment ( Section 
V,D ) . Liquid axenic cultures of some strains encyst ( Schuster and 
Svihla, 1968), but in our experience strain NEG does not form stable 
cysts in axenic cultures. Further work is needed before Naegleria encyst- 
ment can be considered controlled, as it has been in Acanthamoeba (Neff 
et a!., 1964). 

The morphological changes during encystment have been described 
briefly (Wilson, 1916; Schuster, 196313): amebae round up, their con- 
tractile vacuoles arc active but finally disappear, as the cytoplasm is 
reorganized and the wall built. Schuster and Svihla (1968) described 
ribonucleoprotein-containing vesicles in the cysts, probably equivalent 
to the “chromidia” of Wilson (1916). Schuster and Svihla consider these 
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vacuoles to be autophagosomal, derived from the cytoplasm. Another 
possibility is suggested by the observations of Ray and Hayes (1954) 
on encystment of Hartmannellu astronyxk, in which decrease in size 
of the nucleolus is accompanied by extrusion into the cytoplasm, where 
RNA-containing bodies appear. The nucleolus of Naegleria also gets 
smaller during encystment, RNA-containing bodies appear in the cyto- 
plasm, and Wilson (1916) reported that “chromidia formation is at the 
expense of the karyosome.” 

Excystment occurs readily when cysts are inoculated into fresh culture 
medium with bacteria. Wilson ( 1916) considered excystment “a reaction 
to a favorable change in the medium,” and Page (1967a) found that 
excystment occurred in water. We have found marked strain differences 
in the requirements for excystment (for strains, see Section V,A) : 

(1) Cysts of strain NB-1 excyst in response to an increased partial 
pressure of C0,-an increase from 0.03 to 0.8% is sufficient ( Averner and 
Fulton, 1966). This is probably the mechanism by which bacteria induce 
excystment of strain NB-1. Though strain NB-1 can excyst in many en- 
vironments, excystment seems to have an absolute dependence on an 
initial exposure of cysts to elevated CO?. 

(2)  Strain NEG cysts can excyst if simply placed in an aqueous en- 
vironment ( C. Fulton, unpublished). Elevated C 0 2  is unnecessary for 
some NEG cysts, but usually does increase the proportion of cysts which 
excyst (Fig. 13). The conditions under which NEG encysts also influ- 
ence the dependence on increased CO,. For example, “edge plate” 
(Section V,C) cysts are less dependent on CO, for excystment than are 
“double-stripe plate” cysts. With the latter cysts, in one case 27% excysted 
without added CO,, whereas 85% excysted with 0.8% CO,. In all cases 
at least some NEG cysts excysted without elevated CO?, whereas no 
NB-1 cysts would excyst under comparable conditions unless the CO, 
was increased. 

( 3 )  Strain J25 seems intermediate between NB-1 and NEG, since 
its cysts can excyst without CO, (or with less C 0 2 ) ,  but both the rate 
and extent of excystment are greatly influenced by increased CO,. 

( 4 )  Strain Mt.0 may have at least a partial dependence on CO,, but 
also depends absolutely on unknown factors in the environment. Cysts 
of Mt.0 excyst in a dilute yeast extract and peptone solution in MS-1 
saline (Section V,B), but do not excyst at all in the tris buffer which 
suffices for NB-1, J25, and NEG. 

These observations make sense if one postulates that an osmotic flow 
of water into cysts initiates excystment of Naegleria. On this basis CO, 
might initiate excystment in strain NB-1 by somehow starting the inflow 
of water. Elevated C 0 2  is only required for a short time, after which 
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FIG. 13. Excystment and transformation of N .  gruberi NEG. Cysts from an 
“edge plate” (Section V,C) were suspended in iced water, and 0.1% Sarkosyl added 
to lyse amebae. The cysts were sedimented by centrifugation, washed twice in cold 
water, and finally resuspended in tris (Section V,B) at 10’/ml. Ten-milliliter aliquots 
were placed in two 125-ml flasks. One flask (open symbols) was left open to the 
room atmosphere. The atmosphere in the other flask (filled symbols) was adjusted 
to 0.8% (v/v)  CO, in air (Section V,E). Immediately after adjusting the atmosphere, 
at zero time, the flasks were placed at 25.6”C in a water bath and shaken at 150 
reciprocal cycles per minute. Samples were fixed in Lugol’s iodine. Excystment was 
measured by counting the number of transitional (amebae emerging) and empty 
cysts among 100 cysts (free vegetative cells being ignored). Transformation was 
evaluated by counting the proportion of cells with flagella among the free vegetative 
cells (cysts being ignored). 

excystment can proceed to completion in atmospheric CO, ( Averner and 
Fulton, 1966). Some cysts of other strains, possibly permeable to water 
without elevated CO,, excyst if simply immersed in liquid. The relation 
between CO, and the flow of water remains a question for future study. 

For any cysts, the environmental requirements and stimuli for excyst- 
ment should ensure that cysts excyst into an environment likely to pro- 
vide for survival and growth. Averner and Fulton (1966) suggested that 
CO, may, in this sense, be an excellent signal for excystment, and gave 
indications from the literature that COz may be a stimulus for excyst- 
ment in a number of protists. The finding that some strains of Naegleria 
seem only slightly dependent on CO, does not diminish the validity of 
these conclusions. 

Cysts undergo a regular sequence of morphological changes during 
excystment, as described for strain NB-1 by Averner and Fulton (1966) 
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The first observed change is the appearance in the cytoplasm of large 
phase-dense granules, of unknown composition. These granules appear 
within 20 minutes under conditions where amebae emerge from the cyst 
walls at 80 minutes. Soon thereafter contractile vacuoles are evident, and 
ameboid motion begins within the cyst. Amebae emerge through one 
of the pores, apparently by digesting the plug (Schuster, 1963b). Often 
amebae attempt to emerge through more than one pore (Wilson, 1916), 
though they eventually leave through one pore. Schuster (196313) has 
estimated the size of the pores as 0.6 p; in any event the constriction 
of the amebae and their nuclei during emergence is dramatic (Fig. 5B). 
The cyst pores are especially evident in the empty walls that remain 
after excystment. 

Tetramitus 

Bunting (1926) described the cysts of Tetrumitus and their formation. 
The cysts are round, with a smooth, thin wall. The nucleolus is smaller 
than in amebae, and the cysts are filled with chromidia, which appear 
during encystment. Bunting believed the chromidia came from the nu- 
cleolus. When cysts are transferred to “fresh medium,” the contractile 
vacuoles become active, and the cyst wall is ruptured and dissolved 
as the amebae emerge. In our experience, Tetramitus encysts and excysts 
readily in its growth environment (including bacteria), but nothing fur- 
ther is known about the conditions or requirements. 

According to Bunting (1926) and other observers, only amebae form 
cysts or emerge from cysts. Cysts were unknown as long as T .  rostratus 
was known only as a flagellate. 

M yxomycetes 

The spores of Myxomycetes are probably not fundamentally different 
from the cysts of Naegleriu and Tetramitus, so spores and cysts can 
be discussed together. (The myxamoebae of some Myxomycetes can en- 
cyst directly, forming “microcysts,” but these have been little studied; 
see Cadman, 1931; Schuster, 1965b). Schuster (1964) has described the 
fine structure of spores of Didymium nigripes, whose walls, as those 
of other Myxomycetes ( Alexopoulos, 1963), probably contain cellulose. 
Schuster notes that the wall of Didymium spores is structurally different 
from the wall of Naegleriu cysts. Sporulation, the final event in fruiting 
body construction, has been studied in Myxomycetes by several authors. 
For example, Daniel and Rusch (1962) have implicated light, and either 
niacin or tryptophane, in sporulation of Physarum polycephalum. 

Placing the spores of many species of Myxomycetes in water suffices 
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FIG. 14. Patterns of excystment and germination in amebo-flagellates, illustrated 
by the empty walls left behind. Amebae excyst through preexisting pores in the wall 
(A),  by splitting the wall ( B  ), by formation of a large exit pore during germination 
(C) ,  and by dissolution of the wall (D).  

to induce germination (de Bary, 1887; Gilbert, 1928; Cadman, 1931; 
Martin, 1940; Alexopoulos, 1963), which permits the conclusion that in 
nature spores germinate when it gets warm and rains ( Alexopoulos, 1963). 
Some species seem to require other, unknown factors (Gilbert, 1929; Smart 
1937; Parker, 1946), which may include CO,. In some species germina- 
tion is enhanced by wetting agents, such as bile salts (Elliott, 1949). 

In some Myxomycetes, spore viability is lowered by the presence of 
bacterial wastes during sporulation ( Kerr and Sussman, 1958; Haskins, 
1968). 

It is instructive to compare the patterns of excystment and spore 
germination in amebo-flagellates. The pattern of Nuegkria gruberi, ex- 
cystment through preexisting plugged pores (Fig. 14A), is relatively 
uncommon. I know of no really similar organism, though some unrelated 
amebae do excyst through preformed pores (see Singh, 1952, p. 441; 
Ray and Hayes, 1954; Page, 1967b), and one slime mold, Echinostelium 
minutum, has specific places in the spore wall through which it germi- 
nates ( AIexopouIos, 1960). Myxomycete spores have been reported to 
germinate by cracking the spore wall, digesting a hole through it, or 
dissolving it (Fig. 14B-D; Alexopoulos, 1966, and references above). 
The last method ( D )  is similar to excystment in Tetrumitus, which 
seems to pass through a transitory phase comparable to pattern ( B ) .  
How fundamental are these different patterns of germination? There is 
no definite answer to this question. In one myxomycete, spore germina- 
tion could be induced to change from the splitting pattern ( B )  to the 
pore pattern (C)  by treatment of the spores with cellulase (Koevenig, 
1964). In another case, spores of the pore type ( C )  germinated like the 
split type ( B )  after treatment at high temperature (Smart, 1937). These 
observations suggest that these three patterns-splitting the spore wall, 
or digesting a hole in it, or digesting it entirely (Fig. 14B-D)-may not 
be fundamentally different. On the other hand, the pattern of cysts with 
pores ( A )  seems a distinctly different plan. 
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D. Transformation of Amebae into Flagellates and 
Reversion to Amebae 

The ability of these organisms to be amebae at one time and flagellates 
at another is the distinguishing and most remarkable trait of amebo- 
flagellates. Several have listed the amebo-flagellate transformation, 
especially that of Naegleria, among “model systems” for study of cell 
differentiation ( e.g., Trager, 1963; Sonneborn, 1964; Padilla and Cameron, 
1968). As yet, in spite of this interest, relatively little is known about 
the phenotopic changes. 

Terminology 

In this review, in conformity with recent literature, transformation 
refers to the conversion of amebae into flagellates; reversion refers to 
the conversion of flagellates to amebae. Transformation is an appropriate 
term, of long-standing use (since Schardinger, 1899, used Umgestaltung ), 
arid neither as fancy nor as open to debate as differentiation, meta- 
morphosis, or metaplasia. The term transformation does suggest certain 
DNA-mediated genetic transformations which recently have attracted 
somewhat more attention, but this is not likely to cause confusion. Re- 
version implies an uninteresting return to the original state; in this sense 
the term reversion is as appropriate or inappropriate here as when used 
in mutation studies. Transformation and reversion suffice for communica- 
tion, and avoid the introduction of specialized and unsatisfactory terms, 
such as Wilson’s ( 1916 ) enflagellation and exflagellation. 

Naegbria Transformation 

Naegbria amebae undergo three basic morphological changes during 
transformation into flagellates: (1) body shape changes from ameboid 
to the relatively stable flagellate shape, ( 2)  preexisting large organelles, 
the contractile vacuole and especially the nucleus, move about in amebae 
but seem stably positioned in flagellates, and (3) the new organelles of 
the flagellar apparatus form. Major descriptive studies of transforma- 
tion include Schardinger ( 1899)) Wilson ( 1916), Pietschmann ( 1929), 
Rafalko (1947), and, for the fine structure changes, Dingle and Fulton 
( 1966). 

The sequence of external changes has been described and measured 
for strain NB-1 (Fulton and Dingle, 1967), using the approach already 
outlined (Section 1,B). The sequence for strain NEG is similar (C. 
Fulton, unpublished). After a “latent period during which no known 
morphological change occurs, the amebae cease to move-the cytoplasm 
seems to “gel” during this period-and gradually round up into spheres. 
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As the surface contour of the cells becomes smooth, flagella appear and 
elongate; as the flagella become active enough to permit swimming, 
the cell body elongates to an ovoid and finally to a typical “flagellate” 
shape (Fig. 4 ) .  

Though flagella can grow out while a cell remains ameboid, cells of 
strains NB-1 and NEG regularly round up before flagella become visible.6 
Schardinger (1899) and Pittam (1963) also found that amebae round 
up before or during flagellum outgrowth. Others have described flagel- 
lum outgrowth before amebae round up (Rafalko, 1947; Willmer, 
1956; Chang, 1958b; Schuster, 1963a). Pietschmann (1929) saw both 
sequences. Some of this difference may be due to strain differences. We 
have found some strains, such as Page’s no. 36, that regularly develop 
flagella while ameba shaped. Another source of difference is the lability 
of shape in transforming cells; slight mechanical stresses can cause cells 
of strain NB-1 to become ameboid during flagellum outgrowth (Fulton 
and Dingle, 1967). 

Willmer (1956 et seq.) has described the outgrowth of four flagella 
in close proximity to the contractile vacuole (both organelles, in his 
description, are in the uroid region of an ameboid cell). Later the con- 
tractile vacuoles and the flagella are at opposite ends of the cell. Schuck- 
mann (1920) also suggested a relationship between the position of the 
contractile vacuoles and flagellum outgrowth; Pittam ( 1963) concluded 
that there is no “fixed spatial relationship.” We have also looked, and 
some of the our observations indicate an initial close association of 
contractile vacuoles and flagella, and later separation, but the extent 
and nature of this relationship remains an unsettled question. 

All observers agree that the flagella, rhizoplast, and associated struc- 
tures of the flagellar apparatus-with the exception of the basal bodies- 
appear de n o w  during transformation. The development of flagelIa has 
been described in detail for strain NB-1 by Dingle and Fulton (1966) : 
basal bodies assume a position at the cell surface, where the axonemes 
of the flagella are assembled inside a ballooning membrane continuous 
with the cell membrane. Schuster (1963a) and Satir (1965) found in- 
ternal axonemes, which they interpreted as stages in flagellum forma- 
tion, with the postulated sequence being internal assembly and later 
extrusion. Assembly during, rather than before, outgrowth is clearly 
what occurs in strain NB-1, as shown by study of samples fixed at 

‘ Time-lapse movies of transformation, made in collaboration with Joseph Durden 
at the Educational Development Center, Newton, Massachusetts, support this con- 
clusion, and indicate that amebae round up first in stationary slide-coverslip cultures 
(Section V,F),  as they do in suspension. The movies also show clearly the “gelling” 
of the amebae prior to rounding. 
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successive times during synchronous transformation. Internal assembly 
of flagella could occur in other strains, but it seems more likely that 
the internal axonemes were observed in cells that had reverted to amebae 
in asynchronous populations. We find internal axonemes in strain NB-1 
only after reversion (Dingle and Fulton, 1966 and unpublished), and in 
other organisms internal axonemes are associated with reversion ( e.g., 
Cantino et al., 1968; Koch, 1968). 

The origin of centriolelike basal bodies during transforma tion has 
been a source of much debate. As in the case of centrioles during mitosis 
( Section IV,B ) , observers using the light microscope have been divided 
as to whether the basal bodies come from the nucleolus, come from the 
cytoplasm, especially adjacent to the nuclear membrane, or are as- 
sembled de 7u)z)o. Some observers have been justifiably uncertain. No 
electron microscopist has found basal-body-like structures in amebae 
(Schuster, 1963a; Dingle and Fulton, 1966). The question has been 
explored thoroughly for strain NB-1, where at 25°C basal bodies appear 
in cells about 10 minutes before flagellum outgrowth begins (Fulton and 
Dingle, 1969). 

Measurements of flagellum outgrowth in strains NB-1 and NEG in- 
dicate that it occurs at an initial rate, at 25”-30”C, in excess of 0.5 p per 
minute, and the rate of outgrowth decreases as flagella grow longer 
(Fulton and Dingle, 1967; Fulton, 19691,). The rate of outgrowth is com- 
parable to the rates observed during flagellar regeneration in some other 
flagellates (Tamm, 1967; Rosenbaum et al., 1969). 

There is little solid information about the stimulus for or the molecular 
events during transformation. Transformation is started by a suitable 
change of environment, usually from a growth environment (agar sur- 
face or liquid) to dilute, nonnutrient buffer. Since Schardinger ( 1899) 
discovered transformation in hanging drops containing amebae from an 
agar culture, most people have initiated transformation by transferring 
amebae from agar to water. Since agar gels are often called solid media, 
this approach has led to frequent statements such as transfer from “solid 
to liquid media,” and thence to the idea that suspension in an aqueous 
environment induces transformation. The conclusion follows that the 
flow of water and ions is the crucial stimulus that initiates transforma- 
tion. This idea of ionic balance led Willmer (1956 et seq.) to seek to 
influence transformation by varying the ionic composition of the aqueous 
environment. Though unquestionably a proper internal ion balance is 
necessary for transformation, as it is for cell activities in general, and 
flagellates have only been observed when cells are surrounded by 
liquid, no evidence implicates a change in ion balance as causing 
transformation. In contrast, one can initiate transformation by trans- 
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ferring amebae from a buffer with Aerobacter to the same buffer without 
Aerobacter (Fulton and Guerrini, 1969), a result which tends to im- 
plicate starvation rather than ion balance. The critical environmental 
triggers remain unknown. 

An interesting variation on initiation of transformation was described 
by Yuyama (1966, 1967), who maintained amebae in suspension at pH 
3.8 and initiated transformation by increasing the pH to 7. This may not 
work for all strains, since pH 3.8 damages amebae of some (C. Fulton, 
unpublished). Amebae can also be maintained in suspension in the cold, 
and transformation initiated by warming (Fulton and Dingle, 1967). 

There have been some preliminary measurements of decreases in cell 
volume (Kahn et al., 1968; C. Fulton and A. D. Dingle, unpublished) and 
changes in internal ionic composition (Kahn et al., 1968) during 
transformation. 

The influence of environmental variables on transformation has been 
explored, especially for strain NB-I (Fulton and DingIe, 1967). The 
rate of transformation is dependent on temperature, but within broad 
limits is independent of the population density of the cells or the precise 
composition of the aqueous environment. These results corroborate the 
qualitative results of others (Pearson and Willmer, 1963; Napolitano 
et al., 1967). 

Amebae seem able to transform at most times during their life. 
Chang (195813) found that amebae transformed best (to 3035% flag- 
ellates) shortly after excystment, and that the ability to transform de- 
clined with growth, but with our strains and conditions amebae retain 
their full capacity to transform after hundreds of generations of con- 
tinuous growth. The transformation of strains NB-1 and NEG grown on 
NM agar medium (Section V,C) is relatively independent of the 
growth phase of the amebae at the time of harvesting. Amebae from 
middle or late log phase, or from early stationary phase, transform with 
comparable rates and population heterogeneity ( Fulton and Dingle, 
1967 and unpublished). Once the amebae on growth plates begin to 
encyst, transformation is more heterogeneous and less reproducible. 
The transformation of amebae growing in liquid, either in buffer- 
Aerobacter or in axenic medium (Section V,C), is more dependent on 
growth phase. These amebae only transform synchronously when sampled 
at suitable times during log phase; by early stationary phase the amebae 
transform more slowly and heterogeneously, and not all amebae in a 
population transform at all. Since transformation occurs in a nutrient- 
free environment, some variation in rate and heterogeneity of the 
population conversion, depending on the nutritional state of the amebae 
at the time of sampling from liquid cultures, is not surprising. Amebae 
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sampled at any time during synchronized mitosis can transform into 
flagellates ( Fulton and Guerrini, 1969). Amebae transform somewhat 
heterogeneously after the sublethal temperature treatment used to 
induce mitotic synchrony. Consequently, it has not yet been possible to 
obtain adequate kinetic data to decide whether the stage of mitosis 
influences the rate of transformation. It thus is unknown whether mitotic 
amebae can begin to transform while dividing or must complete karyo- 
kinesis first. Finally, if excystment occurs in liquid the emerging amebae 
apparently begin to transform while excysting. For example, in the 
experiment shown in Fig. 13, the cells have flagella less than 45 minutes 
after they begin to emerge through the cyst pores, whereas under com- 
parable conditions of temperature and so forth amebae require about 
60 minutes after suspension to develop flagella. All these observations 
suggest that in response to a suitable stimulus, amebae attempt to trans- 
form relatively independently of the precise stage of their life. 

Such experiments permit several definite conclusions about the nature 
of transformation-conclusions which are perhaps obvious after the 
fact, but which are “issues” in other cases of cell differentiation. Trans- 
formation, under conditions such as described in Fig. 4, occurs without 
any change in cell number; thus it involves a 1 : 1 conversion of amebae 
into flagellates. The phenotypic change occurs without any change in 
genotype (Fulton and Dingle, 1967). It occurs in nonnutrient buffer, 
so amebae contain all materials necessary for the process. Since trans- 
formation is independent of cell population density, it is a response of 
individual cells to their environment. Since at least under certain con- 
ditions of cultivation on agar, amebae growing exponentially or in sta- 
tionary phase transform with indistinguishable population kinetics, ceIIs 
in different growth states can be at the same starting point when trans- 
formation is initiated by a change in environment. This suggests that 
the “moment of initiation” of Naegleriu transformation has more than 
empirical meaning ( Fulton and Dingle, 1967). 

The molecular events during transformation have been explored 
mainly by adding things to the aqueous environment. Willmer (1956, 
1958) studied the effect of ions, glucose, and other substances on trans- 
formation, and later extended the study to steroids (Pearson and Willmer, 
1963 ) . Though these experiments, and the inferences about ionic balance 
and cell surface changes drawn from them (see also Willmer, 1961, 
1963), are provocative, the method used to measure transformation was 
inadequate and some of their results cannot be reproduced under con- 
trolled conditions. For example, Willmer (1956) reported that Mg” ions 
inhibit transformation-a result important to his “ionic balance” theory 
-but it has since been found that Mg2+ has no effect on transformation, 
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but under certain conditions causes flagellates to revert to amebae as 
soon as they form (Fulton, 1969b). 

Schardinger (1899) and Pietschmann (1929) suggested that the 
nucleus plays some important role in transformation, a conclusion sup- 
ported mainly by the regular close proximity of the nucleus and develop- 
ing flagella. Balamuth (1965), Satir (1965), and Yuyama (1966) re- 
ported that actinomycin D inhibits transformation, and Fulton and 
Walsh (1969) have shown that both early RNA and later protein syn- 
thesis are required for transformation. Napolitano and Persico ( 1966) 
reported that acriflavin inhibits transformation, but they gave no data 
on viability or reversibility, and our own experience indicates that acri- 
flavin is quite toxic. Yuyama (1966, 1967) has made an extensive survey 
of the effect of drugs and environmental variables on transformation. One 
especially interesting result, which we have confirmed, is the initial 
sensitivity of transformation to inhibition by ultravolet irradiation, and 
a decline in sensitivity as transformation progresses. Wade and Satir 
( 1968) found that mercaptoethanol inhibits transformation; Yuyama 
(1967) found that the oxidized compound dithiodiglycol also inhibits 
transformation. 

The above summarizes what we understand about the mechanism of 
transformation in Naegleria. Yet I know of few other eucaryotes where 
a phenotypic change of this magnitude can be made to occur at will 
in virtually every individual in a population, reproducibly, rapidly, and 
synchronously. The challenge and the opportunity are clear. 

The control of flagellum number in Naegleria transformation is an- 
other area for exploration. The number of flagella presumably is limited 
by the number of basal bodies, but since the source of basal bodies is 
unknown, this simply raises another unanswered question. As already 
mentioned, flagellum number is not fixed in Naegleria (Table 111). 
Several observers have found a correlation between flagellum number 
and the number of nuclei, there being roughly two flagella per nucleus 
(Wilson, 1916; Wenyon, 1926; Pietschmann, 1929, Pittam, 1963; Fulton 
and Guerrini, 1969). There is also a relation, in uninucleate cells, be- 
tween flagellum number and ploidy ( Section V,H) , Finally, Dingle 
( 1967, 1969) discovered a temperature shock treatment that substantially 
increases the flagella per flagellate in uninucleate cells. 

Naegleriu Reversion 

Reversion of flagellates to amebae occurs spontaneously (Fig. 4 ) ,  but 
it can also be induced. Conditions can be varied so flagellates revert 
within minutes after their formation, or remain as flagellates for several 
days. The length of time cells remain as flagellates is dependent on 
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temperature and other environmental factors, but is less reproducible 
than the time of transformation. 

Fulton and Dingle (1967) studied the spontaneous reversion of strain 
NB-1. These flagellates are progessively more stable as the temperature 
is decreased down to about 10°C, where they become unstable. After 
strain NB-1 flagellates revert to amebae, the amebae transform into flag- 
ellates again. Reversion and retransformation occur repeatedly until the 
amebae begin to encyst. Retransformation indicates that reversion is 
not due to loss of conditions, internal or external, that favor production 
of the flagellate phenotype. Strain NEG can also retransform, but does 
so less readily than NB-1, and usually the cells tend to remain amebae 
after the first reversion ( C. Fulton, unpublished). Reversion seems to 
occur more rapidly when cells are maintained in suspension by gentle 
agitation, as we do routinely to permit random sampling, than when 
cells are in undisturbed slide-coverslip preparations ( as described in 
Section V,F ). Under certain conditions Mg2+ ions accelerate reversion, 
and Ca2+ reverses the Mg effect (Willmer, 1958; Fulton, 1969b). Re- 
version raises unanswered questions about phenotypic stability. 

There is general agreement that in reversion flagellates lose their 
contoured shape, and then their flagella (Schardinger, 1899; Wilson, 
1916; Pietschmann, 1929; Rafalko, 1947; Chang, 1958b; Pittam, 1963). 
Spontaneous reversion has been watched in both NB-1 and NEG. Flag- 
ellates settle and abruptly become ameboid. Sometimes these flagellated 
amebae round up and swim off again. Other times the flagella become 
inactive, and then are quickly gone. Sometimes portions of the flagellar 
membrane balloon into vesicles during reversion ( see Pietschmann, 1929; 
Rafalko, 1947). As mentioned previously, the flagellar axonemes have 
been found in the cytoplasm. Pittam (1963) reported that he could 
see the resorbed flagellum as “a snake-like writhing” in the cytoplasm. 
Though the axoneme normally seems to be resorbed during reversion, 
other modes of reversion have been described (Rafalko, 1947; Chang, 
1958b). Pietschmann ( 1929) suggested that flagella become inactive 
and disappear when the nucleus breaks free of the flagellar apparatus 
(also Martin and Lewin, 1914). The fate of the flagellar apparatus after 
resorption is unknown. 

The flagellate phenotype is relatively fragile. Schardinger ( 1899) listed 
four causes of prompt reversion: high temperature (above 34”C), in- 
tensive exposure to light, a supply of fresh nutrients, and “hindering 
of their [flagellates] free motion.” The induction of reversion by high 
temperature is readily confirmed (also Chang, 1958b). Light has never 
been confirmed as a direct cause of reversion, and Schardinger’s light 
effect may have involved heating. Nutrient-induced reversion is less 
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known, though Rafalko (1947) also mentioned it. Mechanical or surface 
tension forces can effect instant reversion. Wherry (1913) noticed cor- 
rectly that if a drop containing flagellates is put on a slide and “the 
coverglass is dropped on in the usual way the flagellates disappear at 
once.” If a sealed slide-coverslip preparation contains an air bubble, any 
flagellates that chance into the thin liquid interface between glass and 
air bubble promptly revert to amebae ( Rafalko, 1947). Prompt reversion 
can also be obtained by plating flagellates on agar surfaces, or by 
vigorous agitation in liquid. When reversion is induced by the latter 
treatment in strain NB-1, under conditions where the flagella are broken 
off, some cells regenerate flagella without a lag and others retransform 
after a lag (Fulton and Dingle, unpublished). The proportion that re- 
generate vs. retransform is variable, and depends on the kind of agitation 
used to cause reversion. 

Tetramitus Transformation 

Transformation of Tetramitus amebae into flagellates has been found 
to be quite slow, variable, and incomplete as compared to Naegleria 
transformation. Bunting ( 1926) found that flagellates appeared, in dilute 
peptone-dextrose medium with undefined bacteria, within 10 hours 
after cysts were inoculated into the medium, but the maximum propor- 
tion of flagellates was not attained for 2-3 days. She suggested that the 
excysted amebae had to divide at least once before they could transform. 
Hollande (1942) found the transformation conditions complex and im- 
plicated saline and oxygen-at least in the perpetuation of flagellates. He 
could get flagellates in his peptone medium with up to N / 2 0  NaC1, but 
only amebae with N/8-N/14 NaC1. Rafalko (1951) agreed. Originally, 
Hollande ( 1937) thought high 0, favored flagellates, but later (1942) 
that low O? favored flagellates, though low 0, was not enough to 
provoke transformation, Balamuth and Rowe (1955) obtained up to 2% 
flagellates. Brent ( 1965) found that washed amebae transformed best 
in dilute buffer; he observed flagellates within 2 hours, to a maximum 
of 3% by 7 hours: Brent found a pronounced population density effect, 
with more flagellates appearing at higher population densities. This in- 
dicated that an interaction of amebae was important for transformation, 
and Brent proposed, but could not find, a “flagellating substance.” Outka 
(1965) got his best transformation in 0.4% Hycase SF ( a  casein hydrol- 
yzate; Sheffield Chemical, Norwich, New York) with added salts, inocu- 
lated with bacteria. In experiments using microdrop cultures, he also 
found a threshold-level population density of amebae was necessary, 
and thus that transformation was “self-induced.” He concluded that 
osmotic effects were unimportant. Outka observed no flagellates for 24 
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hours in his microdrops, but eventually obtained as much as 80% flag- 
ellates. However, since the flagellates can reproduce, it is difficult in 
such long-term experiments to know what proportion of the flagellates 
result from transformation to flagellates versus growth of flagellates. 

We made various attempts to transform Tetramitus, with the belief 
that if 1% would transform, conditions could be found where 100% would 
transform, but for a long time we could consistently get only 1% flag- 
ellates in buffer, and up to 50% in dilute yeast-peptone medium, where 
some of the flagellates undoubtedly came from growth. It became clear 
that, as Brent and Outka had described, population density was 
important. Further, only standing, undisturbed cultures would transform; 
agitated cultures would not: 

Leave them alone 
And they’ll come come, 
Wagging their tails before them. 

Subsequent experiments showed that agitation only prevented trans- 
formatio’n if it replaced the gaseous environment in the liquid; sealed 
liquid cultures (e.g., in syringes) transformed if there was sufficient 
population density regardless of whether or not they were agitated. A 
variety of such experiments led first to the conclusion that Brent’s 
“flagellating substance” was volatile, and subsequently that it probably 
was a low oxygen concentration. As soon as this hypothesis was tested, 
using agitated suspensions of amebae in low 0, atmospheres, fairly 
good transformation was obtained (Fig. 15; Fulton, 1969a). With 
low 0,, transformation occurs independently of population density and 
agitation. Further explorations with two related but different strains of 
Tetramitus, TB-1 and TB-2 (Section V,A), made it clear that low 0, 
regularly induces or permits transformation. 

It became clear, however, that transformation of Tetramitus is more 
sensitive than that of Naegleriu, and that many conditions must be met 
to obtain transformation comparable to the example of Fig. 15. More 
work is needed to better control these conditions, and to eliminate vari- 
ability. Although this work is still incomplete, it may be helpful to list 
major variables influencing the extent of transformation: 

(1) Conditions of growth on agar-medium, bacterial associate, and 
probably growth temperature-all are important, and probably the best 
combination for strain TB-1 is different from that for TB-2. Log phase 
amebae transform more completely than stationary phase amebae. 
Balamuth and Rowe (1955) reported that amebae remain competent to 
transform for only 72 hours after excystment, but we have been unable 
to confirm this. Competence to transform may be increased by pre- 
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FIG. 15. Comparison of the time required for appearance of flagellates in three 
amebo-flagellates: the myxomycete Echinostelium minutum ( Haskins, 1968 ), N .  
gruberi NB-1 (Fulton and Dingle, 1967), and T .  rostratus TB-2 (Fulton, 1969a), 
with curves drawn to fit the data in the cited references. The conditions vary some- 
what according to the requirements of the organism, but except for the temperature 
difference, it is probably valid to compare the kinetics. The form of finished flagel- 
lates is figured. 

incubating the growth plates at high temperature before suspension 
(e.g., 80-150 minutes at 42"C), an approach based on related experi- 
ments of R. L. Jaffe in this laboratory, though pretreatment was not 
used for the example in Fig. 15. The condition of the amebae at the time 
of suspension is crucial for good transformation. 

(2)  Washing conditions: room temperature storage of amebae sus- 
pended in buffer, before starting transformation by adjusting the gaseous 
environment, is detrimental to the competence of amebae to transform. 
Best results have been obtained when amebae are suspended and washed 
in iced buffer. 

(3 )  Aqueous environment: MS-1 saline (Section V,B) seems best for 
strain TB-I, and Ca2+ ions are probably essential for transformation, 
whereas TB-2 transforms well in Brent's (1965) phosphate buffer with- 
out added Ca2+. 
(4) Oxygen: no transformation occurs in agitated cultures exposed 

to air, and none occurs in the total absence of oxygen. An atmosphere 
of about 0.3-0.48 (17/v) 0, in N, seems optimal. 

(5) Carbon dioxide at 0.3-0.48 regularly increases the completeness 
of transformation, though increased CO, is not required. 
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Transformation of Tetramitus is always slower, more heterogeneous, 
and less complete than we obtain with Naegleria (Fig. 15). Brent (1965) 
saw rare flagellates at 1.5 hours, but we have never seen any cells with 
flagella before 2.5 hours. 

Tetramitus must go through dramatic changes in going from amebae 
to flagellates, but these are basically unknown, largely because of the 
past difficulty in obtaining enough transformation to observe the sequence 
of changes. Some stages are described by Bunting (1926)-who admits 
her description is based on watching one living cell transform-Hollande 
(1942), and Outka and Kluss (1967). These descriptions of sequence 
are incomplete and doubtful. It is of interest that Bunting mentions a 
“gel state” during transformation, and Outka and Kluss an association 
of the developing flagella with both the nucleus and contractile vacuoles. 
Outka and Kluss also describe fine structure changes, in particular the 
formation of axonemes inside ballooning cell membranes during fla- 
gellum outgrowth, much as Dingle and Fulton (1966) described for 
Naegleria. They also found intracellular axonemes, which they in- 
terpreted as the result of “misdirected growth,” but reversion of flagel- 
lates seems a probable explanation for these in Tetramitus as in 
Naegleria. 

We are studying the sequence of morphological changes, but they are 
not simple and our picture is still uncertain. Cells scored as flagellates 
because of the presence of flagella are not yet mature. It is clear that 
among the early events amebae round up, and the resulting spherical 
cells usually form two flagella. Only later do flagellates have four flagella. 
In this sense, the earliest morphological changes are remarkably similar 
to those in Naegbria, where cells also round up and form two flagella. 
Subsequent events in Tetramitus transformation appear different in 
strains TB-1 and TB-2. In many cases, in TB-1, the flagellates appear to 
divide as the mature form develops. The complete conversion of flag- 
ellated spheres to mature flagellates seems to take several hours, in 
contrast to the 20 and 30 minutes for change from ameba to flagellate 
suggested by Bunting ( 1926) and Hollande ( 1942). 

Tetramitus Reversion 

Outka ( 1962) notes that flagellates “invariably yield amebae again,” 
to which Bunting (1926) would add “unless prevented by death.” In 
contrast, Rafalko ( 1951) had persistent flagellates, which he could in- 
duce to revert by adding NaCl to his water-feces environment (see also 
Outka, 1964). Balamuth and Rowe (1955) concluded that transforma- 
tion is “irreversible,” whereas Outka (1964) concluded that young flag- 
ellates are more likely to revert than older. Bunting (1926) and Hollandc 
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(1942) described their views on the morphological changes during re- 
version, including descriptions of “bizarre forms” and “accelerated divi- 
sion,” respectively. 

Clearly T. rustratus ffagellates can be very stable, as shown by the 
long period during which they were known and grown only as flagellates. 
Brent (1957) studied such a very stable clone, and found only one con- 
dition that would induce reversion: nitrogen mustard treatment, We 
have examined Brent’s strain of flagellates, now about 16 years old, and 
could find only flagellates. On the other hand, it is clear that some Tetra- 
mitus flagellates, including those obtained directly after transformation, 
spontaneously revert to amebae. What is involved in the different pheno- 
typic stabilities remains unknown. Some preliminary observations allow 
the speculation that Tetramitus flagellates may be haploid, and possibly 
have mating types, and that when zygotes form, they revert to diploid 
amebae. This hypothesis is similar to the one Droop (1962) made to 
explain his results with Heteramoeba. Dallinger and Drysdale (1875) 
described the fusion of Tetramitus flagellates, but Klebs (1892) con- 
sidered this report “extremely doubtful.” Bunting ( 1926 ) described the 
pairing and fusion of flagellates, but she did not determine the fate of 
the fused cells and was unable to control the process. Subsequent ob- 
servers have found no evidence of syngamy (e.g., Hollande, 1942; Outka 
and Kluss, 1967). 

Myxoniycete Tramformation 

Whether or not myxomycete amebae have flagella seems dependent 
at least in part on whether or not they are in liquid. Kerr (1960), who 
investigated conditions influencing flagellum formation in Didymium 
nigripes, concluded the basic stimulus is “fluid on all sides.” It has 
also been generally observed that amebae form flagella almost immedi- 
ately when put in an aqueous environment. Gilbert (1928) found that 
amebae of several species could develop flagella within 10 minutes after 
emergence from spores, and Kerr (1960) and Haskins (1968) measured 
the time required in D. nigripes and in Echinostelium minutum. There 
is essentially no latent peiiod before flagellum outgrowth, unlike 
Naegleria and Tetramitus (Fig. 15). One reason for this rapid outgrowth 
may be that myxamoebae contain preformed basal bodies and accessory 
microtubules of the flagellar apparatus ( Schuster, 196513; Aldrich, 1968). 

Myxomycete flagellum formation differs from Naegleria and Tetramitus 
transformation in three basic respects: the absence of a latent period, 
the presence of preformed elements of the flagellar apparatus, and the 
tendency of flagellated cells to remain ameboid. Flagellum formation 
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in Myxomycetes is a less “dramatic” phenotypic change, possibly different 
in kind from the other transformations described. 

Kerr (1960) found flagellum formation in D. nigripes to be inde- 
pendent of population density, but dependent on the ionic environment. 
Haskins (1968) found that flagellum formation in ,E. minutum is also 
independent of population density. Kerr (1960, 1965a) described the 
inhibition of flagellum formation by streptomycin and certain other drugs. 
[In a preliminary report Kerr (1951b) reported that streptomycin also 
inhibits Nuegleria transformation, but we have found that strains NB-1 
and NEG transform well in various buffers containing streptomycin at 
concentrations as high as 1 mg/ml.] 

Schuster (1965b) described the sequence of changes during flagellum 
formation in D. nigripes and Physurum cinereurn. He concluded that the 
centrioles of myxamoebae move to the cell surface, where they become 
basal bodies upon which the axonemes are assembled during flagellum 
outgrowth. In contrast, Aldrich (1968) concluded, on the basis of his 
study of flagellum development in P. fEauicomum, that the axonemes and 
flagellar membranes form internally, and then are extruded. Since 
both studies reconstructed the sequence of flagellum development by 
arranging selected electron micrographs, and both authors admitted 
some uncertainty, the question remains open. 

Myxomycete Reversion 

de Bary (1887), Jahn (1904), and others noted that flagellated 
amebae lose their flagella during karyokinesis. Cadman (1931) and 
Howard (1931), in their studies of the life cycles of Didymium and 
Physurum, both observed that in liquid, amebae soon became flagellates, 
that the flagellates reverted to amebae, and that the amebae could later 
form flagella again. Gilbert (1928) noted that “the swarm cells remain 
in the dancing stage but a short time.” However, as Ross (1957) em- 
phasized, there are species differences in the stability of the flagellates. 
Some are quite transitory, whereas others, such as Reticularia (Wilson 
and Cadman, 1928), are very stable. 

E. Phylogeny of Amebo-flagellates 
By their nature amebo-flagellates have posed knotty problems for 

the taxonomist, even with regard to the highest taxa: animals vs. plants, 
protozoa vs. fungi, Sarcodina vs. Mastigophora. These problems are 
exemplified by the classification of the true slime molds: placed among 
the fungi by some mycologists (especially Martin, 1932, 1960), but re- 
jected by others (e.g., Bessey, 1950); placed among the Protozoa by 
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some protozoologists (e.g., Kudo, 1966), but rejected by others (e.g., 
Hyman, 1940). From the moment spores germinate, the mycetozoan 
amebae, swarm cells, and plasmodia are obviously Protozoa, until the 
myxomycete fruiting bodies, obviously fungi, are built. The problems 
also are exemplified by the frequent placement of Naegleria and 
Tetramitus in two separate classes (Kudo, 1966) or subphyla (Hall, 
1953) of the Protozoa. Though Naegleria was first known as an ameba 
and Tetramitus as a flagellate-and thus their original classification rea- 
sonable-these two organisms seem to be closely related. As these 
examples illustrate, and as is generally agreed, the classification of these 
protists is completely artificial. Someday the amebo-flagellates may play 
a significant role in clarifying the higher taxa of protists, but no solution 
to these problems is now in sight, in spite of much informed specula- 
tion. It is worthwhile, however, to examine the criteria on which 
taxonomic decisions are based, and the possible relatives and evolu- 
tionary history of those amebo-flagellates available for use as research 
partners. 

In theory decisions in taxonomy should be based on phylogeny, but 
at the present time the decisions for amebo-flagellates have to be based 
entirely on structural similarities and differences, and so of necessity 
become somewhat arbitrary. The species N .  gruberi is diagnosed by a 
clear group of structural features, including ( 1) amebae, (2) mitosis, 
(3)  cysts, and (4) flagellates. What differences in characteristics should 
be used to define other species, genera, etc.? What do these diagnostic 
characteristics tell us about relatedness? It is informative to dissect the 
classification of N .  gruberi on this basis. 

(1) Small lobose amebae do not define a generic, or even a familial 
grouping, but rather a diversity of seemingly unrelated organisms. There 
have been many attempts at the proper classification of these small 
“limax” amebae, climaxed recently by the substantial contributions of 
Page (1967a,b, 1968), who also surveyed earlier studies. The char- 
acteristics of being small, or having ameboid movement, or having a 
prominent nucleolus are of little taxonomic value by themselves, though 
the pattern of pseudopod formation can be useful (see Page, 1968). 
Page (1967a) points out that Naegleria and Vahlkampfia amebae have 
a similar pattern of movement, and T. Tostrutus amebae are also similar 
( Section IV,A). 

( 2 )  The basic pattern of mitosis is a valuable criterion, though it 
should be remembered that the pattern of mitosis can vary even within 
a life cycle, as in the Myxomycetes. The “promitosis” of NaegZeria and 
certain other organisms is markedly different, superficially, from mitosis 
in most other organisms. The genera Vahlkampfia and Naegleria are 
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among many proposed for amebae with promitosis (Chatton and Lalung- 
Bonnaire, 1912; Alexeieff, 1912b). Page (1967a) separated these genera 
as Calkins (1913) and others have done: Vahlkampfia, “amebae with 
promitosis, with no known flagellated stage”; Naegleriu, “amebae with 
the promitotic pattern of nuclear division and with production of a 
temporary biflagellate stage lacking a cytostome.” 

Page argued that these properties, nuclear division and flagellates, 
define two useful genera. His distinction leaves out the interzonal bodies, 
which Naegleriu regularly has, but at least most species of Vahlkampfia 
do not. Page considers the interzonal body “too unimportant and too 
uncertain to separate genera, whereas Singh (1952) separates the genera 
Naegleria and Didascalus on the basis of interzonal bodies. We know 
little about interzonal bodies, but can imagine extremes: they represent 
“casual mistakes” in the separation of the nucleolus, or they represent 
a “highly ordered segregation of nucleolar material. In the absence of 
further information, I tend to favor Page’s simplistic definition, which 
views interzonal bodies of insufficient importance to justify separate 
genera. On this basis Didascalus thorntoni becomes Naegleria thorntoni. 
I would retain interzonal bodies as part of the diagnosis of N .  gruberi. 

Tetramitus rostratus has a pattern of mitosis indistinguishable from 
N .  gruberi. If we accept the notion that lobose amebae with intranuclear 
mitosis, during which the nucleolus divides, form a coherent group, then 
that group includes Naegleriu, Vahlkampfia, and Tetramitus. 

( 3 )  The patterns of cysts and excystment are diverse, as has been 
described (Section IV,C). I doubt that the patterns should be considered 
sufficient to indicate great phylogenetic differences. No genetic or other 
strong evidence is available to support this conclusion, but amebo- 
flagellates that otherwise seem related differ in cyst pattern. N .  gruberi 
has distinctive cysts with pores, whereas N .  thorntoni has cysts without 
pores, and T. rostratus has thin-walled cysts whose walls dissolve during 
excystment. Similar variations are found in the Myxomycetes and among 
other small amebae, and do not seem to be correlated consistently with 
other criteria of relatedness. 

(4) The ability to form flagellates was given generic value by Calkins 
(1913), Singh (1952), Page (1967a)) and others. Though this is useful 
in classification, here I have a valid reason not to attach too much im- 
portance to this capability. We have isolated a mutant of N.  gmcberi 
which remains as an ameba under conditions which cause all other strains 
and mutants of N .  gruberi to at least make some visible attempt to trans- 
form into flagellates (Section V,H). This mutant, if isolated from nature, 
would be classified as Vahlkampfia, though I have been unable to find 
reference to a bona fide Vahlkampfia species which has either interzonal 
bodies during mitosis or cysts with preformed pores. 
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The precise number of flagella formed in transformation has also 
been used to distinguish genera, as in the case of Naegleria vs. “Trimastig- 
amoeba” (Section 11,A). This distinction is definitely not valid as a 
criterion, since flagellum number is not fixed in these organisms (Section 
IV,A), and one can readily isolate laboratory variants of Naegleria strain 
NEG which tend to form mostly two, two to four, mostly four, or more 
than four flagella (Section V,H). 

Certain characteristics of flagellates are of diagnostic value, such as 
whether the flagella are equal in length and direction, as in N .  gruberi, 
or unequal, as in N .  bistadiulis. It also seems reasonable to retain a 
separate genus, Tetramitus, for T .  rostratus and any related amebo- 
flagellates which have intranuclear mitosis with division of the nucleolus 
and can form stable, reproducing flagellates with a cytostome. 

This survey suffices to indicate the difficulties in deciding on valid 
taxonomic criteria for amebae and amebo-flagellates. It is easy to use 
these criteria to recognize species, but we do not know what is of sig- 
nificance in determining evolutionary relationships. 

What organisms is N .  gruberi related to? On structural criteria it is 
certainly related to other Naegleria species, to the non-amebo-flagellates 
in Vahlkampfk, and closely to T .  rostratus. It is much less certain how 
closely other amebo-flagellates are related to the Naegleria-VaMkampf- 
Tetramitus group. Droop’s Heteramoeba is probably related, but this is 
tenuous because of the absence of a prominent nucleolus. The Myxo- 
mycetes share many similarities, but also have unequivocal differences- 
in the structure of amebae and flagellated amebae, the nature of the 
amebo-flagellate transformation, the structure of spores, the pattern of 
mitosis. Certainly what is known suggests that the Myxomycetes and the 
Naegleria group share more similarities with each other than with most 
other Protozoa and fungi; certainly they shouId not be in separate king- 
doms. Martin (1960), who spent many years studying the taxonomy of 
Myxomycetes, concluded that “their ancestry is in great doubt.” Cavostel- 
ium and other Protostelida are, as Olive (1967) argued persuasively, prob- 
ably more closely related to the cellular slime molds, Acrasiales, which 
have no known flagellate phase, than to the Myxomycetes. However, 
Cavostelium species transform like the Myxomycetes in that they be- 
come flagellated immediately when put into water and remain ameboid 
throughout (Olive, 1964; Olive and Stoianovitch, 1966). Studies of the 
ultrastnicture of Cavostelium should be revealing. The amebo-flagellate 
Gigantomonas ( Kirby, 1946), and the ameboid flagellate Histomow 
(Tyzzer, 1920; Schuster, 1968) are probably related to the trichomonads, 
and are quite unlike the Naegleria group. 

Certain organisms have features that suggest affinities to the Naegkricr 
and slime mold groups, These features may someday clarify relation- 
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ships, but too little is known now to permit strong assertions. Naegleria 
bistadialis is an interesting example. Its mitosis ( Wasielewski and Kuhn, 
1914) is the same as N .  gruberi. Its flagellates have two flagella of 
unequal length, like many myxomycete swarm cells. In other taxonomic 
studies, heterokont flagella are considered to be of phylogenetic con- 
sequence (e.g., Sparrow, 1958). N .  bistadialis flagellates, as described 
by Puschkarew (1913), seem possibly to have both a rhizoplast like N .  
gruberi and a flagellum cone like Myxomycetes. The cysts of N .  bis- 
tadialis are smooth walled, without pores, and McCullough (1935) 
described excystment by dissolution of the cyst wall-which would bc 
like T. rostratus. It would be worthwhile to rediscover and reexamine 
N .  bistadialis, since this species may link the Myxomycetes and Naegleria. 

Another provocative group is the Plasmodiophorales. These amebo- 
flagellate slime molds are intracellular plant parasites, and share features 
with both the Naegleria group and the Myxomycetes. Knowledge of the 
life cycles of Plasmodiophorales species is fragmentary, and the litera- 
ture filled with controversy (reviewed by Cook, 1933; Karling, 1942; 
Alexopoulos, 1962). Since the Plasmodiophorales have not been culti- 
vated outside their host cells, and since they are very small, with nuclei 
about 1-2.5 p in diameter, it is doubly difficult to see details. Smooth- 
walled spores germinate through a newly formed hole, as in Fig. 14C 
(e.g., Kole and Gielink, 1962). In liquid the germinating amebae prob- 
ably form flagella immediately. The flagellates are rounded, and have 
two unequal, anteriorally directed flagella ( Ledingham, 1934; Ellison, 
1945; Kole and Gielink, 1962). The flagellates can rapidly become 
ameboid ( e.g., Ledingham, 1939). Intracellular plasmodia have intra- 
nuclear karyokinesis with division of the nucleolus (see reviews, also 
Cook, 1928; Ledingham, 1939; Heim, 1955). Though descriptively similar 
to mitosis in Naegleria, this “promitosis” looks rather different (photo- 
graphs in Ledingham, 1939). During spore formation the nucleolus dis- 
appears and the divisions, probably meiotic, occur without visible nu- 
clear membrane or nucleolus (above references, also Williams and 
McNabola, 1967). Thus the Plasmodiophorales have two forms of divi- 
sion, as do the Myxomycetes, but unlike the Myxomycetes the nucleolus 
persists through the intranuclear division. Many have classified the 
Plasmodiophorales with the Myxomycetes. Sparrow ( 1958) concluded 
that these two groups should be separated, and Martin (1960) and 
Alexopoulos (1963) accepted this conclusion. Cook ( 1928) pointed out 
the similarity of “promitosis” in Plasmodiophorales and in certain amebae. 

The Proteomyxida (see Kudo, 1966) is a clearing house for unrelated 
organisms, well described as a “junk drawer of neglected creatures” 
(Pokorny, 1967). Among the organisms often placed among the pro- 
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teomyxids are the labyrinthules, often described in textbooks as having 
ameboid and flagellate stages, but it is questionable whether they ever do 
have flagella (Pokorny, 1967). Roskin (1927) suggested a link between 
another proteomyxid, Pseudospora, and the Naegleria group. Karling 
(1944) described a new genus, Phagomyxa, which is an algal parasite 
“with plasmodiophoralean and proteomyxean characteristics.” Phagomyxa 
has a life cycle much like the Plasmodiophorales, but differs in two ways: 
it is a phagotroph, and the nucleolus disappears during the intranuclear 
mitosis. 

Some chrysomonads are ameboid, have two anterior flagella, and so 
forth (see Kudo, 1966). Pascher (1917) studied a Monas that could 
resorb its flagella and become ameboid. His studies led him to suggest 
chrysomonads are ancestral flagellates, and to discuss them in relation 
to the origin and phylogeny of flagellates, amebae, Naegleriu, and the 
Myxomycetes ( Pascher, 1917, 1918; see also Corliss, 1959). The flagellar 
apparatus of chrysomonads ( e.g., Rouiller and Faurk-Fremiet, 1958) 
suggests aspects of both Naegleriu and the Myxomycetes. Schuster has 
suggested that both Naegleria (1963a) and Myxomycetes (1965b) may 
be related to chrysomonads, but also has added that these two groups 
“originated from morphologically dissimilar ancestral types” ( 196% ) . 

It is my intuition that further knowledge will link together the 
Naeglerin-Valilknmpfia-Tetramitus group with the various slime molds 
-Myxomycetes, Plasmodiophorales, Acrasiales-as well as with some 
proteomyxids, chrysomonads, and other Protista. The more I explored 
this possibility in the literature, however, the more I became convinced 
that such speculation treads on very thin ice. We need more extensive 
information on morphology, life cycles, and biochemistry (some begin- 
nings on serology and DNA base composition are described in Sections 
V,G and V,H). Many of these organisms are little known. Many others 
are undoubtedly unknown; as recently as 1960, Olive (see 1967) de- 
scribed the first member of a whole new group, the Protostelida. 

In this look at possible relatives of Naegleriu, the higher taxa in which 
the organisms are placed have been avoided. If any of these relationships 
are valid, then the higher taxa in use do not reflect phylogeny. I agree 
with Sandon (1966) that the Sarcodina are a “hopelessly unnatural” 
group; I like the new name he suggests, “Hotch-Potch.” Naegleriu is 
generally placed in the Hotch-Potch order Amoebida, where Page 
(1967a) prefers to leave it, in preference to the Hotch-Potch order 
Rhizomastigida, suggested for amebo-flagellates and ameboid flagellates 
by a committee of protozoologists (Honigberg et al., 1964). The choice 
of which higher taxa to use does not seem very urgent until further 
information and criteria are available to evalute relatedness. 
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It is remarkable that N .  gruberi has retained its constellation of 
diagnostic characteristics during the period of its distribution through- 
out the world, and growth through many thousands of generations. Per- 
haps fifty isolates of N .  gruberi have been shown to have all the prop- 
erties characteristic of the species. In fact, as Page (1967a) noted, an 
ameba with a vahlkampfid pattern of movement is likely, if further 
tested, to show “promitosis” with interzonal bodies, cysts with pores, 
and transformation into flagellates with two flagella. 

The idea has often been expressed that amebo-flagellates are primi- 
tive, and indicate an early step in the evolution of amebae from flag- 
ellates (Pascher, 1917; see also Kent, 1880; de Bary, 1887; Awerinzew, 
1910). As Minchin (1922) pointed out, however, “If an organism possesses 
two kinds of locomotor organs-pseudopodia and flagella-it is reasonable 
to suppose that a still more primitive and ancestral form would have 
possessed only one.” Pertinent recent discussions of this evolutionary 
step, and many other references, may be found in the papers of Corliss 
( 1959) and Klein and Cronquist (1967). It has also been repeatedly 
argued that “promitosis” is primitive, as the term suggests (e.g., Nagler, 
1909; Wilson, 1925; Cook, 1928; Singh, 1952; Dillon, 1962; Sagan, 1967).7 
These ideas are interesting but cannot be considered established. 

V. Materials and Methods 

One must live without a recipe, for we all live as we can. 

-Vladimir Dudintsev, 1957 

Only methods developed for use with Naegleria and Tetramitus are 
described. The emphasis is on recent methods, which are more controlled 
and reproducible than those used in most of the early studies, and es- 
pecially on methods developed in this laboratory. Many of our methods 
have not been published previously, with the notable exception of the 
basic methods for the Nuegleria transformation experiment ( Fulton and 
Dingle, 1967; see Section I ,B) ,  which has provided the basis and mo- 
tivation for development of our other methods. 

‘ This is one area where the many synonyms for Naegleria have caused confusion, 
even to E. B. Wilson (1925). Sagan (1967) unwittingly used varying descriptions 
of mitosis in Naegleria and Tetramitus to build a series of figures showing the “evolu- 
tion” of mitosis from Tetramitus to Amoeba tachypodia to A. limax-the latter two 
from papers on N .  gruberi and the one for Tetramitus based on Calkin’s (1898) 
erroneous description. Sagan also mentioned Naegleria and Dimastigamoeba as 
separate organisms, so altogether she treated four synonyms as four species. 
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A. Strains of Naegleria gruberi and Tetrarnitus rostratus 

There have been about as many separate isolates of N .  gruberi studied 
as students studying them. This wanton use of different strains has not 
created serious confusion yet, but promises to do so as the properties of 
Naeglerin are examined with more precision. All of the isolates we 
have examined in any detail show differences from one another. These 
range from minor differences, such as in synchrony and completeness of 
transformation or in survival of cysts, to major differences, such as 
whether or not CO, is required for excystment. The possibility of strain 
differences must be considered when comparing results from various 
laboratories. It also seems likely that the future progress of research 
using amebo-flagellates will be facilitated, and confusion and contention 
reduced, if a limited number of well-defined and carefuIly maintained 
strains are used for most studies. Certainly the strain used for a study 
should be clearly designated. 

We have worked primarily with two strains of Naegleria, NB-1 and 
NEG, some of whose properties are compared in Table IV. Strain NB-1 
(Fulton and Dingle, 1967) is derived from strain 1518/la isolated from 
water in England by Pringsheim, used by Singh (1952) and Willmer 
(1956), and sent to us by Balamuth. Strain NEG is derived from EG, 
isolated from soil in Berkeley, California, by Schuster (W. Balamuth, per- 

TABLE IV 
PARTIAL COMPARISON OF Two STRAINS OF N .  yruberi" 

Property 

Propert,y 
described 

NB-1 NEG in section 

Isolated 
N .  grzrberi by taxonomic criteria 
Encyst.ment: good on spread plates 
Excystment: requires elevated COZ 
Amebae: 

Yield of amebae/NM plate, 34°C 
Relative cell volume (Coulter Counter) 

DNA/lO' amebae (pg) 
Axeiiic cultivation: liver requirement 

Transformation: T50 (minutes a t  2.5"C) 
Flagellates: %with 2 3  flagella 
Serology: reaction with anti-NB-1 serum 
Permeability: C14-amino acids (specified conditions) 
Mutants with altered transformation: 

. Relative nuclear volume (micrometer measure) 

readily isolated? 

England 
+ + 
+ 

3 x 107 
2X 
2x 
3 . 2  + 
69 
20 + 
- 

California 
+ 
* 
- 

6 X lo7 
1x 
1x 
1.7  

64 
2 
+ + 
+ V, H 

a All numerical values are approximate. 
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sonal communication) ; we received it in axenic culture from Balamuth. 
Clonal derivatives of both these strains were obtained by repeated single- 
plaque isolations. Strains 1518lla and EG were both heterogeneous when 
we received them, so NB-1 and NEG may not be equivalent to the 
parent strains in other collections. The heterogeneity is not surprising 
since we have observed laboratory “evolution” of strains, as described in 
subsequent sections. We are attempting to maintain NB-1 and NEG with 
minimum evolution ( see Section V,D), 

Both NB-1 and NEG are N .  gmberi by all taxonomic criteria. They 
are serologically related. They both remain useful. The phenotype of 
NB-1 is stable; the strain is very easy to maintain and to grow with 
bacteria; it is easy to obtain synchronous transformation. For these 
reasons NB-1 is good for demonstrating transformation (e.g., in class 
laboratories). NB-1 also has certain properties that NEG does not, such 
as the requirement for C 0 2  to induce excystment. On the other hand, 
NEG is the best strain we know as a research partner for the dissection 
of events in transformation. NEG has proved much more amenable to the 
perturbations required for analysis, as will be evident in the following 
sections. However, NEG requires more attention to maintain and to use, 
and thus is perhaps less suitable for a “demonstration” Naegleria. 

Other strains of N .  gruberi are in use in this and other laboratories, 
including those described by Provasoli et al. (1958) and Page (1967a). 
Two others mentioned herein are J25, which we isolated in Medford, 
Massachusetts, and Mt.0, isolated by A. J. Kahn (personal communica- 
tion) in Syracuse, New York. 

Most recent work on T.  rostratus has been done with strain TB, which 
Balamuth obtained from a “sterile” human urine sample taken in Texas 
(Brent, 1954). We received amebae of this strain from Balamuth in 1960, 
cloned it as TB-1, and have maintained it since then. In 1966, to check 
certain points, I obtained another culture of amebae of TB from Brent. 
This strain, TB-2, maintained by Brent since 1953 (personal com- 
munication) proved to be quite different from TB-1, both in the con- 
ditions for transformation into flagellates (Section IV,D) and in the 
still incompletely described sequence of morphological changes during 
transformation. Since TB-1 and TB-2 are most probably offspring of 
the same strain, this suggests considerable laboratory evolution has 
occurred in TB. It also indicates that some caution is required in com- 
paring results obtained with strain “TB” in different laboratories. Tetra- 
rnitus rostratus has also been maintained in the stable flagellate form, 
derived from TB, since 1953 (M. M. Brent, personal communication). 

The most common bacterial associates are Aerobacter aerogenes and 
Escherichiu coli. Aerobacter aerogenes has the advantages that it has less 
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tendency to become rough or mucoid than most E. coli strains, and does 
not tend to acidify the medium. We have used a strain of A. aerogenes 
received from Sussman (Sussman, 1951). We have also used E .  coli 
K-12 strain CSlOl (Skaar and Garen, 1956) for some experiments, usually 
with results comparable to Aerobacter. Some cultures of amebo-flagel- 
Iates have been received with mucoid strains of E.  coli; the amebae do 
not grow well on these and are more difficult to work with because of 
the slime. 

B. Handling, Counting, and Sizing 
Nmgleria and Tetramittis cysts and amebae are rugged, and except 

for certain conditions to be specified may be manipulated using the 
routine methods of microbiology without fear of damage. Naegleriu 
flagellates survive the same handling as amebae, but relatively mild 
mechanical or surface tension forces cause these flagellates to revert 
to amebae. Even routine manipulations ( e.g., pipetting or centrifuging) 
cause many Naegleria flagellates to revert. 

Cysts and vegetative cells are stable in water, dilute buffers, salines, 
and various aqueous solutions. We routinely use three solutions, which 
are arbitrary-many others are in the literature. For most purposes these 
solutions are autoclaved before use. 

(1) Demineralized water. This is prepared from distilled water using 
a commercial demineralizer column ( Barnstead Bantam with mixed-bed 
resin; Fisher Scientific)s and contains <0.1 ppm salts (as NaCI). The 
first effluent from such columns contains material from the resin which 
can be toxic, so each time a column is used it is thoroughly flushed with 
water before any is collected. 

( 2 )  Tris. As dilute buffer we routinely use 2 mM tris( hydroxymethy1)- 
aminomethane-HC1, pH 7.4-7.6, prepared in deminerahzed water, and 
"tris," unless qualified, refers to this reagent. Tris is conveniently pre- 
pared by dilution of a stock 0.1 M tris, pH 7.6. 

(3) MS-1. This dilute saline, originally developed for maintenance 
of Hydra cells, has solved a number of problems with amebo-flagellates. 
MS-1 contains 0.1 mM KC1, 0.3 mhl CaCI,, 0.3 mM NaH,PO,, 1 p M  
disodium ethylenediaminetetraacetate, 0.0008% phenol red ( pH indica- 
tor), and 1.4 mM NaHCO,. The bicarbonate is added after separately 
autoclaving. 

Amebae are stable at temperatures ranging from about 10" to 40°C, 
though physiological changes occur rapidly above about 33°C. We 

T h e  addresses of suppliers may be found in the instrument issue of Science (e .g . ,  
162A, 137-154). 
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usually perform manipulations at room temperature, but often work at 
temperatures below 10°C for brief periods. Ice-bucket temperature 
(4°C) is not damaging unless amebae are stored there for prolonged 
periods, in which case they die. 

Cells are transferred with pipettes or bacteriological loops. Small loops, 
with circles 1.5-2 mm in diameter are most suitable; we make these of 
26-gauge platinum-iridium wire (A .  H. Thomas no. 7434). Cells are 
suspended, and clumps dispersed, using a vortexing mixer (e.g., Vortex 
Genie, from Fisher Scientific); one with a variable speed control is 
helpful during resuspension after centrifugation, though for most pur- 
poses we use the mixer at top speed. Cells are not broken by this violent 
agitation, though of course Nuegleria flagellates lose their flagella. 

The enumeration of cell number, and estimates of cell volume, are 
so basic to work with amebo-flagellates that we consider an electronic 
particle counter indispensable. These are easily calibrated to count 
amebae, flagellates, or cysts without counting bacteria. We use a Coulter 
Counter model A (now replaced by the model F; Coulter Electronics), 
but the methods described should be adaptable to other electronic parti- 
cle counters. In the Coulter Counter, a conducting liquid allows an 
electric current to pass through a limiting aperture between two elec- 
trodes. As particles pass through the aperture, they produce pulsed 
changes in resistance proportional to the volume of conducting liquid 
displaced by the particles, and the number and size of the pulses in a 
given volume of liquid allow the particles to be counted and measured 
(Coulter, 1956). The 100-p aperture and a 0.5-ml sample volume are 
suitable for counting amebo-flagellates. The diluent electrolyte we use 
is 0.4% (w/v)  NaCl in distilled water. Since the concentration of electro- 
lyte determines the conductivity of the diluent, and thus the counting 
properties, it is important to reproduce concentration faithfully. Some 
people filter the saline to remove particles, but we have found that simply 
keeping the instrument clean keeps the count background at 10 or less. 
With the Coulter Counter model A, the instrument settings we use are a 
gain of 3 and a threshold of 25 for NB-1 and other strains, and occasion- 
ally a threshold of 10 for NEG. These settings must, of course, be worked 
out for each strain, condition, and instrument; this is not difficult, except 
that the instruments are more accurate than the readily available means 
to check calibration, such as hemocytometers. 

A suspension of cells to be counted is simply diluted in the saline, 
vortexed, and counted. Our routine counting procedure may be helpful 
since it is different from the procedures used for blood cells, for which 
the Coulter Counter was developed, and uses relatively small volumes. 
Tubes graduated at the 25-ml mark (Corning no. 7860) are filled with 



13. AMEBO-FLAGELLATES AS RESEARCH PARTNERS 417 

about 24 ml of 0.4% saline. An aliquot of thoroughly suspended cells is 
added (0.5 ml if fewer than 10" cells/ml, 0.1 ml if a larger number). The 
volume is brought to 25 nil with saline (a  polyethylene wash bottle is 
convenient), and the dilution agitated on a vortexing mixer a t  top speed, 
holding the tube at an angle so the vortex reaches the bottom of the 
tube. Ten seconds of vortexing is usually sufficient, though if many 
bacteria are present 30-60 seconds may be required, since clumps of 
bacteria will be counted. The sample is poured into a plastic tube; one 
is needed that holds the sample so that it covers the external electrode 
of the Coulter Counter. The tube is left for about 30 seconds so air 
bubbles dissipate, and then the sample counted 2-4 times at the proper 
instrument settings. If the 1/50 dilution is used, count multiplied by 
100 gives cells per milliliter. Between uses, the Coulter Counter manom- 
eter is rinsed with saline, and the graduated and plastic tubes rinsed 
thrice with distilled water and inverted to drain. This procedure has 
given reliable results for six years. The major error in counting vegetative 
cells seems to be the dilution error when preparing the sample. 

Electronic particle counters have a bad reputation in some quarters; 
some problems in counting Acanthamoeba are described by Neff ( 1964). 
We have not encountered difficulties with our method. We have no 
problems with cells lysing, settling, or clumping during measurement. 
The diluent must be clean, but filtration seems unnecessary to ensure 
this. The counter manometer, and especially its aperture, must be kept 
clean, but if the instrument is rinsed between uses, and the manometer 
cleaned when necessary (less than yearly), this presents no problem. 
Periodic rinsing and the addition of a few drops of formaldehyde to the 
rinse saline reduces aperture clogging. When the aperture does become 
reduced or plugged, it often can be cleaned by drawing air through 
it; if this does not work, the directions in the instrument manual are 
followed. The time saved and accuracy gained in a single day of Coulter 
counting, as opposed to hemocytometer counting, repays the occasional 
instrument maintenance. 

The Coulter Counter measures particles by the volume of liquid they 
displace, so in theory particle volume should be accurately measured 
by the machine, regardless of particle shape. This is basically but 
not precisely true (Gregg and Steidley, 1965; Anderson et al., 1967; 
Kubitschek, 1969). Theoretically, too, the instrument should measure 
absolute volume in relation to threshold setting, cubic microns per thresh- 
old unit. With the model A this relationship does not hold in practice 
so this instrument is only suitable for comparison of volumes. The 
Coulter Counter model B, with different circuitry, should be, and is 
(unpublished comparison), more accurate than the model A, but even 
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FIG. 16. Threshold curves obtained with the Coulter Counter model A (semilog 
plot), showing successive counts of samples in 0.42 NaCl with increasing threshold 
at the given gain setting. The curves were prepared using amebae growing exponen- 
tially in buffer-Aerobacter (Section V,C), when the amebae had reached about 
3 X 105/ml. 

with the model B there can be difficulties (Harvey, 1968). Modified in- 
struments, including the commercial Celloscope 101 ( Particle Data, Elm- 
hurst, Illinois), are supposed to have fewer problems in precise volume 
determinations (Harvey, 1968); I have had no experience with these. 
Where useful, instruments may be calibrated using ragweed pollen (see 
Anderson and Peterson, 1967). 

In practice the Coulter Counter model A has proved adequate and 
simple for comparisons of relative cell volume. For such comparisons, 
dilutions similar to those used to estimate cell number are recounted at 
a given gain setting and successively higher threshold settings (incre- 
ments of 10 are sufficient). As the threshold is increased, only particles 
above a certain size are counted. Fig. 16 gives examples of threshold 
curves. The half-count threshold gives a rapid estimate of the mean cell 
threshold, or all counts may be used to obtain the mean as described 
in the Coulter Counter manual. We find a simplified measurement use- 
ful, especially since we often are interested in twofold changes in volume 
(Section V,H). In the model A the gain switch changes the height of 
pulses by precisely factors of two (similar settings are possible in models 
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B and F).  As a result, if the threshold curves for sample A at gain x 
and for sample B at gain ( x  + 1) are similar, then strain A has about 
twice the average volume of strain B. This is illustrated for strains NB-1 
and NEG in Fig. 16. 

Studies on Naegleria amebae using the model A, and for comparison 
the model B, have shown that the average cell volume varies as much 
as twofold with the growth phase of the amebae, growth conditions, and 
other variables. Since there is much physiological ( noninherited ) varia- 
tion in volume, comparisons between strains must be made using cells 
obtained under similar conditions. 

C. Cultivation 
Only things were not so clear and, relatedly, not so energized in Francesco's 
world, where half the time he felt he was paddling around in a tepid sea 
of urine and dishwater. 

-Monroe Engel, 1962 

Naegbria amebae have been grown in diverse environments, usually 
in association with mixed and unknown bacterial flora, with nutrients 
ranging from autoclaved creek water containing cabbage and crackers 
(Wilson, 1916) to Ringer's solution containing "a mass of human feces" 
( Rafalko, 1947). There are more controlled methods of cultivation avail- 
able: (1) on the surface of nutrient agar, in association with a bacterium, 
usually Aerobacter (Schardinger, 1899; Fulton and Dingle, 1967); (2)  
in suspension culture in nonnutrient buffer, with a dense suspension of 
Aerobacter. (Fulton and Guerrini, 1969); and (3)  in particulate-free 
axenic liquid media ( Balamuth, 1964). 

1. CULTIVATION ON AGAR MEDIA 
Cultivation on dilute nutrient agar media with bacteria is the simplest 

and most reproducible method now available for growing Naegleria 
amebae. We have settled on two nutrient agar media, NM and PM. NM 
contains, in grams per liter of distilled water: Difco Bacto-peptone, 2.0; 
dextrose, 2.0; K2HP04, 1.5; KH2P04, 1.0; and Difco Bacto-agar, 20.0. 
PM is the same except that it contains twice as much peptone. These 
media are prepared by adding the components to water (800 ml in 
liter flasks is convenient for small quantities), mixing by swirling, and 
then autoclaving for 10 minutes at 15-20 lbs pressure. The autoclaved 
medium is again swirled, allowed to cool to 45"-5OoC in a water bath, 
and used to pour plates. We use 100-mm plastic petri dishes, and pour 
about 40 ml of medium per dish. The mixing steps, both before and 
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after autoclaving, are necessary to obtain reproducible medium. The 
plates are best after they have sat in the room for about 2 days, and 
remain good until they begin to dry (at least a week in the room, 
much longer if evaporation is retarded). 

These media are based on those used for growth of cellular slime mold 
amebae (e.g., Sussman, 1951), but of necessity are much more dilute 
since Naegleriu amebae will not grow on concentrated media (Chang, 
1958a). Both NM and PM are useful. PM allows slightly more growth 
of the Aerobacter lawn than does NM, and thus is useful for visualizing 
the growth of amebae by the clearing of the lawn. PM also increases thc 
yield of amebae-in strain NEG about an extra doubling. However, 
amebae grown on PM trmsform more heterogeneously than do those 
grown on NM; this is especially true for strain NB-1 (Fulton and Dingle, 
1967), only measurably so for NEG. NM is used for routine cultivation 
and maintenance, and for precise transformation experiments, PM is 
used where yield is more important than synchronous transformation, 
or where an evident lawn is desired. Many other media have been tested 
with strains NB-1 and NEG, but none have been found more useful 
than these two. 

Both NB-1 and NEG amebae grow at maximal rates on agar at tem- 
peratures from about 30"-35"C; we routinely use 33'34°C because ex- 
cystment is faster there than at 30°C. Growth will occur from below 20" 
to 40"-41"C. 

Though the media, bacterial host, and incubation temperature were 
developed for strain NB-1, all strains tested have grown readily on NM 
with Aerobacter at 33"C, and this has proven to be an excellent com- 
bination for several Naegleria strains studied, and also for the TB-1 
strain of Tetrumitus. With Tetramitus strain TB-2, the amebae grew 
well under these conditions, but in several experiments transformed bet- 
ter if the amebae were grown on Brent's (1965) YP agar in association 
with E. coli CS101. YP agar contains 0.5% (w/v)  Difco yeast extract, 
0.5% Difco Bacto-peptone, and 1.5% agar. 

Singh (1950, 1952) suggested growing amebae on nonnutrient agar 
spread with Aerobacter, and Page (1967a) and others have used this 
method, but we have found it less reproducible than dilute nutrient 
agars, primarily because it is impossible to spread a uniform bacterial 
lawn, Chang (1958a, 1960) studied the growth of Naegleria amebae on 
various nutrient agar media with several bacterial hosts. 

Bacterial cultures for inocula are grown in Difco Penassay broth (Anti- 
biotic Medium 3). Tubes of broth are inoculated from stock slants of 
bacteria (Section V,D), and incubated overnight, without shaking, at 
33°C. The resulting stationary phase broth cultures, containing about 
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FIG. 17. Spreader, made of 3-mm Pyrex rod, of balanced shape so one can spread 
liquid over the surface of plates without applying pressure. A spreader is stored 
in a 250-ml beaker of 708 ethanol. The rubber tubing handle grip and the beaker 
cover, made from a plastic petri dish, are useful refinements. X0.56. 

1o’j bacterialml, may be stored at room temperature and used for about 
a week. 

Organisms are plated using a “spreader” of the type in common use 
in bacterial genetics (Fig. 17) .  The spreader is a most important tool 
for working with amebo-flagellates, and its proper use is essential, since 
vegetative cells (especially of Naegkria NB-1, but of the others as well) 
lyse if spread roughly. A spreader should be lightweight, shaped so 
it may be used “floating over the agar surface, without applying 
pressure. It should be sterilized by storage in 70% ethanol (burnt off 
before use) rather than by depending on sterilization by heat. When 
used with vegetative cells, care should be taken to spread gently, using 
enough liquid so that no part of the plate becomes dry during spreading. 
It is possible to annihilate an entire pIating (e.g., 10) of NB-1 amebae 
by running a dry spreader once over a plate after the liquid has soaked 
in. The amebae (otherwise rugged) spread out on the surface of the 
agar, and apparently the surface tension is such that they break easily 
under these conditions. 

Four types of plating, shown in Fig. 18, have proved especially useful. 
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FIG. 18. Examples of agar plate culture conditions used for various purposes. 
All plates illustrate NEG amebae growing on PM with Aerobacter. ( A )  A spread 
plate, used for growing amebae for experiments. The islands are bacteria, and the 
rest confluent amebae. This plate is “90% clear.” The yield from such a plate can 
be as much as 105 amebae. ( B )  An edge plate. The plate was spread with bacteda, 
and amebae or cysts spotted at the point seen at  the top of the plate. Amebae advance 
across the plate, encysting as they go. The advancing edge is evident. ( C )  A clone 
plate, with 25 plaques in a lawn of Aerobacter. ( D )  A double-stripe plate, made 
by placing two stripes of bacteria about 2 cm apart and inoculating the upper one 
at the left end. 

Spread plates are used to grow amebae for experiments. A suspension 
of cysts or amebae is spread together with enough bacteria to form a 
confluent lawn. The bacteria begin to grow, and the amebae, immediately 
or after excystment, begin to feed on the bacteria and grow. Though 
this creates a race between the growth of bacteria and the feeding and 
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growth of amebae, if the initial proportions are correct the growth 
of amebae on spread plates is reproducible, as has been observed in other 
amebae (e.g., Sussman, 1956). Naegleria NB-1, plated on NM with 
Aerobacter at 33"C, grows exponentially with a doubling time of 1.7 
hours to a stationary phase of 2-5 x lo7 amebae per plate (Fig. 19; 
see Fulton and Dingle, 1967). NEG grows at a similarly rapid rate, 
as do the Tetramitus strains. As growth approaches and enters stationary 
phase, the amebae clear the bacterial lawn (Fig. 18A); when the plate 
is completely cleared, the amebae begin to encyst. 

Plating procedures for spread plates vary with the strain. In all cases, 
the organisms are spread with 0.1 ml of a stationary phase broth culture 
of bacteria (usually mixed with the amebo-flagellate directly on the 
plate ) , Naegleria gruuberi NB-1 is conveniently plated as cysts, especially 
since the amebae are so easily lysed during spreading. Loopfuls of 
cysts from a stock plate (Section V,D) are suspended in water, dis- 
persed by agitation with a vortexing mixer, and about lo5 cysts spread 
with 0.1 ml of Aerobacter. If the plate is incubated at 33"C, it is ready 
for use 18-24 hours later. Cysts of strain NEG tend to clump, and amebae 
are Iess liable to Iysis during plating. NEG plates are prepared by sus- 
pending amebae from an edge plate in water, and plating 5-10 X lo4 
with Aerobacter. Tetramitus strains, and the other strains of Naegleria, 
have been plated both ways. 

If too many amebae are plated (much more than 2 X lo ) ,  the amebae 
will eat the bacteria before either has a chance to grow, producing plates 
with completely clear patches and heterogeneous amebae unsuitable for 
experiment. 

Edge plates are prepared by spreading a plate with 0.1 ml of Aero- 
bacter (or other bacterium) and, after the liquid has soaked into the 
plate, spotting a loopful of cysts or amebae on one side of the plate. 
The amebae eat their way across the plate, encysting as they go. The 
"advancing edge" is clear, and consists of amebae (Fig. 18B). Strain 
NEG advances across such a plate (NM, Aerobacter, 33°C) at roughly 
1 cm per day; some strains advance more rapidly (see Section V,H), 

The edge-plate principle has proved useful in isolating new strains of 
Naegleria. NM plates, prespread with Aerobacter, are spotted with gen- 
erous portions of soil or water samples, incubated, and examined periodi- 
cally for plaques. When plaques are found, they are picked with a loop, 
purified with Aerobacter on double-stripe plates, and, if they prove able 
to transform in simple tests (Section V,H), cloned before further testing. 

Clone plates are prepared by distributing a limited number of cells 
over the surface of a plate, together with sufficient bacteria to form a 
lawn, Cells that grow form discrete plaques which appear as clear circles 
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in the bacterial lawn (Fig. 1%). Naegleria cysts, amebae, and flagellates 
all form plaques of amebae (Fulton and Dingle, 1967); Tetramitus cysts 
and amebae do likewise, but their “permanent” flagellates will not grow on 
these agar media ( Fulton, unpublished). Since each plaque usually arises 
from a single cell, clone plates provide a convenient method for cloning, 
Clone plates also allow one to determine the plating efficiency-the frac- 
tion or percentage of plated cells yielding plaqucs-under various condi- 
tions or after treatments. Unfortunately, Nmgkria and Tetramitus amebae 
continue to grow rapidly when the bacteria reach stationary phase, so 
the plaques continue to expand until they fuse. As a result, unlike 
bacteriophage (Adams, 1959) and to some extent cellular slime mold 
amebae ( Sussman, 1951 ), the utility of clone plating with amebo-flagel- 
lates is restricted to fewer than about 30 plaques per plate; with larger 
numbers the clones fuse and become indistinguishable. With Naegleria 
NB-1 and NEG the number of plaques is a linear function of the number 
of cells plated up to about 30 plaques per plate, then falls off as the 
number plated is increased. 

We use PM for clone plates. Plating of cysts is straightforward since 
they do not tend to lyse when spread. Cysts of some strains tend to 
adhere in clumps, but usually these can be dispersed by thorough vortex- 
ing. The cyst suspension is counted, diluted in demineralized water, and 
the final dilution spread with 0.1 ml of overnight broth Aerobacter. 
Amebae and flagellates present a problem since they are susceptible to 
“spread-kill,” especially in strain NB-1 but also in NEG. Vegetative cells 
are clone plated in one of two ways. In the first, fairly fresh plates, 
about 2-3 days old, are used. The diluted cells are spread cautiously 
with Aerobucter. To reduce killing, a fairly large volume of liquid, 0.4- 
0.6 ml, is used in the spreading. The second procedure involves a modi- 
fication of the “pour plate” method used with bacteri~phage.~ PM plates 
at least 4 days old are required (less if the plates are dried at 33’37°C). 
The diluted cells are adjusted so that 1 ml contains the desired number, 
and l-ml aliquots are put on the plates together with 0.1 ml of Aero- 
bucter, and distributed over the surface by rocking the plates. The 
older plates wilI slowly absorb all this liquid. 

The problem with Naegleria amebae and flagellates of avoiding spread- 
kill creates another difficulty, If too much liquid is put on the plates, 
not all the liquid is absorbed quickly enough, and clones divide, then 
separate (by flowing, or perhaps swimming, through the remaining 
liquid) to form satellite plaques. Under these conditions plating efficien- 

BSo far, attempts to make pour plates of the bacteriophage type (Adanis, 1959), 
in which cells and bacteria are poured in agar, gelatin, or some other material which 
gels on the surface of the plate, have been unsuccessful with amebo-flagellates. 
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cies of greater than 100% have been observed. On the other hand, if too 
little liquid is used, spread-kill results in variable plating efficiency, and 
occasionally in total obliteration of plaques. A compromise approach, 
currently in use with Nuegkrla NEG, solves this problem. Amebae are 
diluted in demineralized water to the point where about 0.5 ml will 
produce about 20 plaques (depending on the anticipated plating effi- 
ciency). This aliquot, together with Aerobucter, is placed on a PM plate, 
about 3 days old, and the spreader is used simply to help distribute the 
mixture over the surface of the plate with no extra spreading. This com- 
promise between spread and pour plates has given reliable results. 

This description of the difficulties of clone plating might give the 
impression that it is a capricious procedure with vegetative amebo- 
flagellates. On the contrary, we have used the procedure routinely and 
extensively (see Section V,H), with reliable results, by giving necessary 
attention to the dryness of the plates and the method of plating. With 
Nuegleriu NB-1 cysts and amebae plating efficiencies of 60-100% are 
routinely obtained, 80% the average; with flagellates the efficiencies are 
lower, in the vicinity of 50%. Some examples are given in Table V. In 
experiments with strain NEG amebae, plating efficiencies of 70-90% are 
regularly observed. 

TABLE V 
CLONE PLATING OF N .  grzrberi NB-la 

Plaques per plate 

Expected 
Type of Plaques 

cells Hemocytometer Coulter EOP tested for 
Expt. plated counts connts Observed (%) transformation 

1 Amebae 20 .1  19.6 20.9 107 200 
2 Amebae 18.6 18.8 14.5 77 200 
3 Amebae 23 .0  26.9 20.6 77 200 
4 cysts 18.1 19.8 21.8 110 200 
5 cysts 23 .3  26 .0  26.1 100 200 

7 Flagellatesh 2 3 . 0  26.9 12.5 46 200 
- 6 Flagellates 33.1 33.9 17.3 51 

a A series of early experiments (1962-1963) done to compare hemocytometer and 
Coult,er counts arid plating efficiency (EOP), and t,o determine t,he ability of clones of 
various cell t,ypes to transform. The values given for each experiment are tjhe average 
of 10 hemocytometer counts, 3 Coiilter counts, and 20 clone plates. The high plating 
efficiency in some experiments was due t>o satellite plaques, which are no longer a serious 
problem (see text). Clones were “spot) tested” for transformation (Fectim V,H) ; all 
plaques tested transformed. 

* The same cells as in experiment 3, plated after they had transformed into flagellates. 
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If clone plates are incubated at 33"C, it takes slightly more than 24 
hours for the plaques to appear (longer when cysts are plated because 
of the time required for excystment). Plaques are the right size for 
isolating clones if the plates are incubated overnight at 33°C and then 
overnight at 22"C, or else incubated 3 days at 22°C. 

The plating efficiencies, as well as the linear relation of plaques to 
cells plated at low concentrations, demonstrate that single cells yield 
plaques. Nevertheless, it is always possible for a single plaque to arise 
from more than one cell. The frequency at which this can occur depends 
on the number of plaques per plate, the plating efficiency, and other 
factors. When clonal purity is important, this can be assured by repeated 
recloning. 

Page (1967a) isolated clones by cutting out pieces of agar containing 
single cells. One could also done by sampling singIe ceIIs from a suspen- 
sion in a small capillary (Wilson, 1916). These approaches, though 
useful, are more laborious than plating for plaques. 

Double-stripe plates are used to eliminate contaminants, or to transfer 
amebae to a new bacterial host. They take advantage of two standard 
methods of purifying amebae, in use for many years: growth through 
a bacterial lawn, and migration over a sterile agar surface (see Neff, 
1958; Durbin, 1961). Two parallel stripes of bacteria, about 2 cm apart, 
are put on the surface of a plate with a loop or pipette, the liquid is 
allowed to soak in, and cells are spotted at an end of one stripe (Fig. 
180). Amebae grow across the inoculated stripe, and move out across 
the agar-thus becoming sterile-and enter the other stripe. Migration 
is faster if fairly fresh wet plates are used. In our experience a single 
migration has been sufficient to give purity or to transfer amebae from 
one bacterium to another. 

2. CULTIVATION IN LIQUID MEDIA 
Many early students of Naegleria used cultures of amebae grown in 

dilute nutrient liquid media, such as hay infusions. The amebae in such 
media depend on the bacteria which grow for food, so naturally if the 
medium is very dilute, and the bacteria sparse, the amebae grow slowly 
to a low yield. We have found, as did Chang (1958a), that Naegleria 
amebae will not grow in more concentrated liquid media. Chang attrib- 
uted this to inability of the amebae to feed on bacteria in suspension; 
our success with cultivation in nonnutrient liquid media makes this ex- 
planation untenable. In our experience nutrient liquid media, such as 
liquid NM, change rapidly as the Aerobacter grow, creating an environ- 
ment inhospitable to the amebae, The nature of this toxicity is unknown, 
but so far it has prevented useful growth of the amebae and bacteria 
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FIG. 19. Growth of Nuffigleriu amebae. (0) Growth of NB-I amebae on NM agar 
mediuni with Aerobacter a t  33OC (Fulton and Dingle, 1967). ( A and V ) Growth of 
NB-1 amebae in buffer-Aerobacter at 30°C; two different cultures. ( 0 )  Growth of 
NEC amebae in nonparticulate axenic medium A at 28°C. The insert ( B )  shows the 
relation between growth rate k and temperature for NB-1 amebae in buffer-Aero- 
bucter. Growth rate is defined as ( I n  2 ) / T ,  where T is the doubling time in hours. 
The curve is most precise from 25O-4OoC since many measurements have been made 
in this range. 

together in liquid nutrients, such as have proved useful with cellular 
slime molds (M. Sussman, 1961). 

Naegleria amebae have been grown in suspension in nonnutrient 
buffers containing a dense suspension of Aerobacter (Fulton and 
Guerrini, 1969). Under the best conditions developed, the amebae grow 
with a doubling time of 2 hours at 30°C to a stationary phase yield 
of about 2 X lo6 amebaelml (Fig. 19). The buffer is tris-Mg [(p. 415) 
tris containing 10 mM MgSO,]. The addition of Mg2+ is irrelevant to the 
growth, but prevents clumping of the bacteria, which makes accu- 
rate counting of amebae with the Coulter Counter impossible. Aerobacter 
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are prepared fresh each day by spreading PM agar plates with 0.1 ml 
of a broth culture, and incubating overnight (15-24 hours) at 33°C. The 
bacteria from each plate are suspended in 10 ml tris, sedimented once 
(4 minutes at 2200 g),  and resuspended in tris-Mg at the ratio of one 
plate equivalent of bacteria per 20 ml of buffer. This method gives about 
7 x lo9 viable Aerobacterlml, and has proved more convenient than 
growing the bacteria in liquid. 

The tris-Mg-Aerobacter suspension is distributed into Erlenmeyer 
flasks to make fairly shallow layers (20 m1/125 ml flask is about maxi- 
mum). A counted aliquot of amebae from an NM growth plate is added, 
and the culture then incubated at 30°C in a water bath shaker, at 
about 125 oscillations per minute (Section V,E). Some of the inoculated 
amebae begin to grow at once, whereas others transform into flagellates, 
which later revert to amebae and begin to grow. The proportion of 
amebae which transform or grow varies with the conditions of inocula- 
tion; factors influencing the "decision" to grow or transform under these 
conditions are still being studied. But after the initial transformation the 
cultures consist almost entirely of amebae, with rare flagellates; these 
amebae may be subcultured indefinitely (more than 100 generations 
tested ) in tris-Mg-Aerobacte r. 

Amebae taken from these buffer-bacteria cultures, and washed to 
buffer, transform into flagellates, often with rate and synchrony com- 
parable to agar-grown amebae, though not as reproducibly. 

This method of liquid cultivation permitted development of a method 
for obtaining synchronized mitosis in Naegleria NB-1 amebae, described 
in detail in Fulton and Guerrini (1969). In buffer-Aerobacter, NB-1 
amebae grow more rapidly as the temperature is increased to 30°C; 
the rate remains maximal to about 35"C, and then declines rapidly to zero 
at 39°C (Fig. 19B). If a log phase culture, growing at 3O"C, is shifted 
to 38"-39"C, division ceases and the amebae increase in size. After 100 
minutes at the sublethal temperature, when the volume has nearly 
doubled, if the culture is returned to 30"C, a single burst of division 
occurs. Usually 80-90% of the amebae divide within a quarter of the 
normal doubling time, and 60-70% of the amebae may be found in mitosis 
(metaphase to telophase) simultaneously. The method also works for 
strain NEG, though 100 minutes at a slightly higher temperature is re- 
quired (39.2"C instead of 38.7"C), 

Cultivation in buffer-bacteria, though useful for special purposes, is 
not as convenient as cultivation on agar. About the same number of agar 
plates are required to grow equivalent numbers of amebae whether the 
plates are used to grow the bacteria for buffer-bacteria cultures or to 
grow the bacteria and amebae together. Large volumes of liquid culture 
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must be grown (20-50 ml) to obtain the same yield of amebae as from 
a single plate. In addition, amebae from NM-Aerobacter plates provide 
a uniform source of material for transformation and other experiments; 
the amebae from liquid cultures are less reliable, especially as the cultures 
enter stationary phase ( Section IV,D). 

Though Tetramitus amebae have been grown in liquid in associa- 
tion with bacteria, this does not appear to have been studied exten- 
sively. Tetramitus flagellates have been grown only in liquid. Recently 
a yeast-peptone medium, YP (Brent, 1954; 0.5% Difco yeast extract 
and 0.5% Difco proteose peptone in water, autoclaved together), has 
replaced the cod’s head macerations and other infusions once used for 
Tetramitus flagellates. M. M. Brent (personal communication) has main- 
tained “permanent” flagellates in association with E. coli in YP, and 
especially YP at one-quarter strength, for many years. Such cultures only 
grow if started with fairly large inocula, and incubated without shaking 
( usually at room temperature in upright tubes). If shallow flask cultures 
are agitated in a water bath shaker, no growth occurs. Possibly Tetramitus 
flagellates require partially anaerobic conditions to grow, similar to those 
required for transformation. Outka (1964) mentioned that a medium 
containing chelating compounds permits growth of flagellates from small 
inocula. 

Dallinger (1887) studied the adaptation of protozoa, including T. 
rostratus flagellates, to increasing temperatures. He did not describe 
the culture conditions, but presumably he grew them in his cod’s head 
maceration (Section 111,A). Starting with cultivation at 15”C, he slowly 
raised the growth temperature, in increments of about 2°C per month. 
He finally reached 70”C, when the experiment was terminated by an 
accident. The organisms adapted to 70°C died at 15”C, and those from 
15°C died at 70°C. It is hard to tell how seriously this experiment should 
be taken, though certainly someone should try to repeat it. 

3. AXENIC CULTIVATION 
Naegleria amebae have been cultivated in two types of liquid axenic 

media, those with and those without dead bacteria, both based on un- 
defined components. Though success with bacteria-free media ( Bala- 
muth, 1964) is a breakthrough of probable future importance, at present 
both types of media are useful (see Section V,G). 

Cultivation with dead bacteria. Schuster (1961) reported the first 
axenic cultivation of Naegleria, in a medium containing 0.5% yeast extract, 
0.5% peptone, 1% Wilson or Oxoid liver concentrate, and Aerobacter 
killed by 1 minute exposure to 100°C. The amebae grew with a mean 
doubling time of 9.4 hours to a stationary phase yield of lo5 amebae/ml. 
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Schuster was unable to replace the Aerobacter, and autoclaving them 
destroyed their ability to support growth, suggesting a heat-labile growth 
factor (see also Chang, 1960). Several strains of Naegleria grew in 
Schuster’s medium. 

A somewhat different approach yielded growth of sterile amebae of 
strain NB-1 on autoclaved Aerobacter (Fulton, unpublished). The final 
medium, developed step by step, contains the following components: 

( a )  YEST: 0.4% (wlv)  powdered skim milk (“Starlac”) and 0.2% 
Difco yeast extract in tris. This suspension is stored in the refrigerator 
with a few drops of chloroform as preservative. 

( b )  Tris (Section V,B). 
( c )  MgCl,, 1.0 M ,  autoclaved. 
(d )  Autoclaved Aerobacter. Overnight PM plates of Aerobacter are 

harvested, sedimented once in a Pyrex tube, and the pellet autoclaved 
10 minutes at 15-20 lbs pressure. The autoclaved pellet is suspended 
in tris, 1 ml per plate, and stored in the refrigerator, where it is stable 
indefinitely. 

Cultures in 125-ml flasks are made up to 20 ml, with the amount of 
tris adjusted to compensate for the inoculum size. If the inoculuin is to 
be 0.5 ml, then flasks with 10 ml of YEST and 8.4 ml of tris are auto- 
claved 10 minutes. When the flasks have cooled, 0.1 ml of MgCl,, 1.0 
ml of autoclaved Aerobacter, and 0.5 ml of sterile inoculum are added. 
The cultures are incubated at 25” or 30°C in water bath shakers. 

In initial cultivation, the amebae are rendered sterile by the addition 
of streptomycin. Amebae, growing on NM in association with Aerobacter, 
are washed in sterile tris, and inoculated into the above medium con- 
taining 200 pg streptomycin/ml. (Streptomycin sulfate, Lilly ampule 
no. 431, is reconstituted in tris and diluted for use.) The amebae are 
sterile after one growth cycle, and thereafter the cultures are grown 
without antibiotic. 

In this medium, NB-1 amebae grew with a doubling time of 4-7 hours 
(at  25OC), depending on precise conditions, to a stationary phase of 
5 x 105/ml. Serial subcultures could be continued indefinitely (more 
than 40 generations tested) without a decline in the growth rate or 
yield. Amebae from these cultures, washed and suspended in tris, trans- 
formed well. 

The procedure described is an empirical one, but minor variations can 
reduce or eliminate growth in this medium, All the components in 
the medium improved growth of NB-1 amebae if prepared as described. 
Although the medium is poorly buffered, the pH does not change sig- 
nificantly during growth. The autoclaved Aerobacter are especially 
touchy. For example, autoclaving the pellet of bacteria a second time, 
or autoclaving them in suspension, reduced or destroyed their ability 
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to support growth. Like Schuster, I was unable to eliminate the dead 
bacteria, but this medium established that no heat-labile compound 
is required for growth of strain NB-1. 

Cultivation in particulate-free media. Balamuth ( 1964) reported culti- 
vation of Naegleria amebae in a medium similar to Schuster’s (1961), 
except that the Aerobacter was replaced by a serum fraction containing 
a-globulins, Cohn’s fraction IV-4. In 1966 Balamuth generously provided 
us with the recipe for his medium and a representative culture, from 
which our strain NEG was derived. Balamuth‘s medium contained 1.0% 
proteose-peptone, 0.5% yeast extract, 1.0% liver concentrate, 0.03 M dex- 
trose, and 1.0% serum fraction IV-4, in 10 mM phosphate, pH 6.5. Re- 
cently Schuster and Svihla (1968) have culfivated amebae in a yeast- 
peptone-liver medium containing chick embryo extract. Cerva ( 1969) 
has reported growth of two pathogenic strains of Naegleria in a different 
axenic medium, containing 2% Difco Bacto-Casitone and 10% horse 
serum in water. C. G. Culbertsun (personal communication) found that 
the pathogenic strain HB-1 grows, and remains pathogenic, in Balamuth‘s 
medium. 

Our media are based on Balamuth‘s. The pPecise method used for 
preparing components and three sample media are given in Table VI. 
The standard media contain the same concentrations of peptone, yeast 
extract, dextrose, and phosphate as B,alamuth suggested; they vary in 
the serum source-fraction IV-4 or fetal calf serum-and in whether 
or not liver extract is added. Cultures rouiinely are grown in 125-ml 
flasks ( DeLong flasks, from Bellco Glass Company, are especially suit- 
able) containing 10 or 20 ml of medium, and incubated at 28°C on a 
reciprocating shaker ( Section V,E ) , Initial cultures from bacterized 
amebae are sterilized by inclusion of 200 ,ug streptomycin/ml medium. 

Amebae of strain NEG grow readily in all three media listed in Table 
VI. Medium A allows growth with a doubling time of &12 hours, with 
a decelerating growth rate as the cultures approach a stationary phase 
of 2-3 x lo6 amebae/ml (Fig. 19). The addition of liver extract, as in 
medium B, slightly increases both the growth rate and stationary phase 
yield. Medium C is a “minimal” medium, with no liver and only 0.18 
fraction IV-4. This gives reproducible growth, with yields of nearly 
1O/ml. Growth will continue in medium containing only 0.01% fraction 
IV-4 for at least 17 generations-as long as tested-but growth ceases in 
the absence of a serum fraction. 

NEG amebae can grow continuously in these particulate-free axenic 
media; more than lo00 generations have been followed without a decline 
in the growth rate or yield. The media are very useful for certain pur- 
poses, but there are several things to be aware of when using them. The 
amebae change in properties throughout a growth cycle, much more 
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TABLE VI 
PREPARATION OF AXENIC MEDIA FOR N .  gruberi 

COMPONENTS 

PO-4 KHzPO4 
NazHP04.7 HzO 
Demineralized wat eI 

Autoclave 

DEX Demineralized water 
Dextrose 

Autoclave 

CONCENTRATION 
STOCK FINAL 

3 . 4 g m  5 mM 
6 . 7 g m  5 mJ/ 

to 100 ml 

50 ml 
13.5grn 0.03 M 

HG5 Demineralized water 650 ml 
Difco proteose-peptone 10 grn 1.0% 
Difco yeast extract 5 gm 0.5y0 

Dissolve; distribute 65 ml per screw-capped bottle; 
autoclave. When cool, add to each bottle: 

PO-4, 2 m l  
DEX, 2 ml 

Prepared HL-5 i s  stored in a refrigerator, where it 
i s  stable indefinitely. 

LSS Demineralized water 100 ml 
Wilson liver concentrate NFa 5 gm 1.0% 

Autoclave; centrifuge; reautoclave supernatant; 
store in refrigerator. 

IV-4 Demineralized water 100 ml 
NaCl 0.8 gm 
Sheep fraction IV-4* 5 . 0 g m  0.1% 

Adjust to p H  8.5 with NaOH; centrifuge; filter sterilize 
supernatant.d Store in freezer. 

FCS Fetal calf serume as received 10.0% 
Filter sterilize i f  necessary; store in freezer. 

MEDIA 
M i x  in sterile 1%5-mlflasks: 

HI.-5 
Demineralized wat,er 
LSS 
FCS 
IV-4 

A B C 

7 ml 7 ml 7 nil 
2nd 0 2.8 ml 
0 2 m l  0 
1 ml 1 ml 0 
0 0 0 . 2  ml 

a Wilson Laboratories, 4221 S. Western Blvd., Chicago, Illinois. 
b No. 71-885 from Hyland Laboratories] 4501 Colorado Blvd., Los Angeles, California. 
c No. 614 from Grand Island Biological Co., but sera from other sources have given 

d Filtered, with pressure, through either GS or HA Millipore filters (Millipore Corp.). 
similar results. 
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than has been observed in the bacterized cultures. Amebae sampled 
from different portions of a growth curve are obviously different in 
morphology, inclusions, and volume; they also give different growth 
curves when subcultured. Transformation is usually more asynchronous 
and less complete with the axenic cultures than with bacterized cultures, 
and also very dependent on the growth phase of the amebae. The amebae 
die rapidly after they reach stationary phase, so they must be subcultured 
frequently. Amebae grown continuously in axenic cultures have been 
found to change in their properties, becoming large cells (Section V,H) 
which when subsequently replated with bacteria grow slowly and trans- 
form poorly. These generalizations, from work in progress, indicate that 
the axenic cultures are less easy to use for experiments than bacterized 
cultures, and that further work needs to be done before axenic can 
replace bacterized cultures for most work with these organisms. 

Amebae of strain NB-1 grow well in medium B, containing fetal calf 
serum and liver extract, with yields up to 7 x 105/ml. The liver extract 
seems to be essential for NB-1, unlike NEG. The serum can be replaced 
by fraction IV-4, but a high concentration of IV-4, l%, is required, and 
the amebae only grow after they “adapt” to it. Amebae of another strain, 
J25, failed to grow in medium C, grew slowly in medium A, but grew 
fairly well in medium B. 

This work has had an interesting by-product: Sussman and Sussman 
(1967) found that medium B permitted axenic growth of the cellular 
slime mold Dictyostelium discoideum. 

Tetramitus. In 1954, prior to the axenic cultivation of Naegleria, Brent 
grew Tetramitus amebae in a yecst-peptone-liver medium containing 
autoclaved Bacillus cereus. No heat-labile components were required. 
Brent isolated two required fractions from the B .  cereus, but he was un- 
able to replace the bacterial fractions. Growth of Tetramitus amebae 
in particulate-free axenic media, including a defined medium, has been 
reported (Balamuth and Outka, 1962; Balamuth and Kawakami, 1962; 
Outka, 1965), but later studies revealed that the amebae which grew in 
these media was a contaminant, an Acanthamoeba species (Balamuth and 
Kawakami, 1967). M. M. Brent (personal communication) has Tetramitus 
flagellates growing axenically in a yeast-peptone medium containing an 
E .  coli fraction. Outka and Kluss (1967) reported axenic growth of 
both amebae and flagellates, but no details were given. 

D. Maintenance of Strains 
Because of the laboratory evolution of clonal strains, mentioned in 

Section V,A, attention to the maintenance of strains with preservation of 
their properties is essential. Of the strains we have studied, Naegleria 
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strain NEG seems particularly labile in its properties, and during cultiva- 
tion we have observed changes in ploidy (Section V,H), and also in the 
appearance of the advancing edge on growth plates, the conditions of 
encystment, and the synchrony and completeness of transformation. 
Genetic heterogeneity can be eliminated by periodic recloning, though 
one must guard against choosing a clone with properties different from 
its parent. Maintenance with minimum evolution is more difficult; we 
have not found any completely satisfactory procedure for Naegbria. 

Maintenance on agar is straightforward, but involves the most selec- 
tion since there is growth and death at every transfer. In principle 
a culture is grown, allowed to encyst, and the cysts subcultured before 
they die. We maintain cultures at room temperature or 22°C; tempera- 
tures below 10°C are inimical to survival. Strain NB-1 has been main- 
tained on NM spread plates, where it encysts well, with transfer at 1- 
to 2-month intervals. Edge plates have been used for maintenance 
of strain NEGIO. Cysts for subculture are taken from a point near the 
site of inoculation to avoid the selective growth described in Section V,H. 
In addition to the continual selection on plates, this procedure of main- 
tenance also involves risk of loss of cultures if the plates become too 
dry. (One can often obtain survivors from a relatively dry plate by 
cutting out a square of agar and placing it, cysts down, on a fresh 
plate prespread with bacteria.) Cysts of strain NEG survive a year or 
more on edge plates wrapped in Saran wrap and stored at room tempera- 
ture, F. C. Page (personal communication) obtains similar survival of 
cultures on plain agar slants in screw-capped tubes. Dee (1966b) keeps 
Myxomycetes on slants covered with liquid paraffin. 

It would be convenient to have a method for putting cultures in sus- 
pended animation, so no differential growth or survival could occur. 
Storage of frozen cultures is a possibility. We have not explored freezing; 
Scharf (1954) reported that Naegleria amebae survived freezing in the 
presence of 1 M ethylene glycol. 

Another possibility is drying of cysts. Page (1967a) obtained survival 
of eight N .  gruberi strains for at least a year by a very simple procedure, 

lo Strain NEG forms cysts on spread plates, but these cysts excyst in situ and 
the excysted amebae die. This strain forms stable cysts on edge plates, except near 
the site of inoculation. The cause of this difference is unknown, but NEG also forms 
stable cysts on spread plates when the agar medium is NM to which 0.1 M MgSO, 
and 0.01 M CaCl, are added after autoclaving. Strain NEG encysts differently on 
double-stripe plates. The cysts formed under these conditions are tinged with a 
golden color, whereas they are colorless on edge plates. A greater proportion of the 
cysts from double-stripe plates require C 0 2  to induce excystment (Section IV,C). 
Preliminary evidence indicates that NEG cysts formed on double-stripe plates may 
survive longer than cysts which form on edge plates. 
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which deserves further exploration. He put 3 drops of a dense cyst sus- 
pension onto each of four filter paper wedges in a 5-cm petri dish, 
wrapped the dish in Saran wrap, and stored it in the dark at room tem- 
perature. No attempt was made to exhaustively dry the cysts. To test for 
survival the filter paper wedges were placed on agar streaked with 
Aerohacter. 

Rapid drying of cysts, either directly or after freezing ( lyophilization) , 
is one of the most appealing hopes for stable preservation, and has been 
used successfully with slime molds (Fennell, 1960; Kerr, 1965b). A 
simple method, described below, has worked well for Tetrurnitus cysts 
and, with survival in the vicinity of 0.01%, for Naegleriu NB-1 cysts. After 
rapid drying these strains have remained viable for as long as tested- 
seven years for strain NB-1. Cysts of strain NEG usually have not sur- 
vived this procedure. Occasional survivors indicate the method can be 
made to work, but we have not yet found the trick. 

Cysts are dried in tubes made of 8-mm Pyrex tubing, 10 cm long and 
sealed at one end. The tubes are plugged with cotton and autoclaved. 
Cysts-from spread or edge plates as appropriate-are put into the 
tubes for drying in one of two ways. (1) Cysts are suspended in a small 
volume of autoclaved skim milk (9% “Starlac” in water), and 3 drops 
placed in each tube. ( 2 )  Cysts are placed on filter paper. Slivers of 
Whatman h i m  paper, about 5 x 35 mm, are cut. The strain and date 
can be written on these with a graphite pencil; the papers are then auto- 
claved. Cysts are put onto the papers either by wetting them with a 
dense suspension of cysts in demineralized water or by using the papers 
to “wipe” the surface of a plate of cysts. The papers are then placed 
singly into the tubes. 

The prepared tubes are placed into a prechilled vacuum desiccator 
containing a freshly dried desiccant, such as silica gel. The desiccator 
is evacuated with a vacuum pump. Pumping is continued overnight, and 
the desiccator kept on ice through the initial period. The following 
day the desiccator, now at room temperature, is opened, and the tubes 
individually evacuated and sealed by drawing out the open end. One 
tube in each series is tested for viability, and the remaining tubes are 
stored in a refrigerator. 

To recover a culture dried on paper, a tube is opened and the paper 
dropped onto an NM plate prespread with Aerobacter. Alternatively- 
and the only way for cysts dried in milk-the cysts are first suspended in 
demineralized water and then plated with Aerobacter. 

Many variations of this procedure have been tested. Though cysts 
can survive lyophilization, more consistent results have been obtained 
by rapid drying without freezing. Survival seems to be improved by 
working rapidly from suspension of cysts to evacuation of the desiccator, 
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and by keeping the desiccator cool during drying. Further work is needed 
to make this a reliable method of preserving strains such as NEG, but 
in the interim it is useful with other strains. 

Bacterial strains are maintained on slants made with Difco nutrient 
agar, kept at room temperature, and transferred about every 2 months. 
The strains should not be maintained in broth cultures, since this en- 
vironment selects rough and mucoid mutants. Reserve stocks of bacterial 
strains are kept by rapid drying on filter paper slivers, as described 
above. Periodically, bacterial strains are recloned by streaking a sus- 
pension on an agar medium, and choosing an isolated colony. 

E. Transformation 

No one between Schardinger (1899) and Fulton and Dingle (1967) 
seems to have described the rapid conversion of entire populations of 
NaegZeria amebae into flagellates. Most observers have reported relatively 
slow, heterogeneous, and incomplete transformation (examples in Fulton 
and Dingle, 1967). Probably much of this variability was due to growth 
of amebae on heterogeneous bacterial flora, on unsuitable media, without 
control of the health of the amebae. 

The synchronous and reproducible transformation of N .  gruberi, 
described in Section I,B, is not difficult to achieve. In our experience 
amebae for synchronous transformation are most readily prepared on 
NM with Aerobacter. Under these conditions reproducible transforma- 
tion is obtained regardless of the exact growth phase of the amebae at 
the time of sampling, as long as plates are sampled prior to the onset 
of encystment (Section IV,D). Growth on media more concentrated 
than NM decreases the synchrony of transformation. Doubling the pep- 
tone in NM has this effect on strain NB-1; quadrupling it, on NEG. 
Amebae grown in liquid, either in buffer-Aerobacter or in axenic cultures, 
give more variable results in transformation than those grown on NM, 
but with careful attention to the growth phase of the amebae at the 
time of sampling one can get fairly reproducible transformation. So far 
the best results with these liquid cultures, obtained when amebae are 
sampled in mid- to late log phase, are comparable but not quite equal 
in synchrony and reproducibility to plate-grown amebae. 

The health of the amebae sampled for transformation, the washing 
of amebae, temperature, and agitation all can profoundly influence the 
transformation of our strains NB-1 and NEG. Other routine variables 
have little or no influence on Naegleria transformation, including the 
exact composition of the aqueous environment, cell population density, 
and light. Of course some variations have effects, such as pH extremes, 
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the additions of certain drugs and ions, and other environmental per- 
turbations outside the range of the normal. But if one pays suitable 
attention to the amebae sampled, their washing, and the temperature 
and agitation during transformation, the time of Naegleria transforma- 
tion is reproducible to within 3 minutes from day to day. 

The transformation of Tetrumitus is more delicate. I t  seems to depend 
on all those things important for Naegleria, and in addition on the growth 
phase of the amebae, the aqueous environment, and especially the gas- 
eous environment ( Section IV,D ). 

A protocol for Naegleria transformation has been given (Section I,B), 
methods for growth and handling of the amebae described (Section V,B 
and V,C), and some of the variables and conditions for transformation 
discussed (Section IV,D ). The remaining aspects of transformation that 
need to be considered are washing of amebae, temperature control and 
agitation, and control of the gaseous environment. In addition we must 
examine methods for evaluating transformation. A method for transform- 
ing large numbers of cells is described in Section V,G. 

1. WASHING BY CENTRIFUGATION 

If amebae taken from a growth environment are inadequately washed, 
incomplete and variable transformation results. On the other hand, 
prolonged washing causes damage to some cells and heterogeneous 
transformation. 

The only satisfactory method we have found for washing amebae or 
transferring them from one aqueous environment to another is cen- 
trifugation. The methods are described here as they are used to wash 
amebae from growth plates for transformation. 

In method A (Fulton and Dingle, 1967) amebae are suspended and 
washed at room temperature, At zero time, 10 ml of tris (Section V,B) 
is added to a plate freshly removed from a 33°C incubator, and the 
amebae harvested using a spre3der. The suspended amebae are cen- 
trifuged in an angle-head rotor (Ivan Sorvall model XL) for 3 minutes 
at 400g. The supernatant is discarded and the pellet resuspended in 
tris. Four centrifugations eliminate more than 99% of the viable Aero- 
bacter with a loss of about 20% of the amebae. The washed amebae are 
suspended in tris and incubated as described below. If one works rapidly, 
the time from suspension to incubation with method A is 15-17 minutes. 

In  method B (Fulton and Dingle, 1967) amebae are suspended in iced 
tris and washed at 10°C in a refrigerated swinging-bucket rotor (Ivan 
Sorvall model HB-4) for 105 seconds at 500 g. The suspension is kept at 
10°C or below through three centrifugations, which take less than 10 
minutes. The zero time for transformation is the moment the washed 
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cells are suspended in warm tris. Because of the use of a horizontal 
rotor, method B is more efficient in eliminating bacteria than method A. 

During the course of our study of factors influencing the transforma- 
tion of strain NB-1, we found that some amebae are damaged during 
centrifugation and transform later than they would if “undamaged 
(Fulton and Dingle, 1967). The nature of this centrifugation damage 
is unknown, but occurs while the amebae are in the pellet rather than 
during sedimentation. Similar cases of damage to cells during centrifuga- 
tion have been described (Buetow, 1961; Plesner et al., 1964). The 
occurrence of centrifugation damage in Naegleria provoked us to seek 
a more rapid procedure for washing. The result is method C, which has 
replaced method A. 

In method C, amebae are washed in a clinical centrifuge with a swing- 
ing-bucket rotor ( International Equipment Company model CL centri- 
fuge with no. 215 head). A mechanical brake, built into the cover of 
the centrifuge (Fig. 20), allows one to stop the centrifuge rapidly after 
each run. Amebae are suspended in 10 ml of tris, as for method A, and 
the suspension poured from the plate into a 50-ml tube (International 
Equipment Company, Autoclear no. 1650). The large centrifuge tubes 
allow one to work quickly. The tube is centrifuged for 45 seconds at 
a transformer setting of 5. Because the rotor is accelerating throughout 
this brief interval, it is meaningless to express this centrifugation in other 
than instrument settings, but these have given reproducible results from 
one centrifuge to another. As soon as 45 seconds elapse, the rotor is 
brought gently to a stop by pressure on the brake. The tube is dumped 
(rapidly, without hesitation, or cells are lost), and 10 ml of tris is 
blown in from a pipette with sufficient vigor to resuspend the cells. 
Usually the tube is agitated for a couple of seconds on a vortexing 
mixer before returning it to the centrifuge; this agitation removes some 
bacteria that otherwise adhere to the amebae throughout washing. After 
three centrifugations, the amebae are resuspended for incubation. The 
time from initial suspension of the amebae to incubation is reduced to 
5-6 minutes by using method C. Elimination of bacteria and recovery of 
amebae are better here than with method A, and centrifugation damage 
-though it still occurs-is reduced. 

With method C, amebae may be suspended and washed in buffer 
maintained at the final incubation temperature rather than at room tem- 
perature, though for most purposes this does not make a significant 
difference. 

With methods B and C, three centrifugations are sufficient, and 
further centrifugations are inefficient, because some cells are lost during 
each centrifugation and few bacteria are removed after the third cen- 
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FIG. 20. Brake for International Equipment Company model CL centrifuge. A 
stainless steel plunger ( A )  and a compressed spring ( B )  are inserted into a brass 
holder ( C )  bolted to the lid of the centrifuge. A brass cup ( D )  is bolted to the 
plunger, and a leather disc ( E )  inserted into the cup, rough side out, and held 
there by friction or glue. The head-securing nut of the centrifuge is replaced by a 
large brass nut with a flat top ( F ) .  Pressure on the plunger causes friction between 
the leather disc and the nut. 

trifugation. The viable bacteria that persist are stuck to amebae; the 
number of persistent bacteria can be reduced by vortexing the suspen- 
sion between each centrifugation. 

It is important to keep to a minimum the time between removal of 
the growth plate from the incubator and incubation of the washed cells. 
One reason for this, already mentioned, is centrifugation damage. An- 
other is that under certain conditions, in response to temperature shifts, 
Naegleriu amebae can begin to transform on growth plates (Fulton, un- 
published) ; to get reproducible transformation, with a meaningful zero 
time, amebae should be suspended as soon as plates are removed from 
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the incubator. Another reason is that, with Tetramitus, storage of amebae 
in buffer before initiation of transformation reduces the proportion of 
cells which transform (Section IV,D ) . 

Rapid washing is important, but there is nothing magic about the 
methods described. This was demonstrated by Dingle, who obtained 
excellent transformation after washing amebae using a hand centrifuge 
-though this procedure is less convenient, and less safe, then method C. 

2. TEMPERATURE CONTROL AND AGITATION 
The rate of transformation is very sensitive to temperature; in the 

vicinity of 25°C a difference of 1°C can make a difference of as much 
as 3-5 minutes in the time flagellates appear (Fulton and Dingle, 1967). 
Temperatures between 25” and 30°C are best for most work. Trmsforma- 
tion becomes prohibitively slow below 25°C. We use 25°C for routine 
work because flagellates are fairly stable there. Transformation is faster 
at 28°C (Fig. 4) or 30”C, but the flagellates are correspondingly less 
stable.ll 

Most of our liquid cultures, whether for growth, transformation, or 
excystment, are maintained in suspension by constant agitation. This is 
a simple departure from most previous work on amebo-flagellates, but 
an important one. Agitation of transforming cells provides uniform 
suspensions, which allows random sampling to evaluate the course of 
transformation. Agitation is also necessary to provide sufficient gas 
exchange; adequate agitation obliterates the adverse effect that high 
cell population densities otherwise have on transformation. The degree 
of agitation is crucial, especially in transformation experiments, since 
too little allows cells to settle and too much causes reversion during 
transformation. 

We use reciprocating shaker baths to control temperature and agitation. 
(Though others should be suitable, we use “Resco” baths, now manu- 
factured by Warner-Chilcott Laboratories; Fisher Scientific no. 15-453- 
100V2. These are convenient because clamps can be attached to the 
shaker portion and used to agitate cultures in auxiliary baths. The thyra- 
tron tube in the shaker motor circuit is replaced by an industrial grade 
tube, no. 2050W, which gives much longer life. The temperature con- 
trol circuit is inactivated by removing the fuse.) For most purposes we 

“Since we routinely grow amebae at  33°C and transform them at 25”C, some 
have wondered whether these “unnatural” conditions induce the synchronous trans- 
formation. They do not. Equivalent synchrony is obtained if the amebae are grown, 
washed, and transformed at one temperature (e.g., 28°C). We chose 33°C: because 
it gave the fastest excystment and growth; 25°C because it was an excellent coiii- 
promise of rapidity of transformation and stability of flagellates. 
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use the shaker with a l-inch stroke length, and find 100 to 125 (occasion- 
ally 150) oscillations per minute gives sufficient agitation for shallow 
cultures in 125-ml Erlenmeyer flasks. The agitation necessary varies 
with container and liquid volume, but should be set to provide vigorous 
movement of the liquid without splashing. 

Some variability in our early transformation experiments, at 25"C, 
was traceable to the variability of the temperature in standard water 
baths. We bypass the temperature control circuits of most commercial 
water baths, and use the Precision Temperature Regulator, model B 
( Eastern Industries), a simple and inexpensive device which responds 
to the expansion of air and a temperature-sensitive liquid, using R 

mercury switch and a relay to open and close the heater circuit. The 
ternperature-sensitive liquid should be chosen to have a boiling point 
at or slightly above the temperature being controlled. We have used 
inethylene chloride for temperatures in the vicinity of 1Oo-15"C (with 
constant circulation of ice water through copper pipes in the bath), 
Freon-11 (E.  I. DuPont de Nemours and Company, "Freon" Products 
Division, Wilmington, Delaware) for temperatures in the vicinity of 
25"C, ethylene dichloride for 28"C, ethyl ether for 30°37"C, and carbon 
disulfide for 38"-42°C. The thermoregulators are used with copper coil 
heaters ("Precision," Scientific Glass Apparatus no. H-1265); a 300-W 
heater is about right for a 9- to 14-liter bath. With these controls in 
the regular reciprocating shaker baths, with constant agitation, the 
temperature is maintained within 20.2"C; in special smaller baths with 
stirrers to -+O.l"C or less. Though more precise control is possible in 
specially designed baths, these simple controls have been adequate to 
eliminate measurable variability due to temperature, and are exceedingly 
reliable (the major variation, from day to day, being due to shifts in 
the barometric pressure). Further, if these temperature controls break 
down, the temperature normally shifts toward room temperature, whereas 
in some commercial baths a sticking relay results in elevated tempera- 
tures and concomitant loss of cultures. ( I  should add that these re- 
marks are necessary only because the temperature control in standard 
commercial baths is unequal to their impressive prices. ) 

3. CONTROL OF GASEOUS ENVIRONMENT 
Incubation of cells in specific gaseous environments has been found 

necessary for controlling excystment of NuegZeria ( Section IV,C) and 
transformation of Tetruniitus (Section IV,D ) . Commercial gas mixtures 
can be used, but this approach limits one to the mixtures purchased. De- 
vices for creating gas mixtures in the laboratory are often elaborate. 
The following procedure, suggested by methods which Loomis (1959) 
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FIG. 21. Apparatus for making gas mixtures. (A)  shows the setup for mixing; it 
is placed horizontally for use. The stopcock used is Corning no. 7380, with a 3-mni 
stopcock bore. The three-way valve is a Hamilton Company no. 3FFM3, and the 
needle a $-inch 20-gauge (Hamilton Company no. KF-720, tapered point no. 1 ) .  
Regular glass syringes are used dry for adding gases to the valve. The manometer 
( B )  is made of 6 mm 0.d. Pyrex glass tubing. Wide-mouth bottles, 40 mm o.d., 
with rubber stoppers, are used at each end. One end, filled with 1 Ib of mercury, 
has a release tube plugged with cotton. The other end is connected to the mixing 
apparatus. Components are connected with black rubber vacuum tubing, sealed 
with vacuum grease and wired. 

used with hydra, has proved reliable. Gases are mixed by volume, at 
about atmospheric pressure. 

The apparatus used is described in Fig. 21. A cell suspension is placed 
in a suitable container; a 125-ml Erlenmeyer flask, designed for a screw 
cap but with the cap replaced by a sleeve rubber stopper (A.  H. Thomas 
no. 8826, 16 mm diameter), is suitable. The flask is evacuated with an 
efficient water aspirator, and refilled with the desired gas mixture. The 
mixture is made by adding a known volume of a minor gas from a 
syringe as the major gas flows into the flask. The simple manometer per- 
mits one to monitor the relative vacuum, and also serves as a one-way 
release valve. 

Different procedures are used for excystment and transformation. When 
the apparatus is used for inducing excystment, the major gas is air 
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(either direct from the room or water saturated) and the minor gas is 
CO,. A flask containing cysts is attached and evacuated. A syringe is 
flushed with and finally filled with 1.0 ml of CO, from a tank (Matheson 
Company, “bone dry” grade). The gas in the syringe comes to atmos- 
pheric pressure en route to the apparatus. When the flask is evacuated, 
the stopcock is opened to the atmosphere. As soon as air is flowing into 
the flask, the three-way valve is momentarily turned to admit the C 0 2  
into the air stream. Flow of air continues until atmospheric pressure is 
reached, at which time thc flask is removed and incubated. This pro- 
cedure gives a gas mixture of 0.8% CO, in air. 

To produce low oxygen mixtures for Tetraniitus transformation, the 
major gas is a tank of prepurified nitrogen, equipped with a low pressure 
regulator and a flow meter. To avoid any leakage all joints in the 
apparatus are sealed with vacuum grease and tubing-glass connections 
are also wired. Before use, the apparatus is flushed with nitrogen, which 
escapes through the manometer. A flask containing amebae is attached, 
evacuated to minimum pressure, swirled, refilled with nitrogen, and 
swirled again. Evacuation and refilling are repeated, and the flask is 
evacuated a third time. The minor gas in this case is 7.0 ml of a mixture 
(from a tank) of 5% 0, and 5% C 0 2  in N,. After the final evacuation, the 
stopcock is turned; as N, begins to flow, the minor gas is released into 
the flow. Flow stops when sufficient pressure is reached so the mercury in 
the manometer bubbles. The flask is removed with the needle attached, 
which allows it to come to atmospheric pressure. Then the needle is 
removed and the flask incubated. This procedure gives an atmosphere 
containing 0.3% 0, and 0.3% CO, in N,. 

Though this procedure is not terribly precise, the volumetric errors 
and uncertainties do not seriously affect the percentage composition of 
the gas mixtures produced, and the versatility compensates for the im- 
precision. The apparatus is easy to use, though one must work quickly to 
make the final gas mixture. 

Samples can be removed from the closed flasks through a 4-inch, 19- 
gauge needle attached to a l-ml tuberculin syringe, or by inverting the 
flask and using a %-inch needle. Though passage through the bore of a 
hypodermic needle may cause some trauma to flagellates (see below), 
when samples have been removed slowly and fixed immediately, no 
reversion has been detected. With both Naegleria excystment and Tetra- 
mitus transformation, flasks may be opened to the room atmosphere 
after a time without interrupting the phenotypic changes. 

The zero time for C0,-induced excystment and low 0,-induced trans- 
formation is the time the final gas mixture is added and the flasks placed 
in the water bath shaker. For Tetrarnitus transformation the amebae are 
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washed in the cold (method B),  and kept chilled during adjustment of 
the gaseous environment. From suspension to zero time takes about 20 
minutes. 

4. EVALUATION OF TRANSFORMATION 

The time course of morphological changes during transformation is 
measured by fixing samples of cells at intervals, and counting the pro- 
portion of cells in each sample which have completed a given quanta1 
change ( Fulton and Dingle, 1967). The fixative-stain, Lugol's iodine, 
is prepared by dissolving 4 gm of iodine and 6 gm of potassium iodide 
in a few drops of water, and then adding water to 100 ml. It may be 
stored in a stoppered bottle in the room, where the concentrated solution 
is stable for at least a year. Samples are fixed at a ratio of 3-4 drops 
of cell suspension to 1 drop of Lugol's iodine. Samples are removed 
directly from the suspensions shaking in water baths, using a wide-bore 
capillary pipette. I t  is important to avoid introducing even traces of 
Lugol's iodine back into the cell suspensions with the sampling pipette. 
The drops of sample are allowed to fall directly into Lugol's iodine in 
a tube (13 x 100 mm tubes are convenient), To avoid inducing rever- 
sion, unnecessary agitation of the flask is avoided, as are mechanical 
forces during sampling, such as would be produced by rapid passage 
through a fine capillary pipette or by letting the drops run down the 
sides of a tube. The fixed samples may be examined immediately or 
may be stored in sealed tubes for at least a day before counting with- 
out measurable change in the resulting counts. 

[Excysting populations are fixed for counting in the same manner, 
except that 0.2-ml samples of the cell suspension are put into tubes con- 
taining 1 drop of a fresh 1/10 dilution of Lugol's iodine in water ( Averner 
and Fulton, 1966) .] 

For counting, the fixed cells are suspended by swirling, and samples 
transferred to microscope slides. Counting of cells at low population 
densities is facilitated if the volume per microscope field of view is in- 
creased. This may be done by elevating the coverslips on small clay feet. 
It is convenient to have a dish of soft modeling clay (Plasticine), and 
scoop up a dab of clay with each corner of a square coverslip, which is 
then placed on a slide. Slides are prepared with coverslips, and samples 
introduced by letting them flow between slide and coverslip. 

Zernicke phase-contrast illumination is excellent for counting; a 40x 
objective and a magnification of 400-625x are suitable. With phase-con- 
trast illumination the fixed cells appear dark orange and the flagella 
are distinct and black. Cell outlines and flagella are equally clear with 
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dark-field illumination, but with bright-field illumination flagella are not 
very distinct and it is difficult to make accurate counts. 

Cells are counted for a specific property, such as presence of flagella, 
number of flagella, or body shape (e.g., amebae, spheres, and flagellate- 
shaped cells, independent of the presence of flagella). Usually 100 cells 
are counted for each time point. To ensure objectivity, slides are pre- 
pared with few enough cells per field of view that all cells in each 
field can be counted. After a field is counted, the microscope stage is 
moved in a consistent direction to an adjacent field, which is then 
counted, and so on until a total of 100 is reached. Use of a blood cell 
counter ( e.g., Clay-Adams no. A-2010) facilitates counting. This count- 
ing procedure is rapid, accurate, and objective. The confidence intervals 
for such counts are available in standard tables (e.g., Snedecor, 1956). 

Counts of the proportion of cells which have achieved a specific 
quantal change-e.g., presence of flagella-in samples fixed at successive 
times yield a curve showing the time course of the phenotypic change 
in the cell population (e.g., Fig. 4). Such curves are probability curves 
whose “slopes” approximate a summed normal distribution. The rise 
time of such curves is a measure of the population heterogeneity in time 
of the quantal change, and gives no information about the rate of 
change. The time at which 50% of the cells have changed, Tao, can be 
used as a measure of rate, at least when comparing populations of similar 
heterogeneity. In practice all parts of these curves can give useful in- 
formation, depending on the experiment, Cell geometry influences counts 
of cells with flagella, since flagella can sometimes be hidden by the cell; 
short flagella ( <2 long) are not often seen. As a result of cell geometry, 
curves for appearance of flagellates, such as Fig. 4, are displaced to 
slightly later than the actual time flagella appear on the cell. These 
points are discussed in detail in Fulton and Dingle (1967). 

The T,, for appearance of flagellates is regularly slightly less for strain 
NEG than for NB-1, when the two are transformed under the same 
conditions (Table IV) . 

Two other methods of measuring the time course of transformation 
have been described. Willmer (1956 et seq.) removed a drop of trans- 
forming suspension to a microscope slide, and counted the number (not 
proportion) of swimming flagellates around the perimeter of the drop. 
This method can lead to difficulties (Fulton and Dingle, 1967). Kerr 
(1960) and Haskins (1968) counted the percentage of flagellates in 
living samples. Scoring living cells accurately is difficult, and if the 
population is changing rapidly-as were those studied by Kerr and 
Haskins-then the sample is likely to change during the time required 
for a count. 
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F. Cytology: Light and Electron Microscopy 

1. OBSERVING LIVING CELLS 
Conventional slide-coverslip sandwiches create forces which cause 

prompt reversion of Naegleriu flagellates (Section IV,D). These forces 
are reduced if the coverslips are elevated. Unwashed slides and cover- 
slips contain something that causes reversion, and also arrests mitosis 
in amebae. For observing living cells we wash slides and coverslips 
and coat them with Siliclad ( Clay-Adams no. J-SOO). The following 
arrangement is used to prevent evaporation during long-term observii- 
tions. A small drop of cell suspension is placed on a Siliclad slide. A 
Siliclad coverslip with clay feet is placed on this and pressed down so 
the drop spreads out to form a circle ca. 5-10 mm in diameter. The re- 
maining area under the coverslip is then filled with mineral oil (several 
drugstore brands of mineral oil have proved satisfactory). If the popula- 
tion density of amebae is not too great, synchronous transformation occurs 
in these chambers. If the cell suspension contains Aerobacter, cysts 
excyst and amebae reproduce. 

For some purposes, such as study of mitosis in living amebae, van 
Tiegham cells (described in Olive, 1967, and Ross, 1967a), in which 
amebae are sandwiched between agar and a coverslip, provide good 
conditions for observation. Hanging-drop cultures ( Outka, 1965; Page 
1967a) are also useful for some purposes, but the drops interfere with 
phase-contrast illumination. 

Zernicke phase optics (especially Carl Zeiss with Neofluar objectives) 
and Nomarski interference-contrast optics ( Carl Zeiss ) give excellent 
images of living cells (e.g., Fig. 6).  

2. OBSERVING FIXED CELLS 

A diversity of procedures have been used to visualize structures in 
amebo-flagellates with the light microscope. Some simple ones that have 
proved satisfactory in my experience are described below. 

Lugol’s iodine can be quite useful. Normally, flagellates are fixed in 
a fairly high concentration of Lugol’s iodine, to preserve body shape 
and make the flagella stand out. Under these conditions little internal 
detail can be seen within the cells (e.g., Fig. 5C) .  Internal detail can 
be seen if cells are fixed in more dilute Lugol’s iodine (Schardinger, 
1899)) but flagella are stained less intensely and one must be careful 
not to lyse or distort cells with the dilute fixative-stain. Alternatively, 
the fixed cells can be “bleached.” If a drop of Lugol’s iodine fixed cells 
is placed on a slide, and the slide rocked back and forth until all visible 
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color is gone, the cells are no longer stained and one can see internal 
details, especially the nuclei, with phase contrast ( Fulton and Guerrini, 
1969). 

A simple method of preserving and clearing cells for phase-contrast 
observation is to fix them in OsO,, dehydrate them, and mount them in 
mounting medium (e.g., Fig. 5A). The OsO, fixative, prepared as de- 
scribed below, is placed in tubes (tapered 15-ml Pyrex centrifuge tubes) 
and iced. Samples of cell suspension are added, and left on ice 30 min- 
utes. The tubes are then centrifuged (e.g., 1 minute in an International 
CL centrifuge at a transformer setting of 6 ) ,  and the fixative discarded. 
Remaining steps are performed at room temperature. The pellets are 
covered with 30% (v /v )  ethanol and centrifuged. The 30% ethanol is 
replaced with 70% and then 95% ethanol. No attempt is made to resus- 
pend the pellet between changes, which are made as rapidly as con- 
venient. The 95% ethanol is replaced by loo%, for two 10 minute changes, 
followed by two 10 minute changes of xylene. Finally, the pellet is re- 
suspended in a few drops of xylme, placed on a slide, and mounted in 
mounting medium. 

Staining of chromosomes has been accomplished using a variety of 
techniques, as described in the papers on mitosis (see Section IV,B). 
The standard for many years was iron hematoxylin (specific procedures 
are given by Wasielewski and Kiihn, 1914; Singh, 1952). Now most 
workers use the Feulgen method, often as modified by Rafalko (1946, 
1947). Singh (1952) and Page (1967a) also give specific details on the 
methods they used. I found it possible to get quite intense staining of 
the chromosomes in mitotic Naeglwiu amebae using aceto-orcein after 
acid hydrolysis ( R. Sussman, 1961 ). A modified Schaudinn’s fixative is 
good for this purpose: 60 nil of water, 30 ml of 95% ethanol, 4.5 ml of 
glacial acetic acid, and 3.0 gm of HgC1,. Amebae are fixed in this for 
8 minutes at room ttmperature, and centrifuged. The pellet is resus- 
pended in water and recentrifuged. It is then resuspended in 1.0 N HCl, 
and placed in 60°C water bath for 10 minutes. The tube is plunged into 
ice, centrifuged when cool, and drained. A few drops of 45% (v /v )  acetic 
acid are allowed to flow down to the pellet, immediately poured off, and 
replaced with a few drops of a 2% solution of Gurr’s synthetic orcein 
(G. T. Gurr Ltd., P.O. Box 1, Romford, RM1-lHA, England) in 45% 
acetic acid, filtered before use. Some staining of chromosomes can 
be seen soon after adding the orcein, but staining seems to improve 
if the cells are left in the stain. Samples are removed to slides for exam- 
ination with an oil immersion objective. Phase-contrast illumination, and 
a red filter (Wratten no. 25), enhance the contrast. These orcein prep- 
arations can be kept in permanent mounts, using the “quick-freeze” 
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method of Conger and Fairchild (1953). A drop of cells in stain is put 
on a slide; a coverslip is added and gently pressed down to squash the 
cells. The slide is then placed on a block of dry ice; when the prepara- 
tion freezes, the coverslip is removed with a razor blade. Most cells 
adhere to the slide. The slide, still frozen, is transferred to a Coplin jar 
of 30% ethanol. The slides are brought to 100% ethanol, then to xylene, 
and mounted in mounting medium. 

Wilson ( 1916), Rafalko (1947), and others described procedures for 
fixing amebae adhering to slides, and then processing the slides. We 
have found that often many cells fall off during processing, and also 
that this method only works when cells are adhering firmly before fix- 
ing. Processing the cells in centrifuge tubes, or after artificially attaching 
them to slides using the quick-freeze method, seem generally more 
suitable. 

We have been unable to stain the basal bodies in flagellates. Pietsch- 
mann (1929) saw the basal bodies as red dots, using a Giemsa stain not 
specified in detaiI. Wilson ( 1916) mentions that AlexeieFs (1912a) 
“triple stain” stains the rhizoplast. It is possible to see the components 
of the interconnected flagellar apparatus-nucleus, rhizoplast, basal bod- 
ies, and flagella-by lysing the cells (Schuster, 1963a; Dingle and Fulton, 
1966). We release the flagellar apparatus by lysing flagellates in Oso, 
buffered at pH 8.3 with veronal acetate, and then examine it with phase 
contrast. 

3. ELECTRON MICROSCOPY 

Electron microscopy methods used recently for Naegleria and Tetra- 
rnitus have been described in Dingle and Fulton (1966), Outka and 
Kluss (1967), and Schuster and Svihla (1968). Most methods are 
standard and need not be detailed here, but some aspects of the methods 
we are using for Naegleria may be useful. 

Originally, we fixed cells in buffered oso,. Since Nuegleeria amebae 
and flagellates lyse when fixed in the standard veronal-acetate buffered 
Oso, of Palade (1952), we add ions. The fixative used, FS-OsO,, is 
prepared by mixing 3.6 ml of 0.14 M veronal acetate (Pease, 1964), 3.6 
ml 0.1 M HCl, 0.9 ml 0.5 M NaC1, 0.75 ml 0.1 M CaCl,, and 18.0 ml 2% 
(w/v )  OSO,, brought to a total volume of 30 ml with demineralized 
water. FS-0.~0, is stored in the refrigerator. One volume of cell suspen- 
sion is added to 2 volumes of iced FS-Os04, and cells are fixed for 30 
minutes in the cold, Better preservation of some structures is obtained 
if the cells are fixed in glutaraldehyde (Sabatini et uZ., 1963). One satis- 
factory recipe for Naegleriu contains, in final concentration, 1X( v/v)  
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glutaraldehyde in 0.05 M Na-phosphate buffcr, pH 7.4. The glutaraldehyde 
fixative is usually prepared double strength, and equal volumes of cell 
suspension and fixative mixed either on ice or at room temperature. Cclls 
are fixed in glutaraldehyde for about 30 minutes, centrifuged in tapered 
Pyrex tubes, washed 3 times in 0.05 M phosphate buffer, and then post- 
fixed in iced FS-OsO, ( 2  volumes diluted with 1 volume of water) for 
30 minutes. The cells are then centrifuged, washed once with iced buffer, 
and rapidly dehydrated with iced 30, 50, 70, and 95% ethanol. Usually, 
the pellet of fixed cells remains cohesive, and centrifugation during these 
steps is unnecessary. Subsequent solutions are at room temperature. 
The 95% ethanol is replaced with loo%, which is changed 3 times at 5- 
minute intervals, followed by a 1 : 1 mixture of ethanol: propylene oxide, 
and three changes of propylene oxide. Finally, the pellets are embedded 
in Araldite 502, using the method of Luft (1961) and materials from 
Ladd Research Industries. With Naegleria adequate impregnation of the 
cells with resin can be a problem. Satisfactory results have been obtained 
when thoroughly dehydrated cells are impregnated slowly with unpoly- 
merized resin. The pellets, while in propylene oxide, are transferred from 
the centrifuge tubes to stoppered wide-mouth weighing bottles ( e.g., 
Kimble Products no. 15157). The pellets usually remain compact through 
embedding if handled gently, but in narrow tubes it is hard to manip- 
ulate the pellets in the viscous embedding resin without suspending 
the cells. After transfer to bottles, the propylene oxide is drained and 
replaced with a 1 : 1 mixture of Araldite : propylene oxide, and the 
samples left for several hours at room temperature in the dark. The 
mixture is replaced with pure Araldite, and the pellets lifted up into 
this (not suspended) using a wooden applicator stick. The samples are 
placed at 50°C overnight. The next day the resin is drained, and replaced 
with Araldite containing “accelerator.” The pellet fragments are trans- 
ferred to capsules containing Araldite-accelerator by using a flat spatula 
made from a wooden applicator stick or toothpick. The fragments are 
centrifuged to the bottom of the capsules (bored corks are used to 
hold the capsules in the centrifuge), and the open capsules are cured 
for 3 days at 60°C. 

Sections are placed on naked grids, and stained in uranyl acetate in 
methanol (Stempak and Ward, 1964), followed by Reynold’s lead citrate 
( Venable and Coggeshall, 1965). 

These suggestions of methods for electron microscopy of Naegleria 
are those currently in use, and undoubtedly will continue to be improved. 
Examples of the images obtained by fixation in glutaraldehyde, post- 
fixation in OsO,, embedding in Araldite, cutting silver sections, and stain- 
ing with uranyl acetate and lead citrate are shown in Figs. 7 and 9. 
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G. Biochemistry 
There have been few biochemical studies on Naegleria, other than 

drug experiments. Those concerned with the effects of drugs on trans- 
formation have been mentioned ( Section IV,D). Kaushiva and Singh 
(1955) reported that emetine and conessine kill Naegleriu amebae, and 
Oura (1960) added sarkomycin and trichomycin; needless to say this 
list could readily be expanded. Few of the drug experiments have been 
controlled or monitored in a way that gives information about the 
molecular events involved. 

There should be no obstacle now to biochemical description and 
analysis of events during Naegbria transformation, since suitable methods 
of cultivation are available and it is possible to control and measure 
transformation. Extracts of amebae and flagellates can be prepared easily 
by various means, including freezing and thawing, and lysis with de- 
tergents ( e.g., Sarkosyl; Section IV,C) . In preparing extracts one must 
guard against the effects of the release of proteolytic and nucleolytic 
enzymes, which abound in these cells (as in cellular slime molds; Suss- 
man, 1966). Nuclei have been isolated from Naegleria by breaking 
amebae with a tight-fitting tissue grinder (e.g., A. H. Thomas no. 
4288-B) in a solution of 10 mM tris, pH 7.6, containing 0.1 M KC1 and 
2 mM MgC12, and isolating the nuclei by differential centrifugation (M. 
Bethel, unpublished). 

Three types of biochemical approaches to Naegleriu have progressed 
sufficiently to warrant description of techniques or problems : isolation 
of flagella, experiments with isotopic amino acids, and serological studies. 

1. ISOLATION OF FLAGELLA 

The isolation of flagella from Nuegbriu flagellates requires attention 
to three special problems: stability of flagella, and of flagellates, and 
elimination of contaminating food vacuoles. 

Isolated Naegleriu flagella are less stable than those of some other 
flagellates, and swell and disintegrate in dilute solutions. A satisfactory 
solution for isolation, IM, contains in final concentration 0.15 M sucrose, 
2 mM MgC12, and M disodium versenate. IM is usually prepared 
as a fivefold concentrated stock solution, diluted for use with tris ( IM- 
tris ) . 

Since Naegleria flagellates quickly revert if subjected to mechanical 
trauma, they must be handled gently until the flagella are removed. One 
way to do this is to add IM directly to a suspension of flagellates, and 
remove the flagella by violent agitation with a homogenizer. This method 
lyses some cells (about lo%), and also results in a large volume of sus- 
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pension. The method we now use is to remove the flagella by treatment 
with dilute acid (cf. Mintz and Lewin, 1954). Flagellates are centrifuged 
and the pellet immediately resuspended in IM containing 10 mM acetate 
buffer (made by diluting 0.1 M sodium acetate, pH 3.7). Shaking this 
suspension removes the flagella. 

During transformation cells from bacterized cultures liberate many 
of the lamellar bodies left from food vacuoles. These accumulate in the 
medium and are the main contaminant of flagella preparations. They 
can be reduced by an initial centrifugation of the flagellates, just before 
removing flagella, and further by purification of the flagella through a 
discontinuous sucrose gradient. 

A large-scale method for flagella isolation has been developed for 
strain NEG in collaboration with J. Kowit. Amebae are grown in sterile 
3-quart Pyrex utility dishes (Corning no. 233) covered with aluminum 
foil, each containing 600 ml of PM. Each dish is spread with about 
2 x lo5 amebae and 1 nil of Aerobacter, covered tightly, and placed at 
28°C. After about 40 hours, when dishes are about 95% clear, the amebae 
are suspended in tris using a large spreader. The suspended cells are 
washed by differential centrifugation. A large centrifuge is needed; 
we use an International Equipment Company PR-2 centrifuge, main- 
tained at O"C, with a no. 259 head and no. 384 buckets. The suspen- 
sion is placed in 250-ml round-bottom bottles, and centrifuged 60 seconds 
at 600 g. After three centrifugations and resuspensions the pellet is re- 
suspended in 500 in1 of tris and placed in a 2500-ml low-form culture 
flask (Corning no. 4422), shaken at 28°C (80 oscillations per minute, 
1.5-inch strokes). Cells transform very well under these conditions, even 
when there are more than 10' amebaelml. When transformation is com- 
pleted, there are at least 95% flagellates. The suspension is poured into 
two centrifuge bottles, and centrifuged 2 minutes at 6OOg. The super- 
natants are discarded, and the pellets immediately resuspended in 100 
ml of iced IM containing acetate. The tubes are capped and shaken 
vigorously, and then buffer (e.g., 5 ml of 0.5 hl tris, pH 8)  is added to 
neutralize the acetate. Subsequent steps are performed in the cold. The 
suspension is centrifuged for 2 minutes at 600g in the PR-2 centrifuge 
to remove cell bodies. The supernatant is then centrifuged in an Inter- 
national CL centrifuge for 1 minute at a setting of 5, and then 3 times 
for 4 minutes at a setting of 6. The final supernatant after these centrif- 
ugations is free of cell bodies. The flagella are concentrated by centrif- 
ugation for 5 minutes at 16,OOOg and resuspended in a small volume of 
IM-tris, using a capillary pipette to disperse the pellet. These crude 
flagella are grossly contaminated with lamellar bodies. 

A layered sucrose gradient is used to further purify flagella. Four- 
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milliliter aliquots of sucrose of the following molarities are layered in 
a 50-ml plastic centrifuge tube: 0.25, 0.50, 0.75, 1.0, 1.2, 1.4, 1.6, 1.7, 1.8, 
and 2.0 M. The gradient may be prepared using a 10-ml syringe with a 
Teflon needle (Hamilton Company no. KFl5TF). The needle is placed 
at the bottom of the tube, and each layer injected starting with the 
least dense sucrose. The crude flagella are layered on top, and the 
gradient centrifuged 75 minutes at 13,OOOg in a horizontal rotor. The 
flagella band in the 1.6 M sucrose; the lamellar bodies are in the denser 
sucrose and at the bottom of the tube. Flagella are collected by siphoning 
out the relevant portion of the gradient through 18-gauge stainless 
steel tubing ( Hamilton Company) connected to polyethylene tubing 
( Clay-Adams no. PE160). 

This method is still being developed, and the flagella characterized. 
The procedure yields sufficient flagella for biochemical studies: eight 
utilit; dishes give 8 X log cells; depending on losses during purification, 
these cells yield 5-10 mg of flagellar protein. Since this method allows 
synchronous transformation of large numbers of cells, it also provides 
material for other biochemical studies during transformation. It may be 
noted that cells are grown on PM rather than NM; with strain NEG thc 
slight loss in synchrony of transformation that results from the use of 
PM (Section V,C) is repaid by a doubling in yield of cells per utility 
dish. 

2. INCORPORATION OF LABELED COMPOUNDS 
Labeling with isotopic compounds is a basic tool for tracing molecules. 

In early attempts to use labeled amino acids to study transformation of 
Naegbria strain NB-1 we encountered two problems: substantial in- 
corporation by associated bacteria, and impermeability of amebae, These 
problems have now been solved by the use of strain NEG growing in 
axenic media. 

The artifact produced by small quantities of bacteria is worth em- 
phasizing since it may be encountered by others. Amebae of strain NB-1 
were grown with Aerobacter on NM, washed “free” of bacteria by dif- 
ferential centrifugation, and incubated in buffer containing C14-leucine. 
The label was incorporated into TCA-insoluble material at approximately 
a constant rate, proportional to the number of amebae per milliliter. One 
might think it reasonable to ignore the bacteria, since the cells were in 
nonnutrient buffer and fewer than one bacterium per ameba remained 
after washing ( a  bacterium has about one-thousandth the volume of 
an ameba). Antibiotics such as chloramphenicol and streptomycin di- 
minished the rate of incorporation of leucine, but there was no wny to 
tell what they were affecting. A number of experiments indicated, hom- 
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TABLE VII 
NaegkTiU-STIMULATED INCORPORATION OF C"-LEUCINE BY Aerobactera 

NB-1 Viable A.a. TCA-insoluble 
Flask (x 107/ml) Other treat men ts (cpm/ml) 

1100 A 0 . 6  0.2 
3.500 B 0 . 6  2 . 2  - 

80 C 0 2.0 
D 0 2 .0  A-F supernatant 2600 
E 0 . 6  0 . 2  5 min a t  45°C 4500 

- 

- 

Amebae of strain NB-1 and A .  aerogenes were washed in tris, (Section V,B) and added 
to flasks. In flask D, the bacteria were in a supernatant ( 3  minutes a t  40009) from a 
previous transformation of strain NB-1 amebae a t  8 X 1O6/rnl for 120 minutes. Flask 
E was heated 5 minutes a t  45"C, which was sufficient to kill and lyse all the amehae. 
~~Aeucir ie-1-C~~ (1.37 niCi/mM) was added at  0.2 pCi/ml, and the flasks incubated at 
25°C for 150 minutes, during which time transformation occurred in flasks A and B. 
Samples were precipitated in 5% trichloroacetic acid, dried on filters, and counted. 

ever, that the bacteria were contributing to the incorporation. One such 
experiment is illustrated in Table VII. Flask A shows the incorporation 
of leucine after 150 minutes in tris; the number of bacteria present are 
those remaining after thorough washing. The addition of more bacteria 
greatly increased the incorporation (flask B ), whereas bacteria alone 
showed little incorporation (flask C). This suggested that somehow the 
Naegleria stimulated the incorporation of leucine by Aerobacter. Indeed, 
the supernatant of a transformation, containing no cells, did stimulate 
incorporation (cf. flasks C and D )  ; killing the amebae also greatly in- 
creased incorporation (cf. flasks A and E) .  This made it clear that 
Naegkriu amebae were releasing something into the buffer which 
markedly increased the incorporation of leucine by Aerobacter. Experi- 
ments of this kind did not allow us to decide whether the amebae were 
incorporating at all, but the important point is that Aerobacter, which 
by observation appeared present in negligible quantity, incorporated 
enough to obscure any possible incorporation by Naegleria. Examples 
of similar artifacts produced by "negligible" quantities of bacteria may 
be found in the literature (e.g., App and Jagendorf, 1964; GliSin and 
Gligin, 1964). 

A sterile culture method, using autoclaved Aerobacter, was developed 
to see if NB-1 amebae could incorporate at all (Section V,D). Amebae 
grown in the sterile cultures for about 6 generations in the presence of 
C14-leucine, or washed from the sterile cultures and transformed in tris 
containing leucine, did not incorporate a measurable amount of the 
amino acid. It is remarkable that the amebae can ingest the dead bacteria 
while excluding all the free amino acid, but apparently phagocytosis is 
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a very orderly process (cf. Weisman and Korn, 1967). Preliminary evi- 
dence also indicated that NB-1 amebae grown in sterile culture were 
impermeable to several other amino acids. 

Schuster (1963a) also had difficulties labeling Naegleria, but Schuster 
and Svihla (1968) have labeled with proline and with uridine, as demon- 
strated using autoradiography. They were able to label with proline 
directly in axenic culture; for uridine they labeled Aerobucter with the 
isotopic compound, heat-killed the bacteria (1 minute at lOOOC), and 
fed the dead bacteria to sterile amebae. This procedure, using labeled 
and slaughtered bacteria, can be quite effective for certain experiments 
to determine the distribution of label, such as those of Schuster and 
Svihla (1968), which showed concentration of uridine in the nucleolus, 
but cannot be used for kinetic experiments or where label in bacteria 
might be confused with label in Naegleria. 

Recently, we have been using a mixture of amino acids labeled Cl4 
(New England Nuclear no. NEC-445) to label proteins of NEG amebae 
cultured in particulate-free axenic media. This method allows kinetic 
studies of incorporation ( Fulton and Walsh, 1969). 

3. SEROLOGICAL STUDIES 

There have been two serological studies of Naegleriu. Schuckmann 
(1920) worked with three isolates, probably all N .  gmiberi though they 
are not fully described. He prepared antiserum against amebae in rabbits. 
Dilutions of homologous anti-ameba serum caused flagellates to stop 
swimming, revert to amebae, and agglutinate. Control sera did not cause 
these changes at comparable dilutions. Schuckmann concluded flagellates 
are serologically related to amebae. The anti-ameba serum prepared with 
one strain caused these changes in all three stains, whereas another 
antiserum was specific to the homologous strain, indicating the possi- 
bility of serotypes-of using antiserum to type amebo-flagellates. Schuck- 
mann also presented evidence that the antisera could prevent or delay 
transformation, though it is not clear how he distinguished this from 
continuous reversion. 

We prepared antisera against flagellates of strain NB-1, both living 
and after lysis by freezing and thawing. Flagellates were concentrated 
by gentle centrifugation, and two rabbits immediately injected with 
5 x 1 0  flagellates each in 0.5 ml tris. There were at least 803 flagellates 
at the time of injection. Another two rabbits were given a similar course 
of injections, except that the flagellates were lysed by freezing over- 
night at -lO"C, and so were injected as debris. These rabbits were first 
injected intraperitoneally, followed by nine subsequent injections into 
the marginal ear vein, over the course of a month. The rabbits were 
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bled before the injections, to give preinjection or control sera, and 
again about 1 and 2 weeks after the final injection. The sera are stored 
at -10" to -15"C, where they still retain activity after seven years. 

Sera are diluted for testing in Ab saline (after Sonneborn, 1950), con- 
taining 10 mM NaC1, 0.2 mM KCl, 0.1 mM CaCl,, and 2 mM NaHCO, 
in demineralized water. The saline is without significant effect on trans- 
formation or reversion. 

All four antiflagellate sera, but not the control sera, are active at 
dilutions of 1/50 or more in agglutinating amebae and flagellates, as 
well as in paralyzing flagellates and causing their reversion to amebae. 
The sera give one or two precipitin bands against flagellate extracts 
when tested in Ouchterlony double-diffusion agar plates (Stollar and 
Levine, 1963). The anti-NB-1-flagellate sera reacts with all strains tested 
-NB-1, NEG, and 525, isolated in England, Massachusetts, and Cali- 
fornia-causing agglutination and reversion, but there are quantitative 
differences indicating the possibility of serotyping. The serum gives 
no reaction with Tetrmitus amebae or flagellates (cf. Balamuth and 
Kawakami, 1967). 

A quantitative assay for serum-induced reversion has been developed 
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FIG. 22. Antiserum-induced reversion of Naegleria flagellates. Flagellates of 
strain NB-1 were diluted in Ab saline to about lo" per ml, and serum added at the 
given concentration. Anti-F serum was prepared by injecting living NB-1 flagellates; 
the control was a preinjection serum. The mixtures were incubated at  25°C. Samples 
fixed in Lugol's iodine were counted for percent of cells with flagella, independent 
of body shape (circles) and percent of flagellate-shaped cells, independent of the 
presence of flagella ( triangles ) . 
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in collaboration with R. Pollack. Flagellates are diluted in Ab saline, 
and antiserum is added. Samples fixed with time after addition of anti- 
serum allow one to measure the reversion, as loss both of body shape 
and of flagella (Fig. 22). The initial slopes (percent per minute) of 
such reversion curves are quite reproducible, and can be used to measure 
the concentration of antibody. The assay is very simple, but only 
works with low cell concentrations since otherwise agglutination of 
cells obscures the results. 

Using this assay, and absorbing the sera with specific cells and ex- 
tracts, we have found that the reversion of body shape and of flagella 
are caused by two separate antigen-antibody reactions, and that only 
one of these antigens is present in any quantity in amebae (Fulton, 
196913). In view of the nature of the assay, probably both are surface 
antigens. 

Antisera prepared against intact amebae and flagellates promise to 
be useful in typing strains, and in studying the formation of new surface 
antigens and the antiserum-induced reversion. 

H. Genetics 

No conventional genetic studies-those involving genetic exchange- 
have been done with amebo-flagellates other than certain Myxomycetes 
(Section 1,A). The prospects for such studies seem good in Heteramoeba 
(Section 1,A) and possibly in Tetramitus (Section IV,D) . The question 
of sexuality in N .  gruberi is considered below, following the description 
of two types of inherited variation. 

1. ISOLATION OF MUTANTS 

Chang (195813) reported that after growth of amebae in bacterized 
liquid cultures or on agar at 37"C, the amebae lost their ability to trans- 
form. In both cases the amebae regained the ability to transform after 
several subcultures on agar at 25"-27"C. Chang suggested the possibility 
that such changes might become permanent after prolonged cultivation 
under the liquid or high temperature conditions. We have been unable 
to duplicate these results with strains NB-1 and NEG. Prolonged growth 
of amebae on NM agar at 37°C (and, of strain NB-1, at 40°C), or in 
buffer-Aerobacter at 30" have not resulted in even a temporary decline 
in ability to transform. We have tried by various means, including ultra- 
violet irradiation and growth in the presence of several acridine dyes, 
to "cure" Naegleria amebae of the ability to transform, but so far have 
not found any means to systematically abolish this capacity. 

We have been able to isolate rare mutants altered in their ability or 
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pattern of transformation. Though some of the results will be published 
elsewhere, the methods and basic results may be useful to others. 

Mutagenesis. The efficiency of prospective mutagens has not been 
measured in Naegleria, but among those tested ultraviolet irradiation 
and nitrosoguanidine seem quite effective, with nitrosoguanidine prob- 
ably producing more mutants, as it does in some other organisms (Adel- 
berg et al., 1965; Yanagisawa et aZ., 1967). Ultraviolet radiation is pro- 
vided by a 15-W germicidal lamp, turned on 15 minutes before use. 
Amebae are harvested from a growth plate, washed into tris, and irradi- 
ated in a shallow layer in a watch glass open to the lamp. The irradiated 
cells are plated on NM with Aerobacter. Irradiation of strain NEG for 
30 seconds at 30 cm from our lamp gives 0.144% survival, as measured 
by clone plating. This is the dose frequently used for mutagenesis. 
N-Methyl-N’-nitro-N-nitrosoguanidine ( Aldrich Chemical Company 

no. 12994-1) is stored in the refrigerator and kept dry, and is handled 
only with gloves and other precautions to avoid contact. It is used in a 
citrate buffer prepared as a 0.05 M solution of citric acid in demineral- 
ized water, adjusted to pH 5.8 with NaOH, and autoclaved. To prepare 
a fresh solution of nitrosoguanidine for use, 19 ml of citrate buffer is 
placed in a sterile 125-ml flask and 20 mg of nitrosoguanidine added. The 
flask is shaken at  25°C; the nitrosoguanidine dissolves within an hour. 
Then amebae, grown on NM and washed by method B, are added to 
the flask in 1 ml of tris buffer, to give a concentration of 2-6 x lo” 
amebaelm1 in the flask. The amebae in nitrosoguanidine are shaken at 
25°C for 30-45 minutes, and then washed 5 times in tris, using a Pyrex 
centrifuge tube and centrifuge method B or C. The washed cells are 
spread at several concentrations on NM with Aerobacter. The amebae 
grow slowly at first. Thirty-minute treatment of strain NEG gives about 
50% survival. 

Selection of mutants with altered transformation. No transformation 
mutants have been recovered unless mutagenesis is followed by selection. 
A selection procedure depends on enriching the population for cells 
that fail to transform into swimming flagellates. After this the selected 
population is clone plated, and individual clones are tested for trans- 
formation. A single enrichment is usually insufficient to isolate any mu- 
tants, so after enrichment the selected population is grown overnight and 
selection repeated. Many methods of selection have been tested; two 
of the most successful are described here, Though the descriptions are 
quite specific, the methods have been varied without loss of effectiveness. 

The first method, “panning for gold,” enriches for any nonswimmers 
that remain on the bottom of a standing dish after transformation is 
complete. After treatment with a mutagen, the amebae are grown on 
NM. This is always done before selection to allow expression of any 
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induced mutations. Plates are harvested and washed in tris as for trans- 
formation. The amebae from one plate (or less) are suspended in 100 
ml of sterile tris, and poured into a sterile 150 x 25 mm Pyrex petri 
dish. This is left undisturbed at 28°C for 90-120 minutes, and then with. 
out prior agitation the supernatant is dumped. The residue (“gold) 
is resuspended in about 5 mI of tris using a sterile rubber policeman 
(Fisher Scientific no. 14-105). The selected cells in the residue are 
counted, and plated for overnight growth on NM at 33°C. The follow- 
ing day the selection is repeated. At any desired selection, the “gold” 
can be clone plated and the clones tested for transformation. Usually, 
few mutants are found prior to the third selection, and the proportion 
of mutants reaches a peak by about the tenth selection, but this has 
varied with each mutant run. A mutant run tends to select “clones” 
of specific mutants, so once most of the “gold is mutant further selec- 
tion is ineffective. 

The second method also selects cells which settle, but in this case 
eliminates swimmers by washing with a gentle stream of liqtid. In the 
simplest version an NM spread plate, about 90% cleared, is filled with 
tris and placed at 28°C. After an hour, tris at 28°C is allowed to flow 
slowly across and out of the dish at a rate of about 1500 ml in 75 min- 
utes. At  the end of this time, excess liquid is removed from the dish, the 
residue is suspended, and the selected cells are plated as in the panning- 
for-gold method. This simple procedure has worked, but more efficient 
selection is obtained if cells are prepared as in the panning-for-gold 
method and placed in a 150-mm Pyrex petri dish with inlet and outlet 
tubes. The suspension is left undisturbed at 28°C for 75 minutes, and 
then 1500 ml of tris or water allowed to flow through for another 75 
minutes. The residue is then collected as in the panning method. Often 
selection by this flow method has been so rapid that as much as 80% 
of the residue is “mutant” by the third selection. 

Testing clones for transformation. To test for transformation mutants, 
loopfuls are taken from the edge of isolated plaques and suspended in 
0.5-0.75 ml of sterile tris in the depressions of Pyrex spot plates (Corning 
no. 7220). For these spot tests it is convenient to have a tube of sterile 
water or tris to cool the loop between “picks.” The spot plates are in- 
cubated in a moist atmosphere at 28”C, and examined for the presence 
of flagellates at suitable intervals (e.g., 90 and 150 minutes), using a 
dissecting microscope at 1 0 0 ~  with oblique illumination. With experi- 
ence one can detect not only variations in pattern of swimming but also 
aberrant shapes and differences in cell size. Clones that look promising 
are spotted on edge plates for further testing, or the sample in the spot 
plate depression transferred to a sterile tube, counted, and clone plated 
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directly. Prospective mutants that still look promising after further 
spot tests are cloned and tested by transformation under standard 
conditions. 

Types of mutants isolated. This approach to isolating transformation 
mutants was first explored with strain NB-1 and subsequently with NEG. 
TO date, 19,260 NB-1 clones and 27,095 NEG clones have been tested. 
With strain NB-1 the only “mutants” that have been isolated are clones 
that give slow, heterogeneous transformation of only a portion of the 
population. Even these are rare. Similar mutants have also been found 
in strain NEG, but also a number of much more useful types. The most 
common are “big cell” mutants, similar to the ploidy changes described 
below, and mutants that round up to spheres only 0 4 %  of which ever 
develop flagella. In addition, mutants have been isolated which (1 )  re- 
main amebae under all conditions tested, and show no sign of transforma- 
tion; ( 2 )  form paralyzed flagella, or flagella which only tremble; ( 3 )  
form normal flagella, but remain ameboid throughout; and (4) form 
unstable flagellates that revert as soon as they transform. 

We have also isolated mutants of strains NEG, J25, and Tetramitus 
TB-I resistant to cycloheximide. To do this amebae are treated with 
nitrosoguanidine, grown overnight to allow phenotypic expression of any 
mutants, and then plated on NM containing 50 pg of cycloheximidelml. 
Rare plaques appear on these plates; some of these have proved to be 
cycloheximide-resistant mutants that retain their resistance after growth 
in the absence of the drug. Mutants resistant to cycloheximide have also 
been isolated in some Myxomycetes ( Kerr, 196%; Dee, 1966b). 

2. PLOIDY CHANGES 

After some lo4 clones of N .  gruberi NB-1 had been tested without 
finding any mutants, we began to wonder if the strain was polyploid. 
Another reason for questioning ploidy was the extraordinary X-ray re- 
sistance of NB-1 amebae. When X-rays were tried as a mutagen, essen- 
tially no killing was observed with doses of up to lo9 R in air (Fulton, 
unpublished). Amebae transformed while being irradiated with 9000 R 
per minute. Though 3 x lo5 R resulted in a pronounced division delay 
and some loss in viability, clone plating indicated about 20% survivors. 
NEG amebae are also resistant to at least 5 X lo4 R. Recently similar 
levels of resistance to y-irradiation have been found in Dictyosteliuin 
(Deering, 1968). 

No absolute measure of ploidy in Naegleria, such as might come from 
genetic analysis or chromosome counts, is available. A number of kinds 
of evidence suggest, however, that strain NB-1 has twice the ploidy of 
NEG (see Table IV).  Amebae of NB-1 regularly have twice the average 
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cell volume of NEG amebae (Fig. 16), and also about twice the average 
nuclear volume, as calculated from micrometer measurements of nuclear 
diameter. Strain NB-1 also has about twice the content of DNA per 
ameba as does NEG (see below). 

The ploidy of strain NEG is unstable, and readily shifts from the 
normal value, herein called lX, to twice that value, 2X (Fulton, 1969b). 
These changes in ploidy were first observed during the isolation of NEG 
mutants, many of which are big, and on examination prove to have twice 
the average cell and nuclear volumes, and twice the DNA content, of 
normal NEG. Most of these mutants tend also to form four rather than 
two flagella. It is possible to select for 2X strains by growth on edge 
plates because 2X amebae migrate-not grow-across agar plates more 
rapidly than IX NEG amebae. Thus if a 2X cell appears on an edge 
plate containing wild-type NEG, that 2X cell and its offspring soon pre- 
dominate in the advancing edge, By growing wild-type NEG across 
edge plates continuously, and always subculturing from the advancing 
edge, one can routinely select 2X strains. These 2X strains tend to form 
mostly three to four flagella, but can give rise to strains that are still 2X 
by all criteria but form mostly two flagella. Some of the 2X strains seem 
to be stable, but some give rise t? occasional 1X offspring. We have 
never isolated any ploidy variations of strain NEG other than lX, 2X, 
and probably some unstable 4X strains. Similar results on ploidal in- 
heritance have been obtained in Dictyostelium (Sussman and Sussman, 
1962). 

An interesting feature of the ploidal inheritance of strain NEG is the 
shifts in flagellum number, NEG can inherit several different combina- 
tions of ploidy (X) and flagellum number ( f ) ;  these are still being 
characterized, The wild-type is 1X-2f-meaning the most, but not all, 
flagellates have two flagella. Most 2X strains tend to form mostly three 
to four flagella. These strains, loosely designated 2X-4f, may actually 
represent a heterogeneous group, since some seem to form mostly four 
flagella and others have about equal numbers of flagellates with threc 
and four flagella. The 2X-4f strains have given rise, several times, to 2X 
strains which mostly form two flagella; these NEG 2X-2f strains are 
similar to strain NB-1 in distribution of flagellum number (cf. Table 111). 
Mutants have also been isolated that regularly form more than four 
flagella, but 2X-4f and 2X-2f are the common types. 

The results of these studies of ploidal inheritance provide strong 
though indirect support for the hypothesis that 1X is haploid and 2X is 
diploid. On this basis strain NEG is haploid, and NB-1 is a stable diploid. 
(In spite of several attempts, we have never isolated anything from 
strain NB-1 but 2X.) This hypothesis would explain why transformation 
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mutants were readily isolated in strain NEG, but not in NB-1. The 
hypothesis also suggests that an efficient repair mechanism is a more 
likely explanation for the X-ray resistance of Naegleria than polyploidy . 
Needless to say, the possibilities suggested by these observations require 
further study. 

3. THE DNA OF Naegleria gruberi 

The deoxyribonucleic acid of strain NB-1 has been isolated and par- 
tially characterized in collaboration with I. Mahler ( unpublished; de- 
scribed in Mandel, 1967, but as strain “S”). Amebae grown with bacteria 
were washed and then lysed in 2.5% sodium lauryl sulfate. The DNA 
was immediately extracted with buffered phenol, dialyzed, treated with 
ribonuclease, and precipitated with ethanol ( Kirby, 1964). The initial 
steps in isolation must be performed very quickly, even in the cold, or 
the Nuegleriu nucleases degrade all the DNA. The buoyant density of 
the DNA was measured at equilibrium in cesium chloride gradients, and 
the GC content (mole fraction of guanine plus cytosine) of the DNA 
calculated from the density measurements (see Mandel, 1967). The bac- 
terial DNA formed a separate band that accounted for roughly 4% of the 
DNA in these preparations; this was controlled by growing the amebae 
on bacteria having DNA of different base compositions ( Aerobacter 
aerogenes and Proteus vulgaris). The DNA of amebae separated in CsCl 
gradients into three bands. The major band had a GC -&tent of 34%. 
One satellite band, amounting to 17% of the DNA, had a GC content of 
43%; this satellite was enriched in DNA from isolated nuclei. The other 
satellite, amounting to 14% of the DNA, had a GC content of 23%. DNA 
isolated from cysts and from flagellates had the same distribution of DNA 
components as amebae. 

The DNA content of strain NEG is 0.17 picograms per ameba; that 
of NB-1 is 1.9 times that value (Table IV).  The absolute values must 
be considered approximate, since artifacts are known in the method of 
DNA measurement used (Burton, 1956), and experiments have not yet 
been done to check the validity of the method as used with Naegleriu. 
Since the measurements were made on amebae grown on bacteria, some 
of the DNA may be bacterial. However, these measurements indicate 
about a twofold difference in relative amount of DNA, and also give the 
order of magnitude of DNA in Naegleriu. 

It is instructive to compare these results to those obtained with other 
protozoa, though unfortunately the data do not include any other amebo- 
flagellates. The order of magnitude of DNA per cell is the same as found 
in a trichomonad and a trypanosome (Mandel, 1967, Table I). It  is also 
similar to the DNA content of nuclei of two myxomycete species, as 
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measured with a microspectrophotometer (Therrien, 1966). The major 
band of Naegleria DNA, with 34% GC, is similar in base composition 
to the DNA of a trichomonad and several ciliates (Mandel, 1967, Table 
111). The phylogenetic implications of these results, if any, are uncertain. 

4. SEXUALITY IN Nmgleria gruberi? 

No one seems to have suggested that Naegleria gruberi has a sexual 
phase. Wilson (1916) considered the possibility, on the basis of bi- 
nucleate cells and “broken up” chromatin, but concluded that “evidence 
for sexual reproduction in this amoeba is as yet lacking.” Regrettably, 
Wilson’s conclusion is still valid after fifty years, though the question 
has not been explored very much in the interim. It may be useful to 
those interested in the question to mention some of our observations. 

Two frequent observations, clumping and binucleate cells, probably 
can be eliminated as irrelevant. Clumping of cysts and amebae is often 
seen. For example, when strain NEG is transformed at high population 
density in tris, amebae often clump prior to rounding up. All available 
evidence suggests that such clumping is nonspecific stickiness rather than 
specific pair formation. Cells often clump in large masses; no clear 
indication of fusion has been seen. Binucleate cells are rare under our 
standard culture conditions, but can become common under unfavorable 
conditions or when mitotic cells are disturbed during karyokinesis 
(Section IV,B ) . The evidence indicates that binucleate, and multinu- 
cleate, cells arise when karyokinesis occurs under conditions where 
cytokinesis fails, rather than from cell fusion. We have seen no morpho- 
logical evidence for mating within our clonal strains. 

One possibility would be that there are specific mating types, as in 
some Myxomycetes (Section I,A), and that only pairs of the proper 
mating types fuse. To test this possibility, K. Pine in this laboratory 
isolated 8 new strains of Naegleria from separate samples in eastern 
Massachusetts. These strains were tranformed, and the flagellates mixed 
with one another and with strains NB-1 and NEG in 37 of 45 possible 
combinations. The criterion for mating was obvious pair formation or 
clumping of flagellates; this was not observed. 

Another possibility would be that mating occurs within a strain, but 
is relatively rare and so would not be obvious by observation. As one 
test for this, L. J. Wangh mixed pairs of suitable transformation mutants 
of strain NEG during either growth or transformation under various 
conditions, Subsequently, each mixture was clone plated and clones tested 
to see if any were “wild-type” with respect to transformation. In one 
series of experiments, two transformation mutants, both of 1X ploidy, 
were mixed and allowed to grow together across successive edge plates 
until 2X strains appeared, Though these 2X strains might have resulted 
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from fusion, these experiments gave no evidence for synganiy. Invariably 
when cloned and tested the 2X offspring behaved, except for their 2X 
properties, as one of the two parental mutants. 

It was possible to do one type of selection experiment, similar in 
principle to a technique that Lederberg (1951) used with Escherichia 
coli. Strain NEG will grow in an axenic medium (medium C of Table 
VI) that will not support growth of strain J25 (also a strain of 1X 
ploidy). A mutant of J25 was isolated that would grow on N M  con- 
taining 50 p g  cycloheximidelml, which prevents the growth of wild-type 
NEG. It thus became possible to do a rigorous selection for “recom- 
binants” that could ( a )  grow in axenic medium C, like NEG, and then 
( b )  grow on NM with cycloheximide, like the J25 mutant. This selection 
was tried after incubating NEG and the mutant J25 together under 
several conditions. No “recombinants” were recovered. The limitations 
of time have prevented the full exploitation of this approach, as yet; 
the experiment is mentioned to emphasize the method rather than the 
negative conclusion. 

There are serious difficulties in all approaches. A search for mating 
types by mixing flagellates and looking for pair formation is meaningless 
if any specific requirements for mating which might exist are not met. 
The use of mutants has the risk that the mutants selected may have a 
pattern of inheritance-such as dominant or cytoplasmic mutants- 
which could prevent the detection of recombinants. Because of such 
difficulties, a negative result in a search for sexuality has little significance, 
and it is reasonable to hope that conditions for mating and genetic 
analysis in Naegleriu will be found. The only evidence that can have 
meaning is a positive result: sexuality. 

VI. Prospects: Pros and Cons of Amebo-flagellates 
as Research Partners 

A population of cells resists complete obedience . . . 
-T. W. James, 1963 

Since this whole review has been devoted to describing attributes of 
amebo-flagellates, the reader may prefer to decide for himself what 
they are good for. If so, the remarks that follow may be considered to 
have been provided for readers who begin perusing the review at its 
end. The remarks are focused on developmental changes, but other 
prospects for use of these organisms should not be overlooked, including 
their pathogenicity, their nutrition as phagotrophs with food vacuoles 
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or in particulate-free media, their resistince to X-rays, their ecology, 
and much needed comparative studies. 

These organisms offer special opportunities for the study of mitosis: 
the intranuclear mitosis and division of the nucleolus in Naegleria and 
its relatives, and the two distinct types of mitosis during the life cycle 
of Myxomycetes. The study of growth and mitosis in Naegleria is made 
more tempting by the doubling time, one of the shortest known for 3 

eucaryote, which might encourage someone tired of waiting for HeLa 
cells. The availability of synchronized mitosis and axenic cultures may 
help here too. The Myxomycetes offer synchronous division in their 
plasmodia (as well as other properties of the plasmodia and fruiting 
bodies, beyond the scope of this review). 

Encystment and excystment provide numerous prospects for the study 
of phenotypic change (see Padilla and Cameron, 196S), though the 
amebo-flagellates may not have any unparalleled advantages for such 
studies, except possibly the C02-induced excystment of Naegleria. 

Above all, the amebo-flagellates uniquely offer their capacity to trans- 
form into flagellates. Those ready to serve as research partners may be 
divided into three operational groups, based on their behavior in 
transformation: 

( 1 ) Amebae transform readily, rapidly, reproducibly into temporary 
flagellates. The change in phenotype is substantial, and occurs only 
after a latent period. All specialized components of the flagellar ap- 
paratus, including basal bodies, are structured de novo during trans- 
formation. All known members of this group are included in the genus 
Naegleriu, as defined here (Section IV,E), and exemplified by N .  gruberi. 

(2)  Amebae transform less readily, but the flagellates formed can 
develop a mouth and reproduce stably as flagellates. The phenotypic 
change is even greater than in the Naegleria group, and the latent period 
longer. The flagellar apparatus is formed during transformation. Tetra- 
mitus rostratus is the best-known member of this group, but probably 
Heteramoeba should also be included. 

( 3 )  Amebae transform readily and rapidly, often without a clear 
latent period, into temporary flagellates, The change seems basically 
to involve the formation of flagella on cells which contain the other 
components of the flagellar apparatus, including basal bodies and fla- 
gellum cones, and which remain ameboid throughout. The Myxomycetes 
and Cavostelium are in this group, which probably should be expanded 
to include other ameboid flagellates and flagellated amebae. 

This classification, based on transformation rather than phylogeny, 
suggests differing prospects for use of these organisms to study problems 
in developmental biology. For example, Naegleria seems most favorable, 
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on this basis, for studying thc sort of morphological phenotypic change 
which occurs in cell differentiation. The changes in the myxomycete 
group are simpler, perhaps more analogous to flagellar regeneration than 
to what we would ordinarily consider a “transformation,” though this 
simplicity, as well as other attributes of some of this group, such as 
sexuality, may offer advantages for certain studies. The Tetramitus 
group, at present, is less favorable than Naegleria for studying phenotypic 
change, because of the slowness and heterogeneity of transformation, 
but offers an unparalleled opportunity to study phenotypic stability. 

If we begin to think about the things that happen during transforma- 
tion and reversion in these organisms-the synthesis and assembly of new 
organelles, with temporal and spatial order; the control of flagellum 
number, position, and length; the withdrawal of axonemes into cells 
during reversion; the ability of an organism to reproduce as an ameba 
or a flagellate-it becomes clear that an understanding of mechanism 
has eluded us so far. Information from studies with other eucaryotes 
does not fill the void either. This is the challenge. 

These are some of the things which may be studied using amebo-flag- 
ellates. Their advantages-and here I refer only to Naegleria and Tetra- 
rnitus, with which I have experience-are rapidity of growth, rugged- 
ness and consequent ease of handling for experiment, and synchronous 
and complete conversions of entire populations from one phenotype to 
another, induced at  will by suitable environmental changes. As to dis- 
advantages as research partners, for N .  gruberi I know of only two. First, 
though the organism may now be grown in axenic medium, the medium 
is complex and undefined, growth is relatively slow (doubling times in 
excess of 6 hours), and the cells are less vigorous than when grown on 
bacteria. Improvements in the axenic medium can be expected to reduce, 
if not eliminate, these drawbacks. Second, sexuality is unknown. Since 
genetic analysis promises to be a basic tool for dissection of the mecha- 
nism of phenotypic change in eucaryotes, as it has been in procaryotes, 
this is a basic defect. The discovery of a usable system of genetic ex- 
change in N .  grmberi would solve this problem. 

VII. Conclusion 

Well, I made a slight mistake. I could not do it in a few months. Perhaps 
it will take a few decades, and perhaps it will take the help of a few dozen 
other people. But listen to what I have found, perhaps you will be in- 
terested to join nie. 

-M. Delbriick. 1946 
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The amebo-flagellates, and especially Naegleria gruberi and Tetramitus 
rostratus, deserve more widespread use as research partners, To illustrate 
this, the following summarizes some of their attributes, with emphasis on 
the unpublished work described herein and on Naegleria. Numbers in 
parentheses refer to the section where details may be found. 

1. Naegbria and Tetramitus amebae are ordinarily phagotrophs, com- 
mon in diverse soil and water environments (III,A), though almost 
nothing is known about their ecology or about the advantages of being 
amebo-flagellates (II1,C). 

2. They are rugged and may be handled easily (V,B), and grown on 
bacteria in the laboratory with doubling times as short as 1.7 hours 
(V,C). When fed bacteria, the amebae form intricately structured food 
vacuoles (IV,A). Naegkria amebae can also be grown on nonparticulate 
axenic media ( V,C), which provides opportunity for biochemical studies. 

3. The amebae are “typical” eucaryotic cells, roughly 10-2Op in di- 
ameter ( IV,A ) . Mitosis is superficially unorthodox-intranuclear karyo- 
kinesis with division of the nucleolus-but available evidence suggests 
that this pattern is not fundamentally different from “typical” mitosis 
( IV,B ) . Mitotic nuclei have bundles of spindle microtubules, but no 
centrioles are present ( IV,B ) , Methods are available for inducing mitotic 
synchrony (V,C), so this intranuclear mitosis can be further studied. 

4. The species N .  gruberi and T. rostratus are precisely defined by their 
characteristics, and easily identified ( 11,A-B), The two species differ in 
several important respects, but Naegleria and Tetramitus appear closely 
related in spite of their divergent classification in the past (IV,E). 

5. Separate isolates are known to differ in their properties, and 
laboratory evolution of strains has been observed, so careful selection, 
definition, and maintenance of strains is important (V,A) . 

6. Some strains of Naegleria are probably pathogenic to man and 
other mammals, but at least some laboratory strains appear not to be 
( 111,B). 

7. Diverse patterns of cysts and excystment are found among the ame- 
bo-flagellates (IV,C), but do not seem to have much phylogenetic signifi- 
cance (IV,E). Excystment of N .  gruberi can be induced in some strains 
by suspending cysts in water; other strains require increased environ- 
mental CO, to induce excystment (IV,C). 

8. Amebae of Naegleria and the Myxomycetes form flagella readily 
in a nutrient-free aqueous environment, whereas Tetramitus amebae only 
form flagella in a low-oxygen environment ( IV,D ) . Methods are avail- 
able for obtaining the synchronous conversion of entire populations of 
NaegLria amebae into flagellates, and for measuring the conversion, 
which is temporally reproducible and can occur in less than an hour 
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after initiation ( 1,B; IV,D; and V,E ) , Tetramitus transformation is less 
synchronous, but can be controlled (IV,D and V,E). 

9. These organisms form flagella somewhat differently (IV,D; VI).  
Nuegleriu undergoes a complete metamorphosis ( transformation), involv- 
ing radical changes in the shape of the cells, the position of prexisting 
organelles, and the formation of the new organelles of the flagellar ap- 
paratus. Tetrainitus undergoes similar and even more radical changes, 
though less rapidly and readily. Myxoniycete amebae seem to contain 
the machinery for flagellum formation, and in a suitable environment 
rapidly become “flagellated amebae.” 

10. Naegleria flagellates are always temporary, but the time they spend 
as flagellates varies greatly depending on the environment ( IV,D) . 
Tetramitus flagellates can revert to amebae, but they can also form a 
mouth and reproduce as stable flagellates, as can another species, Heter- 
amoeba (1,A). The reversion of Naegbriu, and the alternation of two 
stable phenotypes in Tetrumitus, remain mysteries. 

11. Flagellum number is not precisely fixed in either N .  gruberi or 
T. rostrutus (IV,D). The flagellates of most strains of Nuegleriu tend 
to have two flagella, but some strains are known with a preponderance 
of three to four flagella (V,H). This removes some confusion from the 
literature, and eliminates the genus Triinastigamoeba ( II,A) . Nothing 
is known about the control of flagellum number. 

12. Up to this point there has been almost no biochemical description 
or analysis of events during transformation. A suitable arsenal of tools 
for such studies with Naegleria is now available, including axenic cultiva- 
tion, synchronous transformation, and methods for isolating flagella 

13. At least one strain of Nuegleriu is impermeable to leucine (V,G). 
Amebae of this strain in nonnutrient buffer stimulate the incorporation 
of substantial quantities of isotopic leucine into “negligible” quantities of 
Aerobacter. In axenic cultures these amebae are able to ingest dead 
bacteria while excluding isotopic leucine. It is now possible, using an- 
other strain in axenic culture, to effectively use labeled amino acids to 
study protein synthesis. 

14. Nuegleria flagellates, like those of Tetrumitus, have an array of 
subsurface microtubules surrounding the basal bodies, which probably 
serve as a cytoskeleton for the maintenance of surface contour (IV,A). 

15. Antisera prepared against Naegleria amebae or flagellates induce 
prompt reversion of flagellates to amebae, offering opportunity for 
studying surface changes during transformation and also different sero- 

16. Mutants of N .  gruberi NEG have been isolated that differ in pat- 

(V,G). 

types (V,G). 
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tern of transformation, or in resistance to drugs (V,H). It is also easy 
to obtain shifts in ploidy, from 1X to 2X, with concomitant metastable 
shifts in flagellum number (V,H). 

17. Sexuality, with the possibility of genetic analysis, is known in 
several Myxomycetes (I,A),  and is likely in Heteramoeba (1,A) and 
Tetramitus (IV,D), but so far is unknown in Naegleria (V,H) .  

18. These organisms are ready for use by cell physiologists and 
others: methods for exploring them and background knowledge of their 
laboratory biology are available, and the experimental possibilities are 
numerous. 
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