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ABSTRACT 
Electrophoretic variation for 15 enzyme-coding genes was studied in various Naegleria (Rhizopoda, 

Vahlkampjidae) species. The occurrence of complex banding patterns provided the first evidence of 
a diploid structure of the genome of these amoebae. The putative loci identified were found not to 
be linked and the genotypic distribution suggested chromosomal recombination for one species 
(Naegleria lovaniensis). 

MOEBAE of the genus Naegleria are free-living A and are common in soil and water. Five species 
in this genus are so far known: N .  gruberi, N .  jadini,  
N .  australiensis, N .  fowleri and N .  lovaniensis. The 
discovery of their potential pathogenicity to man has 
drawn more attention to them. N .  fowleri has been 
found in heat polluted water and has appeared as the 
etiological agent of fatal primary meningoencephalitis 
(PAME). Until now, most studies of Naegleria have 
focused on species identification; because only small 
morphological differences can be observed between 
cysts, species have been distinguished mainly on the 
basis of biological and antigenic criteria (WILLAERT 
1976) and more recently by biochemical characters 
(NERAD and DAGGETT 1979; DE JONCKHEERE 1982; 
PERNIN, CARIOU and JACQUIER 1985). Owing to their 
small size and probably their high number, chromo- 
somes cannot be seen individually and the ploidy of 
the genome is by no means clear. As for numerous 
protozoans, their reproductive biology remains ob- 
scure and the question of whether any genetic recom- 
bination takes place through some sexual process has 
rarely been raised for free-living amoebae (DROOP 
1962; GOODFELLOW, BELCHER and PAGE 1974). 

As part of a study aimed at species diagnosis and 
evolutionary genetics within the Naegleria complex 
(PERNIN, CARIOU and JACQUIER 1985), several strains 
of four species have been surveyed for electrophoretic 
variation at 23 putative enzymatic loci. The occur- 
rence of complex banding patterns for several en- 
zymes argues for diploidy in Naegleria. Similar data 
have been recently reported for parasitic protozoans 
such as African (TAIT 1980) and American trypano- 
somes (TIBAYRENC, CARIOU and SOLIGNAC 1981) and 
for ciliates of the genera Stylonychiu (STEINBRUCK and 
SCHLEGEL 1983) and Euplotes (MACHELON and DEMAR 
1984). Furthermore, the genotypic combinations at 
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the polymorphic loci suggest that genetic recombina- 
tion may occur, at least in N .  lovaniensis. 

MATERIALS AND METHODS 

The Naegleria investigated consisted of 23 stocks, eight 
of N .  lovaniensis, three of N. gruberi, five of N. australiensis 
and one of its subspecies N. a. italica (both pathogenic to 
mice) and six of N. fowlera (pathogenic to man). The French 
strains were isolated by PERNIN and the others were obtained 
from J. F. DE JONCKHEERE'S collection. Preparation of cell 
extracts, isofocalization conditions, and staining methods 
were the same as in PERNIN (1 984) and PERNIN, CARIOU and 
JACQUIER (1 985). 

The following 11 enzymes were examined: &hydroxy- 
butyrate dehydrogenase (EC l .  l .  l .30, PHbdh), malic en- 
zyme (EC 1.1.1.40, Me), isocitrate dehydrogenase (EC 
1.1.1.42, Icd), 6-phosphogluconate dehydrogenase (EC 
1.1 . I  .44, GPgd), threonine dehydrogenase (EC 1.1.1.103, 
Ltd), glyceraldehyde-phosphate dehydrogenase (EC 
1.2.1.12, Gapdh), superoxide dismutase (EC 1.15.1.1, Sod), 
phosphoglucomutase (EC 2.7.5.1, Pgm), acid phosphatase 
(EC 3.1.3.2, Acp), leucine aminopeptidase (EC 3.4.1.1, Lap), 
and glucosephosphate isomerase (EC 5.3.1.9, Gpi). 

RESULTS 

Every enzyme we analyzed is variable in the Nae- 
gleria species surveyed (Figure 1, A and B; Table 1). 
Such broad electrophoretic variability can be attrib- 
uted largely if not entirely to genetic variation. Two 
categories of electromorphs (electrophoretically de- 
tectable proteins) appear on the zymograms. 

Single-banded phenotypes: The position of bands 
of these phenotypes may vary from one strain to 
another (Figure lA, Lapl and Sod2 for example) or 
between species (Figure lB, Me and PHbdh for exam- 

Multiple-banded phenotypes: Most of these com- 
plex patterns have two bands as shown for I c d l ,  Lapl  
and GPgd. For the first two enzymes, the upper bands 
are due to the presence of a second locus, Icd2 and 

ple). 
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FIGURE 1 .-Zymograms o f  .Yaegleria strains in isoelectric fixusing gels stained for several enzymes. A. lsocitrate dehydrogenase (Icd), 
leucine aminopeptidase (Lap). 6-phosphogluconate dehydrogenase (6Pgd). superoxide dismutase (Sod). B. Malic enzyme (Me), acid phospha- 
tase (Acp) (* this band belongs to Acp2 locus), B-hydroxybutyrate dehydrogenase (BHbdh) and threonine dehydrogenase (Ltd). Strains with 
multiple banded patterns (2. 3 or 5) are assumed to be heterozygous while single-banded strains are assumed to be homozygous. Individual 
strains are assigned a numbered genotype (given on the photographs) according to the pl of the bands. N.lov, Naegleria lwaniensis, N.fow. 
Naegleria f w l e r i ;  N.aus. Naegleria australiensis; N.aus ita. Naegleria auctraliensis italics; N.gru. Naegleria p b e r i .  

Lap2 (Figure 1A). T w o  bands occurred similarly in 
some strains of N.  lovaniensis and N.  fowleri at the 
Acp2 locus (Table 1). Three bands are scored for 
various strains of N .  gruberi and N .  lovaniensis at the 
Me locus and a similar pattern occurred at the Acpl 
locus for several strains of N. australiensis and N .  
gruberi (Figure 1B). At locus Sod2, in a 3-10 pH 
gradient, some strains of N .  lovaniensis show a large 
diffuse band which produces sometimes a pattern of 
four bands when a 4-6.5 pH gradient is used, but 
more often only three bands are clearly shown on the 
gels (Figure 1 A). Five regularly spaced bands charac- 
terize Ltd in N .  australiensis italica and BHbdh for a 
few N.  gruberi and N .  fowleri strains (Figure 1 B). 

DISCUSSION 

Ploidy of the genome: Where there is only one 
band, the genotype is unambiguous, whereas several 
hypotheses could be evoked to explain the complex 

patterns regularly observed in each strain at one or 
several loci. 

1. One is that, although the strains were originated 
by cloning, subsequent contamination could have pro- 
duced double-banded phenotypes by simple mixing of 
two single-strain patterns. Table 1 shows that in any 
case, the electrophoretic profile over the polymorphic 
loci for a N .  lovaniensis strain cannot be obtained by 
simply adding the electrophoretic profiles of two dif- 
ferent strains. Strain 3, for example, shows complex 
patterns at 6Pgd and Pgml loci. This could conceivably 
have been produced by mixing of strains 5 and 7, but 
that explanation is not consistent with the patterns 
observed at Sod2 and Pgm2 loci for the same strains. 

2. Posttranscriptional modification could explain 
the patterns with several bands. One band would be 
governed by a specific allele while the companion 
band would be a product of posttranscriptional mod- 
ification. The equal staining intensity of the two bands 
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TABLE 1 

Genotypes of the 23 Naegleria strains at the 15 variable loci 
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Enzymatic loci 

Naegleriastrainand number BHbdh Me Icdl  6Pgd Ltd Gapdh Sod2 Pgml Pgm2 Pgm3 Acpl AcpZ Lapl Lap2 Cpi 

N. lovaniensis 
An24 (F) 1 1  2 1 5  2 1 1 / 4 1  1 / 3 1 / 2 5  2 4 3 4 

C l l O  ( F )  3 I 2 1 516 2 I 114 112 3 112 5 2 114 3 4 
76/23fS4(B) 4 1 2 1 516 2 1 I I 113 1 5 2 114 3 4 

F4 (B) 7 1  2 1 6 2 1  4 2 I 1 5  2 1 / 4 3  4 
F9 (B) 8 1 2 I 516 2 I 114 1 I I 5  2 / 4 4  3 4 
ArSML(USA) 6 1 2 I 516 2 I 1 1 I 1 5  2 / 4 4  3 4 

M04-4 (F) 11 112 I I 112 I 1 I 2 2 f 4  0 5 I 213 3 I 
ANSIV (F) 12 If2 I I 112 I I I 2 214 0 5 I 2f4 3 I 
E4A2 (F) 14 112 1 I 112 I I 1 2 214 0 5 I 213 3 I 
0359 (B) 9 112 I 1 2f4 I 1 I 2 214 0 5 1 213 3 I 
KUL (B) 10 112 I 1 112 I 1 I 2 214 0 5 113 213 3 1 
76/14/S3(B) 13 112 I I 112 I 1 I 2 214 0 5 113 213 3 1 

LSR49B (F) 1 6 3  4 5 3 4 4 2 / 5 3  5 3 315 0 0 214 3 
LSR34A(F) 17 3 4 215 3 4 4 215 3 5 3 315 0 0 4 3 
BY33 ( F )  19 3 4 5 213 4 4 215 3 5 3 315 0 0 214 3 
PP397 (A) 15 3 4 5 213 4 4 215 3 5 3 315 0 0 214 3 
PV2891 ( I )  l a  3 4 5 213 4 4 215 3 5 3 315 0 0 214 3 

ABTF3 (I) 20 3 5 314 1 314 213 3 3 0 0 2 / 5 0  0 I 2  

1518fle(USA) 21 415 3 4 314 0 4 215 0 0 0 114 0 0 5 3 
1518/lf(USA) 22 3 6 4 3 314 4 5 0 0 0 114 0 0 5 314 
R l a  (USA)  23  4 316 314 4 114 0 0 5 

Alleles are numbered according to  the p l  instead of relative electrophoretic mobility of the protein from the most cathodic to the most 
anodic. Homozygotes are designated by one allele and heterozygotes by both alleles. 0 indicated the absence of enzyme activity and involved 
a putative "null" allele. A, Australia; B, Belgium; F, France; I, Italy; USA, United States of America. 

By399 (F) 2 1 112 I 5 2 I 114 1 I 1 5 2 1 3 4  

76/15/250(B) 5 I 2 1 5 2 1 4 I 1 1 / 2 5  2 4 3 4 

N. fowleri 

N. australiensis 

N .  a. italica 

N. gruberi 

argues against this interpretation. As for the hypoth- 
esis of a mixture of strains, the observed patterns with 
three (Me, Acpl and possibly Sod2)  and five bands (Ltd 
and PHbdh) requires assumptions of heterodimers and 
tetramers. 

3. Another explanation could be that duplication 
of loci in a haploid genome produces either double 
banded patterns for monomeric enzymes and hybrid 
structures for polymeric enzymes. The occurrence of 
several isozymic forms in all the strains of N. fowleri 
(PHbdh, GPgd, Pgm2 and L a p l )  and of N.  australiensis 
(Sod2 and Acpl)  would support the hypothesis of gene 
duplication (Table 1). However, duplications, even if 
they are not rare events in such organisms, cannot 
easily account for the high frequency of complex 
phenotypes in Naegleria: 30% of the loci would have 
been duplicated in some strains. Furthermore, within 
the same species, single banded patterns with the same 
migrating position as the outer bands of the complex 
patterns are observed (Figure 1A for Lapl ,  GPgd, 
Sod2, and Figure 1B for Me). Under the assumption 
of duplication in a haploid genome, this would require 
frequent fixation of the duplicated and subsequently 

mutated gene and loss of the original gene to explain 
the frequent occurrence of two different allelic states 
at the same locus in the various strains of a species. 

4. Another possibility is aneuploidy. In this case the 
high number of complex structures is no longer dif- 
ficult to explain. But it must be hypothesized that all 
the loci are located on the same chromosome or that 
aneuploidy occurs for several chromosomes, both as- 
sumptions being unlikely. 

5. The most striking finding of our enzymatic sur- 
vey is the homology between the electrophoretic pat- 
terns in Naegleria strains and those commonly ob- 
served in diploid organisms suggesting therefore that 
the Naegleria may be diploid. According to this hy- 
pothesis, electrophoretic variation could be explained 
in terms of allelic variation. Strains homozygous for 
one or another allele at the same locus would show a 
single different band while complex patterns would 
be produced by strains heterozygous for different 
alleles. Interestingly, in the putative heterozygotes 
Acpl Acpl and Acpl 3 / 5  (Figure IB), the band in 
the center of the three banded phenotypes stained 
more darkly than the two flanking bands, indicating 
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the dimeric nature of Acpl which is usual for this 

1966). Similar differences in staining intensity indicate 
the tetrameric structure of PHbdh as previously re- 
ported for this enzyme (TAIT 1968) and Ltd (Figure 
IB). Moreover, the malic enzyme has been reported 
to be tetrameric for man (HARRIS 1975), but dimeric 
for a wide range of organisms (MANWELL and 
BAKER1970) as in Naegleria. The case of Sod2 is more 
complex. According to the double-banded patterns 
observed for N.  australiensis and one strain of N.  
gruberi, we assume that Sod is monomeric and that 
the two doublets observed for N. lovaniensis corre- 
spond to a splitting of the two single monomeric 
enzymes when a 4-6.5 pH gradient is used. Alterna- 
tively, the fact that more often only three bands 
appear on the gels could be consistent with a dimeric 
structure which is more usual for this enzyme (Figure 
1A) (BECKMAN, LUNDGREN and TARNVIK 1973; 

JELNES 1971). But this enzyme has also been reported 
as tetrameric (HARRIS 1975) or monomeric (M. L. 
CARIOU, unpublished data), indicating that its struc- 
ture is not highly conserved. Thus at this point we 
cannot assess unequivocally the structure of Sod for 
Naegleria, but whether it is, the main point is that the 
same strains are always found “heterozygous.” 

Under the assumption of diploidy, the electropho- 
retic patterns can be satisfactorily explained. Consid- 
ering the number of loci, the number of strains with 
“heterozygous” patterns and the frequent occurrence 
of single bands whose migration is similar to that of 
the outer bands of the complex patterns, the diploidy 
of Naegleria appears obviously as the most parsimo- 
nious suitable interpretation. 

Existence of genetic exchanges between Naegleria 
strains: If diploidy is the condition in Naegleria, the 
main question raised by our finding of a large number 
of enzymatic genotypes is what are the sources of 
genetic diversity in the species. Transfer of genes 
between individuals by some kind of process indepen- 
dent of reproduction such as phage adsorption or 
conjugative plasmid vectors, could account for the 
“heterozygous structures” and consequently generate 
genetic heterogeneity. But although such phenomena 
are well known in bacteria, especially Escherichia coli 
(LEVIN 1981), they have never been observed in Nae- 
gleria. So, the question arises: What are the mecha- 
nisms of reproduction in these amoebae? 

They can reproduce asexually. Most protozoans, 
amoebae as well as flagellates, are known as asexual 
organisms (GENERMONT 1976). As the Naegleria 
strains we studied were pure cultures derived from 
single cells, they approximate clones: each strain is 
composed of identical cells that would reproduce iden- 
tically by mitotic division. In this case, mutation would 
be the only source of new genotypes. It can be argued 

enzyme (HARRIS and HOPKINSON 1978; MACINTYRE 
that on an evolutionary time scale, mutations would 
tend to accumulate and the species would evolve to- 
wards a generalized heterozygous state at all loci. That 
is not what we observed in any of the four species 
surveyed. Nevertheless, the occurrence of exclusively 
heterozygous structures at some loci in N. fowleri 
(PHbdh, GPgd, P p 2  and L a p l )  and N. australiensis 
(Sod2 and Acpl)  could lend support to this interpre- 
tation (Table 1). 

The existence of genetic recombination through 
some kind of sexual reproduction may be evoked to 
explain the patterns of inheritance observed, at least 
for N. lovaniensis. We have observed the maintenance 
of the enzymatic patterns in long established labora- 
tory cultures; this contrasts with the results reported 
for Entamoeba histolytica (SARGEAUNT 1985). It may 
be unlikely that a sexual cycle will occur in laboratory 
conditions if it usually depends upon environmental 
instability. Thus recombination is not an obligate pro- 
cess. 

The following lines of evidence support the hypoth- 
esis of genetic exchange in Naegleria. 

1. At several enzymatic loci, heterozygotes and 
both the corresponding homozygotes occur within a 
given species. This is the case in N. lovaniensis for 
GPgd, Sod2, Pgml,  Pgm2 and Lapl and in N. gruberi 
for Me (Figure 1, A and B; Table 1). In many other 
cases where some strains of a species appear homozy- 
gous and some heterozygous, the strains all have a 
common allele; that is the case in N. lovaniensis for 
Me, Pgm3 and Acp2, in N. australiensis for Icdl ,  6Pgd 
and Lap2 and in N. fowleri for Acp2. Such a pattern of 
distribution of genotypes is commonly observed for 
diploid organisms sexually reproducing and has been 
reported for the parasitic Protozoan, Trypanosoma 
brucei (TAIT 1980). Comparison of species shows a 
similar distribution of heterozygous and correspond- 
ing homozygous patterns. For example, at the Me 
locus, Me’ occurs in N.  fowleri while Me2 is predomi- 
nant in N.  lovaniensis, but one strain of the latter has 
both alleles. Such a situation strongly contrasts with 
that of Trypanosoma cruzi (TIBAYRENC et al. 198 1) and 
Leishmania (KREUTZER and CHRISTENSEN 1980; GAR- 
DENER, CHANCE and PETERS 1973) where intermedi- 
ate heterozygous patterns between numerous differ- 
ent allelic states are more often missing. 

The within-species and between-species patterns of 
genotype distribution are better explained by genetic 
recombination than by any other hypotheses (parallel 
mutations, duplications, genic conversion . . .). 

2. Further evidence in favor of the hypothesis of 
genetic exchange is the lack of evidence of allele 
associations in repeatedly observed electrophoretic 
types. This observation concerns mainly N .  lovaniensis. 

If the observed genotypes of each of the eight 
polymorphic loci in that species were randomly as- 
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TABLE 2 

Frequency of pair-wise genotypic combinations observed for eight polymorphic loci in eight strains of N. lovaniensis 

269 

Locus and genotypes 

Me 6Pgd Sod2 Pgml Pgm2 P P 3  Lapl 
- Locus and 

genotypes 2 112 5 516 6 1 114 4 1 112 2 1 113 3 I 112 1 114 4 

Pgd 5 2 1 
516 4 0 
6 1 0  

1 2 0 0 2 0  
114 3 1 2 2 0  
4 2 0 1 0 1  

1 5 1 3 3 0 2 3 1  
112 1 0 0 1 0 0 1 0  
2 1 0 0 0 1 0 0 1  

1 4 1 2 2 1 1 2 2 4 0 1  
113 2 0 1 1 0 1 1 0 2 0 0  
3 1 0 0 1 0 0 1 0 0 1 0  

1 4 1 1 3 1 2 2 1 4 0 1 4 1 0  
112 3 0 2 1 0 0 2 1 2 1 0 1 1 1  

I 0 1 1 0 0 0 1 0 1 0 0 1 0 0 1 0  
114 3 0 0 2 1 1 1 1 1 1 1 1 1 1 2 1  
4 4 0 2 2 0 1 2 1 4 0 0 3 1 0 2 2  

2 5 1 3 2 1 1 3 2 4 1 1 3 2 1 3 3 1 3 2  
214 2 0 0 2 0 1 1  0 2 0 0 2 0 0 2 0 0 0 2 

Sod2 

P P 1  

pgmz 

P P 3  

Lapl 

AcpZ 

There is little correlation between heterozygosity or homozygosity at one locus and the condition of the other loci. 

TABLE 3 

Number of genotypic differences in pair-wise strains of N. 
lovaniensis based on eight enzymatic polymorphic loci (Me, 

6Pgd, Sod2, Pgml, Pgm2, Pgm3, Lapl ,  Acp2) 

N .  louaniensis strains 

France Belgium 
USA 

1 2 3 4 5 7 8 6  

An24 1 

c110 3 
76/23/S4 4 
76/15/250 5 
F4 7 
F9 8 
Ar9ML 6 

By399 2 4 -  
4 6 -  
4 5 4 -  
2 4 5 5 -  
6 5 5 4 4 -  
4 4 5 4 4 5 -  
5 5 6 3 4 5 1 -  

These data show that almost all of the isolates have a very 
different complement of alleles. 

sorted, the expected number of distinctive combina- 
tions would be 192 (Table 2). In our small sample of 
eight strains, 126 were recovered suggesting that we 
are not so far from the situation that would be ex- 
pected under random combination of genes, the fre- 
quency of each combination depending upon the fre- 
quencies of the alleles in the species. For example, 
both the Sod2 and the Lapl loci show three genotypes. 
As seven out of the nine paired combinations theoret- 

ically possible are observed, these look like randomly 
assorted genotypes. 

If the genotypic structures of the strains are com- 
pared at each of the eight polymorphic loci, they differ 
on average at 4.2 loci. The number of loci differences 
vary from one up to six. The most dissimilar strains 
are two geographically proximate French strains (Ta- 
ble 3) which show genotypic differences at six out of 
the eight polymorphic loci. In contrast, the single 
American strain surveyed is enzymatically very similar 
to a Belgian strain. When two strains differ at a single 
locus, one being homozygous, the other heterozygous 
with a common allele, both mutation and recombina- 
tion seem likely possibilities. As both alleles are well 
represented in other strains of N. lovaniensis, we con- 
sider recombination to be a more likely source than 
mutation of this allelic difference. 

Because we lack data on variation within a sufficient 
number of strains of the same locality, we cannot fully 
test the hypothesis of recombination. More extensive 
sampling of strains of close geographic origin is 
needed to test if genotypic proportions fit Hardy- 
Weinberg expectations. This is now being done. 
Nevertheless, the combination of alleles at eight 
polymorphic loci in N. lovaniensis and possibly in N. 

D
ow

nloaded from
 https://academ

ic.oup.com
/genetics/article/115/2/265/5997280 by guest on 25 M

ay 2023



270 M .  L. Cariou and P. Pernin 

gruberi, suggests that a reasonable explanation for the 
observed polymorphism is recombination, at least oc- 
casional, through some kind of sexual process. The 
concept of a Mendelian population in which recom- 
bination occurs at a rate sufficiently high to allow a 
species of Naegleria to evolve as a unit rather than as 
an array of genetically independent clones would have 
implications for an understanding of the genetic struc- 
ture of Naegleria species and the evolutionary history 
of the complex. 
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