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Figure 3  Separation of the native ERGDH from the E. histolytiea trophozoites and rEhGDH by Mone Q arion-exchange chromatograghy

{A) Elution profile of the native ERGDH. The tolal lysate of E. histolytica trophozoiles was separated on the anien-gxchange column at pH 8.0 with a inear gradient of NaCl (0—1.0 M). (B} Elution
profile of the recombinanl GDH pratein. The rERGDH profein was diatysed against the binding beffer and fractionated under identical conditions. The plats shown by diamonds and a solid line
represent absorbance al 280 Am (Az). The plots drawn with triangles and a broken ling indicate EhGDH aclivity, shown as the decrease in the absorbance at 340 nm/min (A Asg/min, 100-fold). A

solid line represents the NaCl concentration of a finear gradient.

GDH activity was eluted at the predicted molecular size of 75—
80 kDa (results not shown). This observation is consistent with
the notion that rEhGDH exists as a dimer {monomer 35.8 +
2.6 kDa). In addition, separation of the amoebic crude lysate on
the gel-filtration column showed that native GDH activity was
also eluted at the position compatible with the native GDH being
adimer (results not shown). These data suggest that both the native
and recombinant enzymes exist in their homodimeric forms, as
found in other species {26-28]. Our attempt to purify the native
GDH to homogeneity in order to perform peptide sequencing
failed due to instability of the enzyme (results not shown).

DISCUSSION

Presence of GDH and the non-phosphorylated pathway in serine
degradation in the anaerohic parasitic protist

In the present study, we have demonstrated that the enteric pro-
tozoan parasite E. histolytica possesses one of the key enzymes of
serine metabolism. As far as we are aware, this is the first demon-
stration of GDH in unicellular eukaryotes, including parasitic
and non-parasitic protists. GDH has been implicated in having
an essential role in the serine degradation pathway in humans, as
demonstrated by genetic diseases caused by its deficiency [4,29].
We propose, on the basis of the following bioinformatic and bio-
chemical evidence, that this enzyme also has a key role in main-
tenance of the intracellular serine concentration in this anaerobic
parasitic protist,

First, on the basis of the presence of orthologues of GDH,
GK, PGDH, and PSAT in the genome database (results not
shown), E. histolytica probably possesses both phosphorylated
and non-phosphorylated pathways for serine metabolism. A
gene encoding GDH is absent in other parasitic and non-
parasitic protists, including Leishmania, Plasmodium, Giardia,
Trypanosoma, Trichomonas and D. discoideum. The presence of
anon-phosphorylated pathway might be unique for £, histolytica,
or a group of anaerobic protists including E. histolytica. This
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presents the possibility that GDH and the non-phosphorylated
serine pathway may be involved in cellular metabolism associated
with anaerobic metabolism (see below). Disclosure of the entire
genome data for other anaerobic protists, e.g. Trichomonas and
Giardia, should address this question,

Secondly, kinetic parameters determined for EhGDH also
support the premise that the amoebic GDH functions in the direc-
tion of sérine degradation. This amoebic GDH showed 2 strong
preference towards NADPH and HP as substrates as compared
with NADP* and D-glycerate. Furthermore, the amoebic GDH

-showed a = 100-fold-higher affinity for NADP+/NADPH than

for NAD*/NADH. Assuming that the cytosolic NADPH:NADP*
ratio (approx. 100:1) [30] and the HP concentration (25 uM) [7]
are comparable between mammals and E. histolytica, we conclude
that the forward reaction, which leads to serine degradation, is
favourable in the amoeba, In E. histolytica trophozoites, most
of the NADH in the cell is probably converted into NADPH
during glycolysis by conversion of phosphoenolpyruvate into
pyruvate via oxaloacetate and malate in a reaction catalysed by
malate dehydrogenase and malic enzyme [31]. E. histolytica also
possesses pyridine nucleotide transhydrogenase (EC 1.6.1.1)[32],
which catalyses the hydrogen-exchange reaction between NADH
and NADP*, thereby reinforcing the predominance of NADPH
over NADH in this parasite. Taken together, these findings support
our premise that the amoebic GDH acts in vivo as an NADPH-
dependent HP-reducing enzyme to produce D-glycerate, and is
thus likely have a role in serine degradation, but not in serine
biosynthesis.

Possible biological role of GDH in E, histolylica

The presence of a non-phosphorylated serine metabolic pathway
in E. histolytica might be associated with the unique metabol-
ismin this anaerobic/microaerophilic parasite. Since E. histolytica
does not possess a functional tricarboxylic-acid cycle and pentose-
phosphate pathway, the major source of energy is from glycolysis.
In addition, due to the absence of lactate dehydrogenase, NADH
formed during glycolysis is not reoxidized by the conversion
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of pyruvate into lactate. [nstead, acetyl-CoA is anaerobically
reduced to ethanol and CO, [33,34), where NADH is reoxidized.
NADH is also converted into NADPH by pyridine nucleotide
transhydrogenase, as described above. Serine, together with
pyruvate, is located at the ‘gateway’ of glycolysis, fermentation
and amino acid metabolism in E. histolytica. Serine dehydratase
is implicated in the microaerophilic energy metabolism of this
parasite, since serine stimulates oxygen consumption and is
converted into pyruvate in living cells and extracts [35]. This
prompied us to dissect the serine metabolic pathway at the mol-
ecular level for a comprehensive understanding of energy meta-
bolism in this parasite.

The physiological role of GDH has been well demonstrated by
L-glyceric aciduria (hyperoxaluria type IT) [4] in humans. GDH
deficiency causes accumulation of HP and glyoxylate, which are
converted into L-glycerate and oxalate respectively by lactate
dehydrogenase, resulting in the abnormal excretion of L-glycerate
and oxalate in the urine [4,6,7]. Therefore the key role of GDH
in marmmals is to maintain the intracellular concentration of
both HP and glyoxylate during the catabolism of serine. Since
E. histolytica lacks lactate dehydrogenase, and the amoebic GDH
does not catalyse glyoxylate reduction, the fate of HP, when
GDH is absent, is not known. However, it is conceivable that a high
concentration of HP may be detrimental to the amoeba. To support
this premise, serine (at a concentration of 5-20 mM) inhibited
the trophozoite growth in vitre by 50-70% (M. Tokoro and
T. Nozaki, unpublished work). Taken together, we propose that,
in E. histolyrica, GDH may have an important role in the main-
tenance of intracellular serine and HP concentrations, and
therefore also in the control of cysteine biosynthesis located down-
stream of the serine metabolic pathway.

Peculiarity of the amoebic GDH

Whereas some oxidoreductases use both NADH and NADPH co-
enzymes, others are very specific for either NADH or NADPH.
For example, lactate dehydrogenase and malate dehydrogenase
only utilize NAD*/NADH [201, whereas glucose-6-phosphate de-
hydrogenase, isocitrate dehydrogenase and malic enzymes speci-
fically require NADP*/NADPH. Similarly, EhGDH and the
rat-liver GDH [7] are very specific for NADP*/NADPH, whereas
bacterial GDH utilizes only NAD*/NADH [29]. It is conceiv-
able that the replacement of a charged amino acid (aspartate or
glutamate), which is well conserved in GDH from plants {¢.g.
Asp'® of cucumber GIDH), archaea (Asp'™ of A. fulgidus GDH)
and a- and S-proteobacteria (Asp'™ of H. methylovorum; Asp'”
of N. meningitidis GDH) with a non-charged hydroxy amino
acid (Ser'” of EhGDH; Thr'® of human GDH) [5,7] is respon-
sible for the observed high affinity of these enzymes towards
NADP+/NADPH. It shoulid also be noted that the PGDH enzymes
from a variety of organisms [3,36] possess the conserved aspartate
residue, and that all of the PGDHs for which biochemical data are
available have a strong preference for NAD*/ NADH. An extra
phosphate group present in NADP*/NADPH might interfere with
the interaction between the mammalian and amoebic GDHs and
NADP*/NADPH. The carboxylic group of asparate and negative
charge of phosphate group at neutral pH produce a repulsion
force that may reduce proper binding. Replacement of aspartate
with an uncharged polar amino acid, as seen in the amoebic and
mammalian GDHs, might enable the phosphate group of NADP*/
NADPH to interact with this amino acid. Mutational analysis of
the amoebic and mammalian GDHs should either prove or dis-
prove this hypothesis.
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It has been known that only 5 to 10% of those infected with Entamoeba histolytica develop symptomatic
disease. However, the parasite and the host factors that determine the onset of disease remain undetermined.
Molecular typing by using polymorphic genetic loci has been proven to aid in the close examination of the
population structure of E. histolytica field isolates in nature. In the present study, we analyzed the genetic
polymorphisms of two noncoding loci (lecus -2 and locus 5-6) and twe protein-coding loci (chitinase and
serine-rich E. histolytica protein [SREHP]) among 79 isolates obtained from different geographic regions,
mainly Japan, Thailand, and Bangiadesh. When the genotypes of the four loci were combined for 2l isolates
that we have analyzed so far (overlapping isolates from mass infection events were excluded), a total of 53
different genotypes were observed among 63 isolates. The most remarkable and extensive variations among the
four loci was found in the SREHP locus; i.e., 34 different genotypes were observed among 52 isolates. These
results demonsirate that E. histolytica has an extremely complex genetic structure independent of geographic
location. Qur results also show that, despite the proposed transmission of other sexnally transmitied diseases,
including human immunodeficiency virus infection, from Thailand to Japan, the spectra of the genotypes of the
E. histolytica isolates from these two countries are distinct, suggesting that the major E. histolytica strains
prevalent in Japan at present were likely introduced from countries other than Thailand. Although the genetic
polymorphism of the SREHP locus was previously suggested to be closely associated with the clinical presen-
tation, e.g., colitis or dysentery and liver abscess, no association between the clinical presentation and the
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SREHP genotype at either the nucleotide or the predicted amino acid level was demonstrated.

Entamoeba histolytica is the causative agent of an estimated
40 million to 50 million cases of amebic colitis and liver abscess
and is responsible for up to 100,000 deaths worldwide each
year (6, 28, 33, 41). It has generally been granted that a ma-
jority of individuals infected with E. histolytica do not develop
symptomatic disease (2, 11, 12, 15, 17, 18, 27). In recent cohort
studies in Bangladesh, only about 3% of the E. histolytica-
infected children developed symptoms attributable to amebic
dysentery (16, 32). However, the parasite and the host factors
that determine the onset of disease, i.e., whether or not ame-
bae initiate tissue invasion and thus cause symptoms, remain
undetermined (3, 41). A high degree of heterogeneity in viru-
lence has been demonstrated previously. Interstrain variations
in the adhesion of E. histolytica trophozoites to human epithe-
lium have been demonstrated for two E. histolytica strains (1,
10), in which underrepresentation of the 35-kDa light subunit
of the Gal-GalNAc lectin in the avirulent Rahman strain was
shown to be correlated with a lack of cytopathic activity (1).
Variations in cysteine proteinase expression between highly
virulent and avirulent strains were also reported (23). In addi-
tion, marked differences in the levels of lipophosphoglycan-like
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and lipophosphopeptidoglycan molecules were demonstrated
between virulent and avirulent strains of E. histolytica (24).
Interstrain variations in the ability to produce liver abscesses in
both gerbils and hamsters are also known. These interstrain
variations in in vitro and in vivo virulence have prompted the
World Health Organization’s expert committee to recommend
reinforced efforts through molecular epidemiological studies
to determine whether some subgroups of E. histolytica are
more likely than others to cause invasive disease (41). Another
very puzzling question is why certain groups of infected indi-
viduals develop extraintestinal amebiasis without showing ap-
parent intestinal symptoms. This observation also appears to
be partially explained by interstrain variations in parasite vir-
ulence, i.e., tissue and organ tropisms, and hest immune back-
grounds, as suggested elsewhere (32). DNA typing of polymor-
phic genetic loci, recently developed by others (2, 7, 13, 43),
helped us to closely examine the polymorphic structures of
E. histolytica field isolates. While a majority of polymorphic
genetic loci lack a correlation with virulent (or avirulent) phe-
notypes, Ayeh-Kumi et al. (2) recently showed that the serine-
rich E. histolytica protein (SREHP) genotypes of clinical iso-
lates from patients with liver abscesses were distinct from those
of clinical isolates from patients with colitis and dysentery
in Bangladesh, suggesting that an association between the
SREHP genotypes (35) and clinical presentation may exist (2).
Extensive genetic polymorphisms in both noncoding and cod-
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TABLE 1. Background and genotypes of the E. histelytica isolates used in this study
Isolation e
No. Isolate Clinical diagnosis ~ Scroio@y  Zymo-  DNA o Chitinase ~ SREHP
Location Date result® deme OFgM  jacus1-2  Locus 5-6
1 TM19  Thailand 1987 Dysentery and colitis + I Xenic D AG/ICy C 12
2 TM20  Thailand 1987 Dysentery and colitis + It Xenic D A6/Cv C 12
3 TM21  Thailand 1987 Dysentery and colitis + I Xenic B A6/Cv C 6
4 TM23  Thailand 1987 Colitis + II Xenic D Allv A 5
5 TM24  Thailand 1987 Dysentery and colitis + I Xenic I AT cC 8/16
6 TM25  Thailand 1987 Colitis + I Xenic D Allv/A9 A/C 7
7 TM27  Thailand 1987 Colitis + I Xenic K AS C 14
8 TM28  Thailand 1987 Dysentery and colitis + 11 Xenic D ATCv C 9
9 TM29  Thailand 1987 Dysentery and colitis + 1 Xenic D ATICy C ND
10 TM35  Thailand NA® ALA + ND°  Pus B A7 E Irr?
11 TM36  Thaitand NA ALA + ND Pus B AB/Cy C Irr
12 TM37  Thailand NA ALA + ND Pus L AT B Irr
13 TMS51  Thailand 1992 ALA + 1 Axenic B A6/Cv C AF
14  TM53  Thailand 1988 Colitis + II Xenic D ATICY C 101
i5 TM54  Thailand 1988 Colitis + I Kenic D ATICY C 10/L
16 TMS55  Thailand 1988 Colitis + I Xenic D AT/Cv c 10/L
17 TM58  Thailand 1989 Colitis + I Xenic D ATICy C 10/L
18 TMS59  Thailand 1989 Dysentery and colitis + II Xenic D AT c G
18 TM60  Thailand 1989 Colitis + 141 Kenic B A7 E G
20 TM61  Thailand 1989 Colitis + 11 Xenic B AT c G
21 TM62  Thailand 1989 Dysentery and colitis + II Xenic B AT E G
22 TM63  Thailand 198% Dysentery and colitis + II Xenic L AB/Cv C G
23 TM$64  Thailand 1989 Colitis + 1I Xenic L AG6/CT C 10/L
24 TM65  Thailand 1989 Dysentery and colitis + II Xenic D ASv/AT E 10/
25 TM67  Thailand 1989 Colitis + I Xenic D AT/Cv C/F 10/L
26 TM83  Thailand 2001 Dysentery and colitis + II Kenic D AT/Cv C 11
27  TM84  Thailand 2001 Colitis + II Pus D A7 CF L
28 TM40  Bangladesh 2000 NA + ND Xenic D Ab E 15
20  TM41  Bangladesh 2000 NA + . ND Xenic D AS C Mix®
3¢ TM42  Bangladesh 2001 NA + ND Xenic b A6 E 13
31 TM43  Bangladesh 2001 NA - ND Xenic D A9 C 13
32 TM44  Bangladesh 200 NA + ND Xenic D AB/AS C 1/4
33 KUé Ghana 1994 Asymptomatic + I Xenic L Cv C F
34 KU12 Cambodia 1995 Asymptomatic + I Xenic D AS C 2/17/118
35 PK1 Indonesia 2002 Colitis ND ND Stool M AS/AT G H
36 KU33 Institution B June, 2002 Asymptomatic + Il Xenic F ASvfCv C K
37  KU34  Institution E  June, 2002 Asymptomatic + I Xenic F ASv/Cv C K
38 KU35 Institution E  June, 2002  Asymptomatic + II Xenic F ASv/Cv c K
39 KU36  Institmtion E  June, 2002  Asymptomatic + 1 Xenic F ASV/Cv C K
40 KU37 Instiwtion E  June, 2002  Asymptomatic + 11 Xenic F ASviCv C K
41 KU38 Instirution E June, 2002 Asymptomatic - I Xenic F ASv/Cv C K
42 KU39  Institution E  June, 2002  Asymptomatic + I Xenic F ASv/Cv C K
43 KU40  Institution E  June, 2002 Asymptomatic + i Xenic F ASv/Cv C K
44  KU41  Institution E  June, 2002  Asymptomatic + Vil Xenic F ASvICv C K
45  KU42  Institution E  June, 2002  Asymptomatic + 1 Xenic F ASVCv C K

?The gel diffusion precipitin test and enzyme-Jinked immunosorbent assay were used for serology.

#NA, not available.

¢ ND, not determined.

< Irr, irrelevant PCR fragments.

* Mixed, likely a mixture judged by sequencing.

/ Institution E is located in Yamagata Prefecture, Japan.

ing loci, including the SREHP locus, were previously demon-
strated among E. histolytica isolates obtained from two social
populations (mentally handicapped individuals and homosex-
ual men) in a limited geographic area (domestic cases only in
Japan) (14). In the present study, we extend our previous study
to answer three specific questions: (i) how polymaorphic are the
Southeast Asian E. histolytica isolates? (ii) how similar or dis-
similar are the penotypes of the Southeast Asian strains in
comparison to those of the Japanese strains? and (iii} does a
correlation exist between the genotypes of the isolates and the
clinical presentations that they cause? The results of the pres-
ent study not only support the previous finding of extensive
genetic diversity among E. histolytica isolates (2, 7, 13, 14, 43,

44} but alse fail to demonstrate a notable association between
SREHP genotypes and clinical presentation or geographic or-
igin.

MATERIALS AND METHODS

Clinical specimens. A total of 79 £. histolytica isolates, including 45 that were
newly isolated, were analyzed in this study (Table 1), Thirty-four strains reporied
previously (14) were also used in the present study for comparison. Among the
45 new isolates, 10 isolales were abtained from stool samples from asymptomatic
but seropositive individuals, with one exception, in an institution for mentaily
handicapped individuals in Yamagata Prefecture, Japan. Twenty-seven isolates
were coltected from either stool or liver aspirates from patients who visited
outpatient clinics of the Faculty of Tropical Medicine, Mahidol University,
Bangkok, Thailand. Five specimens were kindly provided by Rashidul Haque,
Dhaka, Bangladesh, through Mahidol University, Three additional strains were
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also isofated from stool samples from two Jupanese workers who previously
worked in Ghana and Cambodia and a domestic patient from Manado, [ndone-
sia, Four patients had amebic liver abscesses (ALAs), and 24 patients had amebic
dysentery and/or colitis. Twelve patients did not show any notable symptoms and
thus were considered asymptomatic cyst passers. [dentification of individuat
isolates as E. histolytica and not Entemoeba dispar was verified as described
previously (14} by PCR with E. histolytica- and E. dispar-specific oligonucleotide
primers (see below), A past or present history of invasive amebiasis was verified
for 40 patients by serology by the gel diffusion precipitation test (26) and enzyme-
linked immunoscrbent assay (36). The clinical status of patients infected with five
isolates (isolates TM40 to TM44) were not determined. Al clinical specimens
were collected after informed consent was obtained from the patients.

Cultivation. Xenic and axenic in vitro cultures were established by using
Robinson’s medium and BI-5-33 medium, respectively, as described previously
{9, 29). Most xenic and axenic strains were cryopreserved by the method of
Diamond (8) after xenic and axenic cultures were established and were revived
1 to 3 months prior to the present study to minimize possible changes, if any, in
the genotypes.

DNA preparation, PCR, and sequence analysis. Total genomic DNA from
trophozoites and/or cysts was purified from either cultured trophozoites or clin-
ical specimens as described previously (14). Identification of E. hisiolytica and
exclusion of E. disper were verified by PCR with two sets of primers (primers
Hspl and Hsp2 for E. histelytica and primers Dspl and Dsp2 for E, dispar) under
the conditions described previously (44). Individual E. histolytica isolates were
classified by PCR amplification of four previously described loci, i.e., locus 1-2
and locus 5-6 (43) and the chitinase and SREHP loci (13), by using four sets of
oligonucleotides under the PCR conditions described previously (14), except that
an annealing temperature of 50°C was used for alt four loci, Loci 1-2 and 5-6 are
present as tandemly linked multicopies within a >20-kb region (43) and contain
tRNA genes (C. G. Clark, personal communication). No polymorphism in the
nucleotide sequences was found among individual repeat units in the genome
database {data not shown), which is consistent with the finding that PCR frag-
ments containing these loci are homogeneous, Chitinase and SREHP are each
apparently present as a single copy per haploid genome; only one copy of
chitinase and SREHP each was found in the HM1 genome database. Therefore,
although the ploidy of E. histolytica has not been determined, each of these
genetic markers can be considered to be present as a single copy (per haploid
genome). PCR products containing these loci were directly sequenced with an
ABI PRISM BigDye Terminator Cycle Sequencing Ready Reaction II kit (PE
Applied Biosystems, Foster City, Calif) on an ABI PRISM 310 Genetic Ana-
lyzer. In cases in which multiple {more than cne) bands were recognized after
separation by 2% agarose gel electrophoresis, each DNA fragment was excised
and sequenced separately, as described previously (14). The expected frequency
of mutations with HotStar TagDNA. polymerase (Qiagen, Tokyo, Japan) was 2 X
10~% {data not shown). We also tried to minimize the cycle numbers to avoid the
accumulation of PCR products, which is known to increase the chance of intro-
duction of mutations. Thus, when the lengths of the PCR fragments amplified in
this study are considered (120 to 490 bp), the chance that mutations were
introduced by PCR was negligible. The sequences obtained were manually edited
and aligned by using DNASIS {version 3.7; Hitachi, Yokohama, Japan).

Restriction length pofymorphism (RFLP) analysis of SREHP locus. Approx-
imately 0.1 wg of the SREHP PCR products was digested with 3 U of Alul
(Takara, Tokyo, Japan) in a volume of 20 wl at 37°C for 2 to 16 h. About 5 pl of
the AfuI-digested material was electrophoresed in 12% polyacrylamide gels (30),
To visualize the DNA, the gels were stained by use of a silver staining kit
(Pharmacia Biotech, Tokyo, Japan).

Nucleatide sequence accession numbers. The nucleotide sequence data re-
ported in the present work have been submitted to the GenBank/EMBL/DDEBJ
database under accession numbers AB096653 to ABJG6T6.

RESULTS

High-resolutien genotyping of E. histoiytica field isolates and
identification of new genotypes. It was previously shown that
the levels of genetic polymorphism of the four polymorphic
genetic loci mentioned above among E. histolytica isolates in
Japan are extremely high (14). However, it is unknown if ge-
netic polymorphisms also exist among the amebic isolates
within the areas of developing countries where E. histolytica is
endemic, e.g., Southeast Asian countries, and, if so, to what

J. Cuin, MICROBIOL.

extent. Thus, we conducted high-resolution genotyping of these
polymorphic loci for a large number of the E. Aistolytica iso-
lates obtained from the area of endemicity. We attempted to
answer the following questions: (i) how polymorphic are the
Southeast Asian E. histolytica strains? (ii) how similar or dis-
similar are the genotypes of the Southeast Asian ameba strains
in comparison to those of the Japanese strains? and (iii) does
any correlation exist between the genotypes of the isolates and
the clinical presentations that they cause? We chose Thai iso-
lates for analysis since it has been demonstrated that some of
the human immunodeficiency virus (HIV) strains present in
Japan were imported from Thailand (5, 20, 40). We ampiified
the four loci by PCR and sequenced individual fragments from
45 clinical isolates (27 isolates from Thailand; 5 isolates from
Bangladesh; 10 isolates from Japan; and 1 isolate each from
Cambodia, Indonesia, and Ghana). The profiles of the PCR
fragments on agarose gels are shown in Fig. 1A for represen-
tative isolates (only data for new genotypes of SREHP are
shown; see reference 14 for the previously identified geno-
types). After sequencing, we identified among these 45 isolates
3 novel genotypes for locus 1-2 (genotypes K, L, and M), 2
novel genotypes for locus 5-6 (genotypes Allv and A%v), 1
novel genotype for chitinase (genotype G), and 18 novel ge-
notypes for SREHP (genotypes 1 to 18) {a schematic diagram
of all SREHP genotypes only is shown in Fig. 2; those of the
other loci are not shown; all the sequence information was
deposited in the GenBank/EMBL/DDBJ database). When
these data are combined with previous data (14), we have
identified among our 79 isolates and 4 previously reported
isolates (13, 39) 13 different genotypes in locus 1-2, 15 different
genotypes in locus 5-6, 9 different genotypes in the chitinase
locus (data not shown), and 37 different genotypes in the
SREHP locus (Fig. 2). The deduced peptide sequences of the
chitinase and SREHP loci were also analyzed. The total num-
ber of SREHP genotypes based on the predicted amino acid
sequences (31) was only slightly smaller than the number of
SREHP genotypes based on the nucleotide sequences of indi-
vidual PCR fragments (37) (data not shown), whereas the total
number of chitinase genotypes was identical between the nu-
cleotide and the predicted amino acid sequences. Among 27
Thai isolates, we identified 5, 7, 6, and 13 distinct genotypes for
locus 1-2, locus 5-6, the chitinase locus, and the SREHP locus,
respectively (4 isolates were excluded from the analysis of the
SREHP locus for the reason explained in footnotes ¢ and 4 of
Table 1), suggesting that the extent of polymorphism is com-
parable between the isolates from Thailand and those from the
Japanese homosexual men.

Heterozygosity of chitinase and SREHP. Although the chiti-
nase locus was previously found to be homozygous, with one
exception (type A/C) (14), we have found three additional
isolates with two distinct chitinase genes (previously identified
as genotype A/C and a new genotype, C/F). The demonstration
of double SREHP genotypes in several isolates (i.e., isolates
TM24, TM44, TM51 to TM358, and TMé4 to TM67) strongly
argues for the heterozygosity of this gene, as suggested previ-
ously (2, 13, 14). However, one isolate (isolate K1i12) showed
triple SREHP fragments on agarose gel electrophoresis corre-
sponding to genotypes 2, 17, and 18.

Intergeographic differences in distributions of genotypes of
each polymorphic locus, To examine the similarities and dif-
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FIG. 1. Profiles of SREHP fragments amplified by PCR from clinical specimens and electrophoresed on agarose gels. All genotypes reported
previcusly (14) and reported by Ghosh et al. (13) are given letter designations (A to S [14; this study]), and new genotypes designated in the present
study are given number designations (1 to 18) in this and the other figures. (A) Agarose gel electrophoresis of undigested SREHP PCR fragments
from representative E. Mistolytica isolates. Only the results for representative isolates that belong to each genotype (presented in parentheses) are
shown. (B} Polyacrylamide gel elecirophoresis of PCR-amplified and Aful-digested SREHP fragments from selected isolates. (C) Schematic
representation of Alul digests of all genotypes. Note that the individual genotype is designated for each DNA fragment. Double asterisks indicate

that more information can be found in reference 13.
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ferences among the isolates from Japan, Thailand, and other
countries, the distributions of the genotypes of the four loci for
all 79 isolates analyzed in our previous and present studies,
together with those of four strains reported by others (13, 43),
were examined (Fig. 3). We excluded 16 of 21 Japanese iso-
fates from mentaily handicapped individuals from these anal-
yses because the mass infections were likely attributable to
single strains (14), and therefore, inclusion of these genotypes
would likely bias the outcomes of the analyses; e.g., locus 1-2
genotype F, locus 5-6 genotype A5v/Cv, chitinase locus geno-
type C, and SREHP locus genotype K were found in 16 isolates
from mentally handicapped individuals. Marked differences in
the histograms of locus 1-2, locus 5-6, and the SREHP locus
were readily recognized, whereas the distributions of the chiti-
nase locus genotypes were similar among the three groups of
isolates. Some differences were very striking; e.g., genotype B
of locus 1-2 represents a dominant type among the Japanese
isolates (about 40%), while genotype D of locus 1-2 is domi-
nant among the isolates from Thailand and other countries
(about 50%) (Fig. 3A). Marked differences in histograms were
found not only in a homozygous locus, i.e., locus 1-2, but aiso
in a heterozygous noncoding locus, i.e., locus 5-6. A histogram
showing the frequencies of locus 5-6 (Fig. 3B) showed that
locus 5-6 genotype ASv or A7 was detected in about 20% of the
Japanese isolates, whereas genotypes A6/Cv, A7, and A7/Cv
were dominant (about 30%) among the Thai isolates. The
results were almost similar when the allelic types, but not
combinations of alleles, of locus 3-6 were compared (data not
shown). Locus 5-6 allelic genotypes AS, A5v, and A7 were
dominant and were found in about 60% of the Japanese iso-
lates, while allelic type A7 was dominant (45%) among the
Thai isolates. In contrast to the notable differences in the
genotype distributions of loci 1-2 and 5-6, the chitinase locus
genotypes showed similar distributions among the three groups
(Fig. 3C). The extent of genetic variation of the SREHP locus
is much higher than those of the other three loci (Fig. 3D);
only one SREHP locus genotype (genotype 7) was shared by
the Japanese and Thai isolates.

RFLP analysis of Alul digests of the SREHP locus. Ayeh-
Kumi et al. (2) recently demonstrated, using RFLP analysis of
the Alul digests of the SREHP PCR fragments (7), polymor-
phic patterns among clinical isolates from Bangladesh. They
also reported that the majority (92%) of isolates from liver
abscesses showed patterns distinct from those of the intestinal
isolates. On the basis of these data, they proposed that partic-
ular SREHP locus genotypes and RFLP patierns may be
closely associated with virulence. To further test this hypoth-
esis, we first conducted a computational RFLP analysis based
on the nucleotide sequences of the SREHP loci of all isolates
that we obtained (Fig. 1C; only representative patterns are
shown). Notable differences in the RFLP patterns were seen
among these genotypes; the number of the patterns, however;
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decreased significantly compared to the number cbtained by
genotyping based on nucleotide sequences (n = 34 to 24 pat-
terns) (Fig. 2). We also found that the histograms of the RFLP
patterns between Japanese and Thai isolates differed signifi-
cantly (data not shown}, which was similar to the observation
for the comparisons at the nucleotide level. However, we were
unable to find any RFLP patterns that correlated with clinical

" presentations (e.g., ALA, colitis, or cyst carrier), the back-

grounds of the patients (e.g., homosexual men or mentally
handicapped individuals), or geographic origin. These compu-
tational RFLP analyses of the SREHP locus were also verified
by Alul digestion and polyacrylamide gel electrophoresis anal-
yses of the PCR fragments from several representative isolates
(Fig. 1B).

DISCUSSION

Using high-resolution genotyping based on the nucleotide
sequences of four polymorphic loci of E. histolytica, we were
able to demonstrate that this parasite from an area of ende-
micity in Southeast Asia has an extremely polymorphic genetic
structure; e.g., 21 different combinations of genotypes were
found among the 27 isolates obtained from Thailand. In com-
bination with previous results (14}, 33 combinations of geno-
types were observed among 63 isolates. {(Note that 16 isolates
from institutions for mentally handicapped individuals [e.g.,
KU13, KU19 to KU22, KU28, and KU29 {14] and KU34 to
KU42] were excluded for the reason described in Results.)
This, together with previous work (14), in which an extensive
polymorphism of the amebic strains from Japanese homosex-
val men was shown, reinforces the premise that E. histolytica
has an extremely complex genetic structure independent of
geographic location.

On the basis of the close social and economic relationship
between Japan and Thailand and the fact that (i) sexual inter-
course between homosexual men is closely associated with
both HIV and amebic infections and (ii) comparison of geno-
types between Thai and Japanese HIV strains indicates that a
proportion of Japanese HIV strains were imported from Thai-
land {19, 21, 25, 37, 40), we hypothesized that the Japanese and
Thai E. histolytice isolates might reveal a similar spectrum of
genotypes that is indicative of similarities in the population
structures of the E. histolytica strains between the two coun-
tries. However, our results appeared to argue against this hy-
pothesis. Although notable similarities in the genctypes of
locus 1-2, locus 5-6, and the chitinase locus were found be-
tween the Japanese and Thai isolates, polymorphisms in the
SREHP locus have been found to be very extensive: only one
of the Thai isolates showed an SREHP genotype identical to
that of the Iapanese isolates. When the genotypes of all four
loci were combined, none of the Thai isolates had genotypes
identical to those of the Japanese strains. Extensive polymor-

FIG. 2. Schematic representation of the polymorphisms in the repeat-containing region of the SREHP gene demonstrated among all isolates
analyzed in the previcus (14) and present studies and reference strains. Alul restriction sites are depicted by vertica! lines. The numbers shown
correspond to the nucleotides of strain HM1 (accession no. M80910). Gaps were manually introduced to optimize alignments. Conserved regions
are highlighted with gray rectangles. The nucleotide and deduced amino acid sequences of tri-, 1etra-, octa-, and nonapeptide repeats are shown
below. Also note that 4 previously unidentified tripeptide repeat unit is also included here. Asterisks next to the genotypes indicate thut more

information can be found in reference 13.
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phism of the SREHP locus at the nucleotide level was shown
previously (14); e.g., six distinct genotypes were found among
11 isolates from Japanese male homosexual men. Although
genetic polymorphisms in a restricted geographic location in
the area of endemicity have been reported by Ayeh-Kumi et al,
(2), it is conceivable that those investigators underestimated
the degree of polymorphism due to a lack of resolution of their
analytical methods (PCR amplification of only the SREHP
locus, followed by RFLP analysis on agarose gels). On the basis
of the nucleotide sequences of all SREHP fragments and com-
putational analyses of virtual RFLPs, we found that several
SREHP genotypes would have been indistinguishable by
RFLP analysis (e.g., genotypes D, 15, and J and genotypes 10,
B, P, L, 17, Q, and 18; Fig. 1C). We should also mention that
a histogram of the SREHP genotypes of the Thai isolates was
also significantly different from that of the isclates from neigh-
boring countries, including Bangladesh and Indonesia (Fig.
3D), although the number of isolates from those countries was
too small to draw a definitive conclusion.

A high degree of genetic polymorphism in the repeat-con-
taining region of SREHP raised a number of questions regard-
ing the function of this protein and its association with the
virulence and pathophysiology of E. histolytica. One of the
most abvious questions is why the degree of polymorphism of
SREHP is higher than those of the chitinase and noncoding
loci. Although Ayeh-Kumi et al. (2) suggested that certain
SREHP genotypes are more likely associated with ALA, this
premise was not supported in the present study. We did not
find any particular SREHP type, at either the nucleotide se-
quence level or the predicted amino acid sequence level, in
association with clinical presentation. This is not likely due to
either a lack of resolution of their analytical methods or dif-
ferences in geographic backgrounds; the heterogeneity of
RFLP patterns that Ayeh-Kumi et al. (2) reported {34 distinct
patterns among 54 isolates) was comparable to the polymor-
phism of the SREHP locus at the nucleotide level that we
report here. It has previously been demonstrated (31, 34) that
SREHP is highly immunogenic because it possesses a number
of conserved epitopes and that more than 80% of the individ-
uals with ALA possess antibodies to SREHP, highlighting this
protein as an important vaccine candidate. Together with the
remarkable polymorphisms within the repeat-containing re-
gion of SREHP, as shown in this and other studies, these data
strongly suggest that this polymorphism likely has a biological
role, including immune evasion, as suggested elsewhere (34,
45, 46). However, the nucleotide and amino acid polymor-
phisms of the SREHP locus are too extensive to discuss the
biological significance of these polymorphisms and their con-
straints on SREHP as a functional protein.

To verify the stability of the genotype observed for each
isolate, we examined the nucleotide sequences of the four loci
from four different isolates (isolates KU14, KU18, and KU26
[14] and isolate KU36) using xenic cultures, monoxenic cul-
tures (cultivation with Crithidia fasciculata), and axenic cul-
tures. We found no change in the genotypes of any of the four
loci in these four strains (data not shown), indicating, together
with previous findings (7, 44), that the nucleotide sequences of
these loci are stable under a variety of conditions, e.g., long-
term cultivation, axenization, cell cloning, and animal passage.

We should also note that the genotypes of the isolates ob-
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tained from institution E (locus 1-2, genotype F; locus 5-6,
genotype AS5v/Cv; the chitinase locus, genotype C; and the
SREHP locus, genotype K) are identical to those of isolates
from two other institutions for mentally handicapped individ-
uals (institutions B and C) (14). These isolates were obtained
from independent mass infection events at remote geographic
locations (Kanagawa, Shiznoka, and Yamagata Prefectures in
Japan, approximately 540 km apart) at different times (1994,
2000, and 2002). This finding further supports the premise that
the genotypes of the E. histolytica isolates are stable after hu-
man transmission.

We also present further evidence of the heterozygosity of
the chitinase and SREHP loci. The presence of multiple isoen-
zymes showing distinct affinities for substrates and the inhibitor
allosamidin was demonstrated in Entameceba invadens (38),
posing the question of why only a smail proportion (5%) of
E. histolytica isolates possess multiple chitinase isoenzymes.
The presence of multiple chitinase isoenzymes may be benefj-
ciai for the ameba since a broader substrate range may be
covered by isoenzymes possessing distinct properties, as shown
for two isoforms from Serratia marcescens (4), E. invadens (38),
and Plasmodium gallinacewm (39). In contrast to chitinase
genes, the SREHP locus was found to be heterozygous in
approximately 29% of all isolates, suggesting the biological
significance of heterozygosity in this gene. The presence of the
triple SREHP genes in isolate KU12 cannot be due to a mixed
culture or cross contamination since (i) none of these three
bands were found in the other isolates and (ii) none of the
other loci, i.e., locus 1-2, locus 5-6, and the chitinase locus,
showed mixed patterns. This is inconsistent with the previous
finding indicating that the SREHP gene appears to be present
in a single copy (22). Thus, this isolate may represent a triploid
or aneuploid, although the ploidy of reference strain HM1 was
previously suggested to be at least four (42).
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ADSTRACT:  Yeast extract-iron-gluconic acid—dihyrdoxyacetone-serum medium that allows axenic cullivation of Entamocba dis-. ¥
par was designed based on cascin-free yeast extract-iron-serum {YI-§) medium, and the usefulness of the medium was assesscdi(_)‘.

The main differcnces from Y1-S medium are replacement of glucose by gluconic acid, addition of dihydroxyacetone and p-
galacturonic acid monohydrate, and sterilization by filration. This medium promoted the axenic growth of $ strains of £, dispar

(2 surains of nonhuman primate isolates and 3 strains of human isolates). In addition, to clarify the biological basis for the growth

of £, dispar in \his medium, analyses of relevant enzymes on the glycolytic pathway of the amoebae as well as of the protozoans

that are the best cullure supplement for amoebae are being performed.

Alter axenic cullivation of Ewlamoeba dispar (strain:
SAWTG0RRcloncAR) was reported (Clark, 1995) in cascin-free
yeast extracl-iron-serum (Yi-S) medium (Diamond et al.,
1995} supplemented with gastric mucin, the efficacy of this axe-.
nic culture system was assessed for other £ dispar straifis.
However, despits its wtility, the only E. dispar strain established
as an axenic amoeba in Y1-5 medium thus far is SAW760RR
clone A.

On the other hand, when a monoxenic culiure system for E,
dispar in biosale—cysicine—starch—iron-serum (BCSI-8) medi-
um with Pseudomonas aeruginosa was developed (Kobayashi
ct al., 1998}, a significant growth-promaoting cffect of dihy-
droxyacetone (DHA) was observed. DHA is a ketotriose and
as a sugar source for £. dispar is thought to be directly metab-
olized to DHA phosphate (DHAP), which is an intermediary
metabolite in the Embden-Meyerhof=Pamus glycolytic puth-
way.

Another significant result was that during characierization of
the ghycalytic pathway of Crithicdia fuseiculens, an effective el
lure associate of £, dispar in BI-5-33 medium (Dizmond ¢t al.,
1978), approximately 35 times as much glucose-6-phosphate
dehydrogenase (G6PDH) activity as that of Trypanosoma cruzi
(Tulabuen strain) was delected, Trypanosoma crizi can be used
as a growlh-promoting supplement for monoxenic culture of E.
histelytica. Flowever, it does nol promote the growth of £, dis-
pur, wheteas (0 fascicnfing dues (3. Robayashi, unpubl.),
GOPDI activity has not been detecied in axenically grown £
histelytica (Reeves, 1972) or E. dispar (S. Kobayashi, unpubl.).
GOPDH is i cssentinl enzyme ot onky in the pentose-phos-

Cphate pathway but adso i the Ginther-Doudorol T priliway,

which starts with GOl GoPDII catalyzes the transformation of
G6P 10 6-phosphogluconate (6PG) via G-phosphogluconolac-
tone, and we focused atiention on the glycolytic pathway afier
GPG in £ dispar and cxamined the reactions afler 6PG. Bolh
the pentose-phosphate and Entner—Doudoroff glycolytic path-
ways can branch from 6PG. The activity of 6PG dehydratase
(EC 4.2.),12.) (Gotischalk and Bender, 1982; Nguyen and
Schiller, 1989), which is one of the enzymes in the Entner-
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Doudoroff pathway, was detected in the lysates of both E. his-
tolytica (HM-1:IMSS clone 6) and E. dispar (CYNOQ 16:TPC),
and its activity in E. dispar was 2.87 times greater than in E
histolytica, By contrast, no 6PG dehydrogenase activity in the
pentose-phosphate pathway was detected in either lysate (S.
Kobayashi, unpubl.). On the other hand, DHA, which has a
growth-promoting effect, is thought to be metabolized to G3P.
through DHAP, which is converted to G3P by triose phosphate
isomerase (EC 5.3.1.1.). Thus, if viable C. fasciculata actually
supplies a growth-promoting substance like DHA, DHA may
be preferable to viable C. fasciculata as 2 culture ingredient,
On the basis of this information, we hypothesized the existence
of some fajlure in the upsircam portion of the glycolytic path-
way in E. dispar, before DHAP or G3P production from glu-
cose in YI-S8 medium. We, therefore, attempted to design an

-axenie culure medium for E. dispar by modiflying the ingre-

dients of Y1-S medium, and we tested its usefulness.

MATERIALS AND METHODS
Reagents

All chemicals used in this study were of the highest quality com-
mercially available unless otherwise stated.

Enlamoeba dispar 1solates

Five strains of £ dispar were subjected 1o o trinl of axenic cultivation
in Giis stdy, Two sirains (CYMNO ORTYIC wnd CYNO 1671705 imom
nonhnman primales wore isalated in Jupan (Kobayashi ct ul,, 1998) in
Robinson’s medium (Robinson, 1968), and 2 sirains (AS 2 IR and AS
16 TR) were isolated from humans in lran. An E. dispar strain, SAW
IR clone AR (SAWETIRCIARY, wns used aq (he reference strain,
The xende B dlspar siralng were eansferred 10 monoxente culuee me.
dium with viable C. fuscleulata and antibloties (us in the clssic ap-
proach Diamond used for E, histolytica, Diamond, 1983) in BI-S-33
medium. The C. fasciculata was then replaced with antibiotic-sensitive
P, aeruginesa in BCST-3 medium becouss P, aeruginose is removed
casily by antibiotics and antibolic-resistant C. fascicudata usually sur-
vive in test medium for axenic cultwre even after 2-3 subcultures, and
it promoles the growth of E. dispar,

Yeasi-iron-gluconlic acld-dlhydroxyacetone-serum medium

Yeast-iron-gluconic acid—dihydroxyacetone (YIGADHA) broth was
prepared by first dissolving the following ingredients in 880 mi of water
distilled and purificd with a Milli-Q column (Millipore Co., Billerica,
Massachusclis): K4HIPO,, | gi KH, PO, 0.6 g: NaCl, 2.0 g: yeast extracl
(BBL, Becton Dickinson Co., Cockeysvilie, Meryland), 30 g: gluconic
acid, 5.0 g; DHA (Sigma Chemical Co., St. Louis, Missouri), 1.0 g; o-
galacturonic acid monohydrate, 0.2 g; L-cysteine hydrochloride, 1.0 g,
ascorbic acid, 0.2 g; and fervic ammonium citrate (brown), 22.8 mg.
The pH was adjusted to 6.5 with 1 N NaOH, and the solution was
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sterilized by filiration (Sartorius membrane fiiter: §.2-pm pore sizc}. An
88 ml volume of YIGADHA broth was aseptically dispensed into a
100-ml, screw-capped glass bottle and stored at ~30 C.

To complete the YIGADHA-serum (YIGADHA-5) medium, 2 ml of
vitamin mixiure #18 prepared according to the instructions for PDM-
505 medium (Diamond and Cunnick, 1991), and 16 ml of heat-inacti-
vated bovine serum was aseptically added to 88 ml of the YIGADHA
broth, A 5-mt volume of the complete medium was then dispensed into
13- X 100-mm, screw-capped borosilicate glass cuhure tubes (Asahi
Techno Glass Co., Chuo-ku, Tokyo, Japan).

Establishment of the culture of Entamoeba dispar with sterllized
Crithidia fasciculata

Afer removing . aeruginosa by washing and addition of antibiotics
{polymyxin B, 130 units/ml), rophozoites of the 5 strains of E. dispar
were transferred 0 YIGADHA-S medium with sierilized C. fasciculara
(2=3 million/ml, ReF-E:PRR. ATCC no. 50083) by fixation with 10%
(v/v) formalin as described in the literature (Clark, 1995). All 5 suains
of E dispar adapled to the cullure at 35.5 C in the YIGADHA-S me-
diwm with the associate within 2 wk ofter 3—4 whole-medium changes
by centrifugation (275 g, 4 min) and eventually started Lo grow contin-
wously. When the same growlh-promoting effect wos later found with
autoclaved C. fasciculata in Hanks' solution as with the formalin-fixed
C. fusciculata, we switched the method of sterilizing C. Jexeitulata o
auloclaving (121 C, 15 min) beeause of its simplicity.

When the amocbae were subcultured, 0.6-0.8 m) of the amocba sus-
pension (2.5 X 10* to 5 X 10*/mil} was usually transferred to the fresh
medium, alier the cublures were chilled for 5 min in an ice-water bath.
They were then inverted several times to disperse the amocbae. Sub-
cultures were successfully prepared at intervals of 3 and 4 days,

Growlh Kinetics of the amotbae

AL 24-hr intervals for 96 hr, the number of amocbac in 5 pl of the
homogeneous amoeba suspension diluted with known volume of YIG-
ADHA-S medium were counted under a microscope after chitling the
culiyre tubes for § min in on ice-water bath, The data were then con-
verted o number per milliliter,

Zymodeme analysls and polymerase chaln reaction

Zymodeme anplysis (Surgesunt, 1988) and polymerase chain reaclion
{PCR) analysis (Tachibana et al., 1991; Cheng ¢t al., 1993) of the amoe-
ba isolates were performed to characterize the amoebae grown in the
axenic eullure,

RESULTS

YIGADIIA-S moedivm was desipned, and the culture asso-
ciates tested could be removed with no loss of E, dispar via-
bility as a result of searching for the improved basic medium
and condition for axenic cultivation of E. dispar, based on the
casein-free Y1-S medium,

YI-5 medium was therefore modificd us [ollows. Glucose
was replaced by GA, DHA and p-galacturonic acid monohy-
drate were added because of the sigaificant growth-promoting
effeets under the axcnic culture conditions, and the medium was
sterilized by filtration and adjusted to pH 6.5 with NaOH.

As a result of these modifications, trophozoites of E. dispar
started 10 grow continuously in the absence of viable C. Jasci-
cnlata or P, gertiginose for e first time, aithough supplemen-
uion with the formalin-ixed organisms was still necessary for
growth.

The growth-promoting ability of C. Jasciculata was also
maimained in this YIGADIIA-S culiure sysiem cven alter it
wis aulociaved (121 €, 15 min) in Hanks' solution. ‘There was
no difference between the growth-promoting elfect of auto-
claved C. fasciculara and of formalin-fixed organisms. Because
the procedure was easier, the amoebae were maintained in the
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Figure 1. Growth kinetics of 5 strains of Entamneba dispar in the
4-yr passaged cultures in YIGADHA-5 medium supplemented with au-
\oclaved Crithidia fasciculata. Mean numbers of amocbae in duplicate
cultures are plotied.

medium with autoclaved C. fesciculata. The growth kinetics of
the 5 strains of E. dispar in this culture system are shown in
Figure L. .

After 3 mo of maintenance in this culwre system, t strain of
E. dispar (CYNO 16:TPC) started to grow without any supple-
ment, ¢.g., without autoclaved C. fasciculata. However, addition
of 6PG (Sigma P-7877, 67 pg/ml), an intermediary metabolite
in the Entner~-Doudoroff pathway (Fig. 3), was necessary to
waintain this strain withoul the mtoclaved organisms.

After culluring with autaclaved C. fasciculata lor 1 yr and 4
yr, respectively, other E. dispar strains started to grow axeni-
cally in the YIGADHA-8 medium without the addition of any
cultnre associntes., The growth kineties of 5 strains of axenically
grown E. dispar are shown in Figure 2. The clear dilfcrences
in growth kinetics between monoxenic culture (Fig. 1) and axe-
nic culture (Fig. 2), except for the CYNO 09:TPC strain, sug-
gest the existence of some ather growth-promoting fuctor in
autoclaved C. fasciculata,

The CYNO 16 TPC and CYNO 09:TPC strains were usually
subcultured by transferting 1 ml of amoeba suspension to fresh
YIGADHA-S medium, and the AS 16 IR, AS 2 IR, and
SAWIT34RelAR strains were subculured by transferring 1 ml
of amoeba suspension concentrated to an adeguate density for
subculture (3 X 10* to 6 X 10* amacbac/ml) by centrifugation
(275 g, for 4 min).

The zymodemes of the 5 struins grown in hoth the mono-
xenic and axen‘x};{GADHA-S media were all judged to be type
1. All 10 DNA sajnples of the 5 strains used in the PCR analyses
deseribed abovc(wcrc amplified with E. dispar-specific primers

¥



PARASITOLOGY
Monday Oct 18 2004 03:57 PM
Allen Press

GALLEY

DTPro Sysiem

THE JOURNAL OF PARASITOLOGY, VOL. 90, NO, 2. MONTH 2004

104

wD—AS2IR
] —e—asiem

= CYNOU9 TIPC
—a—CYNO 16:TPC
—O— SAWITIUAR

104 4

Number of amebae/m!

1 L I 1

0 24 48 72 96

Hours

Figure 2. Growth kinetics of 5 strains of axenically grown Ens-
amocba dispar in 2-yr (CYNO 09: TPC), 3-yr (CYNO 16:TPC), and
2-mo (AS 2 IR, AS 16 IR, and SAW 1734RciAR) passaged cultures in
YIGADHA-S axenic medium. Mean numbers of amocbag jn duplicate
cullures are plotted.

alone; the £ izism!yn‘c'a-spcciﬁc primers did not ¢licit any DNA
amplification. These findings are suwinmarized in Table ],

DISCUSSION

We have previously reported a monoxenic culture system for
L. dispar in BCS!1-3 medium in which glucose was replaced
with starch and 1o which sterilized C. fuscicw!ata were added
afler heat treatment at 56 C for 30 min followed by incubation
in 1% hydrogen peroxide at 4 C for 24 hr (Kobayashi et al.,
E998). The sierilized parasite appeared to be metabolically in-
aclive as judged by the nuclear magnetic resonance spectra,
Although 1he growth-promoting effect of C. fasciculata was
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partially lost as z result of this sterilization step, the minimum
esscntial effect persisied, which made it possible to establish a
long-term monoxenic culture of E. dispar with metabolically
inactive C. fasciculara. In this study, we succeeded in producing
an axenic culture system of E. dispar by using YIGADHA-
medium designed on the basis of Y1-S medium from the mono-
xeni¢ culture of the amoeba with sterilized C. fasciculata,
During attempts to improve the culture system, it was found
that by replacing some kinds of sugar from starch, the growth
of E. dispar was promoled significantly in the BCSI-S mono-
xenic culture system. First, 2 marginal growth-promoting effect
of fructose was found, although its cffect was insufficient for
axenic cultivation of E. dispar, and a more useful compound,

DHA, was used. The concentration (0.1%) of DHA required for .

the growth of E. dispar in YIGADHA-S medium was very

critical: DHA concentrations below 0.05% and greater than

0.15% failed to effectively promote the growth of E. dispar.
However, despite the clear effect of DHA and fructose on the
growth of E. dispar, the results of our biochemical assays for
phosphorylation of DHA by DHA kinase, ketchexokinase, and
ketose-1-phosphate aldolase, the enzymes involved in the con-
version of fructese or DHA to DHAP (Fig. 3), showed no sig-
nificant activity of these enzymes in the crude Iysates of axenic
E. dispar (CYNQ 16:TPC) or E. histolytica (HM-1:IMSS clone
6) (data not shown). The mechanism of growth-promoling cf-
feet of DHA and fructose is not yel understood.

Pimenta et al. (2002) demonstrated an interesting morpho-

Taveg I Zymodeme and PCR analyses of § strains of Entamaeeba dispar.

Zymodeme® PCRt
Strain Xenic (date) Monoxenic (date) Axenic (dale) Montoxenic Axenic
SAW [ TMRcIAR Z-111% (March 1985) Z-1 {January 2000) Z-1 (February 2003) E. dispar E. dispar
AS 2 Zel (hune 199K} Z-l (hnuary 2000) 71 (Fchranry 2003) I, dispur . dispar
AS 14 Lol (hune [908) Z-1 Qanmary 2000) Z-1 (Febroary 2003}

CYNQ GhTRC
CYNO 16:TPC

Z-1 (Aprit 1992)
Z-11 (April 1992)

Z-1 {January 2000)
Z-1 (January 2000)

E. dispur
E. dispar
E. dispar

b, dispar
E. dispar
E. dispar

Z-§ (February 2003)
Z-1 (February 2003)

* Zywadlemes type 1o 188 nre clossitied as E dispar.

+ PCH anadysis using 2 sets of oligonucleatide pelmers each {pl 1 plus pi2 osd pl3 plus pl4d, respectlvely) for omplilicution of the DNAy of L, Disredytfen and E.

dispir. The zymuodeme aod PCR umalyses were performed ground the saiseg ime,
1 Duta cited from Mirelman et al. {1986).
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logical characteristic of L. dispar by clectron microscopy: some
concomitant bacteria cells were free and viable in the eytoplasm
of E. dispar, without being surrounded by a distinct phagosome
mermbrane. This suggests that some bacterial species can sur-
vive in the cytoplasm and exist in a symbiotic relationship with
E. dispar. If the Entner-Doudoroff pathway does indeed func-
tion in glycolysis in E. dispar, as reported in E. hisiolytica
under xenic conditions (Hilker and While, 1959}, the reactions
upsiream jn the EMS pathway (Fig. 3) including a reaction
regulating the transformation of fructose-6-phosphale 1o fruc-
tosc-1,6-bisphosphate or vice versa, usually catalyzed by 6-
phosphofructokinase (6-PFK) and fructose-bis-phosphatase (EC
3.1.3.11.) and affecting the both the glycolysis and glycogenesis
pathways, may not function well in £ dispar. The regulatory
reactions in E. histolytica are well known to be regulated by &
single unique enzyme (ppi-dependent 6-PFK; EC 2.7.1.90.),
and the reaction is reversible and has no apparcnt regulatory
function (Reeves et al,, 1974, 1976). '

The clear growth-promoting effect of autoclaved C. fasci-
culata (or P. acruginosa) indicated that they contain as yet un-
identified heat-stable growth-promoting substances for E. dis-
par. 1 the substances can be identified, YIGADHA-S medium
will be improved. Further analyses of the axenically grown E.
dispar will cnable us to further elucidate the biological prop-
crties of E. dispar that differ from those of pathogenic E, his-

tolyica.
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Abstract

A new experimental model was developed in hamsters for amoebic abscess caused by Entamoeba histolytica. E.
histolytica trophozoites were cultured in a liquid axenic medium, and then injected intradermally into the cheek pouch
of the Syrian golden hamster, Mesocricetus auratis. Inoculation consistently resulted in abscess formation at the site
in 20 of 22 {91%) study animals. The amoebic nature of the abscesses was confirmed by light microscopy and
histopathologic examination. Abscess formation was maximal at day 12 post-inoculation. Potential applications of
this simple and reliable model include fuither elucidation of the pathogenesis of invasive amoebiasis, studies of the
host response to amoebae, and in vivo evaluation of chemotherapeutic agents that show in vitro efficacy against £,

histolytica.
© 2004 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction

Since the discovery of Entamoeba histolytica as
the causative agent of invasive amoebiasis in
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North Dakota, 1919 Elm Street North Fargo, North Dakota
58102, USA.

humans by Losch in 1875, scientists have tried to
duplicate the disease in laboratory animals.
Although rodent models have been used extensive-
ly, no single animal has been found to reliably
replicate the natural infection that occurs in
humans. Experimentally, amoebic abscesses, par-
ticularly in the liver, have been produced in rodents
by inoculating virulent trophozoites of E. histoly-
tica through various routes [1]. Injection of para-
sites either directly into the liver parenchyma or
via the portal vein have been the most widely used
techniques for in vivo studies [2,3].

1383-5769/04/3 - see front matter © 2004 Elsevier Ireland Lid. All rights reserved.
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Shibayama et al., [4] have demonstrated liver
invasion and abscess formation by intraperitoneal
inoculation of trophozoites in hamsters, Several
unique characteristics of the goiden hamster, Meso-
cricetus auratus, would seem to make it an ideal
animal model for research work such as its immu-
nogenetic tolerance to human parasites and its
possession of paired eversible cheek pouches that
can serve as natural windows for detailed micro-
scopic investigation [S]. Early parasitologic
research using the golden hamster includes studies
involving E. histolytica [6,7], Leishmania spp
[8,9], Schistosoma mansoni [10), Hymenolepis
nana [11], and Trichinella spiralis {12,13]. More
recently, the suitability of the cheek pouch of the
golden hamster, as an intact living membrane, has
been demonstrated in experimental Trypanosoma
cruzi [14,15] and Plasmodium berghei [16]
infections.

The physiologic relevance of this site for devel-
opment of an amoebic abscess has been reported
previously as examples of ameobiasis of the female
genital tract [17] and penis [18]. Since both sites
are lined by stratified squamous epithelium this
suggests that the hamster cheek pouch is a good
potential site for experimental amoebiasis.

A model for invasive amoebiasis, including
abscess production, would be useful for further
investigations of pathogenesis and potential thera-
peutic regimens. In this report, we describe a
simple and reliable technique for producing amoe-
bic abscesses in the cheek pouch of the golden
hamster via intradermal inoculation of axenically-
cultured E. histofytica trophozoites.

2. Materials and methods
2.1. Animals and preparation of inocula

Male golden hamsters (M. auratus) aged 4-6
weeks and each weighing approximately 40-50 g
were used in all experiments; hamsters were given
free access to water and standard feed. Individual
animals . were selected for time-sequence studies
and killed at different points after inoculation of
parasites. Highly virulent, axenic trophozoites of
E. histolytica strain SAW755CR clone B (gener-
ously supplied Dr Diamond) were maintained in a

liquid TYI-S-33 15% Bovine serum (BS) medium
{19). Inoculae were prepared from 72 h amoebic
cultures in a late logarithmic phase of growth.
Strain virulence was confirmed by inoculating
trophozoites directly into the liver of a hamster
with resultant amoebic liver abscess production
within 1 week. Each hamster cheek pouch was
injected with an inoculum containing 5X10° E.
histolytica trophozoites in 0.2 ml of liquid medium.
This dose was calcunlated after testing a range of
concentrations of amoebae from 0.5 to 2.0Xx10%
organisms per inoculum. Strains of Entamoeba
dispar were maintained under monoxenic culture
conditions in YIGADHA-S (yeast—iron—gluconic
acid-dihydroxyacetone-serum) medium [20]. The
maintenance and care of experimental animals
complied with the Aga Khan University guidelines
for the humane use of laboratory animals.

2.2. Induction of amoebiasis

2.2.1. Experiment 1

Two groups of hamsters (containing four ani-
mals each) were inoculated intradermally with
axenically-grown trophozoites of either E. histoly-
tica strain SW755CR clone B (Group 1} or non-
pathogenic E. dispar CYNOI6TPC (Group 2)
[20]. Organisms were inoculated intradermally into
the hamster’s cheek pouch using a tuberculin

1
needle (26G X 5) and syringe.

2.2.2. Experiment 2 . ‘
The cheek pouches of 10 animals were inocu-
lated intradermally with trophozoites of the E.
histolytica SAWT55CR clone B study strain using
a tuberculin needle and syringe. Single study
animals were killed at days 2 and 4 whilst pairs
of animals were killed at days 7, 12 and 17 post-
inoculation. The last pair was not sacrificed in
order to observe the natural course of the infection.

2.2.3. Experiment 3

Twelve animals were divided into groups of four
each: Group 1—the cheek pouches of all animals
were inoculated intradermally with trophozoites of
the E. histolytica SAW755CR clone B study strain
using a tuberculin syringe. Group 2—the cheek
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Table |

Development of amoebic abscess after hamster cheek pouch inoculation

Experiment Inoculation No. of animals No. of animals with
inocujated” abscess production (%)
1 E. histolytica 4 4 {100)
E. dispar 4 . (V)]
2 E. histolytica 10 9 (90}
E. histolytica 4 3(75)
4 E. histolytica 4 4 (100)
Medium (TYI-8-33) 4 0 (100)

" Inoculum: trophozoites of E. histolytica, E. dispar 5% 1¢°/0.2 ml of TYI-5-33 media 0.2 mi of TYL-5-33, 15% BS media was

inoculated as control.

pouches of all animals were inoculated with tro-
phozoites of the E. histolytica SAW755 CR clone
B study strain using a blunt esophageal tube placed
inside of the cheek pouch without trauma to the
tissue; Group 3—the backs of all animals inocu-
lated intradermally with trophozoites of the E.
histolytica strain SAW755CR clone B study strain
using a tuberculin syringe

2.2.4. Experiment 4

Four male hamsters were used as sham controls
in this study. Each animal was injected with E.
histolytica trophozoites 5X 10°/0.2 ml of media in
the right cheek pouch and with 0.2 m! of TY I-S-
33 15% BS media in the left cheek pouch. All
animals were examined for presence of amoebic
abscess 5—7 days post infection.

2.3. Cheek pouch preparation

Methods were followed as described in detail
by Handler and Shepro [5]. For animals given
intradermal injections, each hamster cheek pouch
was inoculated with E. histolytica trophozoites in
a dose of 5X10° in 0.2 m! of medium. Injection
was carefully performed using a tuberculin syringe
until a bleb appeared. For each animal, amoebic
abscesses were examined macroscopically for
signs of inflammation or ulcer formation. Exudate
from abscesses was aspirated with a pipette, a wet
mount preparation was examined using a light
microscope, and the presence of E. histolytica
trophozoites was recorded. For killed animals, the
cheek pouch was dissected, removed, and pre-

served in 10% formalin, and representative sec-
tions of specimens were submitted for
histopathologic examination. After an overnight
processing of dehydration and clearing, tissue
blocks were embedded in paraffin, and 5 | thick
sections were cut from these blocks and stained
using hematoxylin and eosin.

3. Results

Intradermal inoculation with axenically cultured
trophozoites of the E. histolytica study strain read-
ily and consistently produced infection in the cheek
pouch of study animals; overall, 20 of 22 (91%)
hamsters developed amoebic abscesses at the injec-

tion site (Table 1).

In experiment 1, animals inoculated with E.
histolytica produced multipie cheek pouch lesions,
whitish-yellow in color and with irregular borders
(Fig. 1). Abscesses were semisolid with a thick
brownish exudates that could be easily expressed:
gram stain examination of this material demon-
strated abundant polymorph nuclear leucocytes. In
addition, live motile trophozoites were also seen.
All animals were killed on day 7 by ether inhala-
tion. The hamsters inoculated with E. dispar tro-
phozoites showed no signs of active amoebic
infection (Table 1).

In experiment 2, inoculation with trophozoites
of E. histolytica produced abscesses as in experi-
ment 1, in nine of 10 hamsters; one animal killed
at day 2 post-inoculation did not show evidence
of abscess formation. For the other serially killed
hamsters, the largest abscesses and most visible
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Fig. 1. Macroscopic abscesses of the hamster cheek pouch after intradermal injection of axenically grown E. histolytica trophozoites
{a, day 7 with cheek pouch intact; b, day 7 with cheek pouch dissected away ¢, day 12},

and motile trophozoites were seen on day 12 post-
inoculation. At day 17, abscesses were smaller and
no motile trophozoites were visible. Two animals
died on day 20, at which time lesions had further
resolved with residual scar tissue formation and
no amoebic trophozoites seen on microscopy.

In experiment 3, hamsters injected with E.
histolytica trophozoites into the cheek pouch dem-
onstrated abscess formation. The abscesses pro-
duced in animals of group 1 showed maximal
changes on day 12 post-inoculation, with motile
trophozoites seen on light microscopy. One animal



