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Abstract

Three protein-coding loci in DNA of an Entamoeba histolytica strain (EHMfasl)
isolated from cynomolgus monkey (Macaca fascicularis) were sequenced; these loci
corresponded to the genes for chitinase, the serine-rich E. histolytica protein (SREHP),
and the 16S-like small subunit ribosomal RNA (16S-like SSUrRNA). The nucleotide
and deduced amino-acid sequences of chitinase and SREHP were compared with
sequences from human isolates. EHMfasl had several specific mutations in units in
the polymorphic regions of the chitinase and SREHP loci, with some repetition of these
mutéted units. The sequence of the 16S-like SSUrRNA gene was compared with other
Entamoeba species. In phylogenetic analysis, EHMfas] was not categorized in the E.
histolytica cluster, but between E. histolytica and E. dispar. To our knowledge, this is
the first molecular characterization of E. histolytica isolated from cynomolgus monkey,
and our results indicate that EHMfasl may be a subspecies of E. Aistolytica that infects

cynomolgus monkey.



Introduction

Amoebiasis is caused by infection with Entamoeba histolytica and is one of the
most important parasitic diseases in‘humans. In non-human primates, amoebiasis has
been reported in captive and in wild-trapped non-human primates (Amyx et al. 1978;
Beaver et al. 1988), but most of these reports did not distinguish E. histolytica from E.
dispar, which is morphologically similar to E. histolytica but non-pathogenic. One
case of E. histolytica infection in Japanese macaque (Macaca fuscata) was determined
by isoenzyme analysis (Tachibana et al 1990), and PCR tests have been used to identity
six cases of infections in three species of old world monkeys and three species of new
world monkeys (Verweij et al. 2003) and in one case in cynomolgus monkey (Macaca
Jascicularis) (Takano et al. 2005). However, it is unclear whether the E. histolytica
strains in non-human primates originated from humans or are species-specific strains.

The genes for chitinase (de la Vega et al. 1997; Ghosh et al. 2000; Haghighi et al.
2002; Haghighi et al. 2003) and serine-rich E. histolytica protein (SREHP) (also known
as K2) (Li et al. 1992; Clark and Diamond 1993; Kohler and Tannich 1993; Stanley et
al. 1990; Ayeh-Kumi et al. 2001; Haghighi et al. 2002; Haghighi et al. 2003) have
highly polymorphic DNA loci, including the protein-coding sequences. These
polymorphic loci have been used to study the molecular epidemiology and geographic
diversity within human isolates of E. histolytica. Genes for the 16S-like small subunit
ribosomal RNA (16S-like SSUrDNA) (Medlin et al. 1988) have been used for
identification of species (Clark and Diamond 1991; Novati et al. 1996) and phylogenetic
analysis of the genus Entamoeba has been performed using riboprinting (Clark and
Diamond 1997) and nucleotide sequencing (Silberman et al. 1999; Clark et al. 2006).

In this study, we determined the DNA sequences of the chitinase and SREHP loci

of the Entamoeba histolytica strain EHMfas] and compared these sequences with those
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from human isolates. We also examined the 16S-like SSUrDNA gene sequence to

compare EHMfas1 with other Entamoeba species.

Materials and Methods
E. histolytica from cynomolgus monkey
The E. histolytica strain EHMfas] was isolated from a healthy cynomolgus monkey

imported into Japan from China (Takano et al. 2005).

DNA preparation and sequencing

Total genomic DNA from trophozoites was extracted using a QlAamp DNA Stool
Mini Kit (Qiagen) according to the manufacturer’s directions. Chitinase and SREHP
were amplified by PCR using previously described primer setsi 5'-GGA ACA CCA
GGT AAA TGT ATA-3" and 5-TCT GTA TTG TGC CCA ATT-3" for the chitinase
forward and reverse primers, respectively; and 5'-GCT AGT CCT GAA AAG CTT
GAA GAA GCT G-3" and 5'-GGA CTT GAT GCA GCA TCA AGG T-3" for the
SREHP forward and reverse primers, respectively (Ghosh et al. 2000). PCR was
carried out in a 50 pl reaction mixture containing 2 pl of extracted DNA and 0.1 pg of
bovine serum albumin per pl using Takara Ex Tag (Takara). A total of 35 cycles of
PCR were performed as follows: denaturation at 94°C for 30 s, annealing at 54°C for 30
s, and extension at 72°C for 45 s. An initial denaturation step at 94°C for 5 min and a
final extension step at 72°C for 7 min were also performed.

16S-like SSUrRNA was also amplified using previously described primer sets
(RD5 and RD3; Clark and Diamond, 1997), with some modification, and newly
designed internal primer sets to obtain accurate nucleotide sequencing: RDS, 5-ATC

TGG TTG ATC CTG CCA GT-3" and 1r, 5'-TCG TCA CTA CCT CTT CAA TTC



G-37; 2f, 5°-CAC TTC TAA GGA AGG CAG CAG-3" and 2r, 5'-AGC GAT CAT
GGA TTT TCA CC-37; 31, 5-AAA AGG AAC AAT TGG GGT GA-3" and 3r,
5'-CCA TGC ACC ACT ACC CAA TA-37; 4f, 5'-TGG TCA CAA GGC TGA AAC
TT-3" and 4r, 5-CCA AGA TGT CTA AGG GCA TCA-3"; 5f, 5'-GGG AAA AAG
AAA AAG GAA GCA-3" and RD3, 5"-ATC CTT CCG CAG GTT CAC CT-3"). A
total of 30 cycles of PCR were performed as follows: denaturation at 94°C for 1 min,
annealing at 58°C for 30 s, and extension at 72°C for 1 min. An initial denaturation
step at 94°C for 5 min and a final extension step at 72 °C for 7 min were also
performed.

Each PCR product of EHMfasl was directly sequenced with an ABI PRISM
BigDye Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems) on an ABI
PRISM 3100-Avant Genetic Analyzer (Applied Biosystems), according to the
manufacturer’s directions. Each DNA sequence was analyzed several times using
independent DNA preparations.

DNA sequences of chitinase and SREHP were aligned using GENETYX ver.
7.0.11 (Genetyx). The GenBank accession numbers of the sequences used for

comparison with the chitinase and SREHP genes are shown in Figures 1 and 2.

Phylogenetic Analysis

Analysis and multiple alignment of DNA sequences of 16S-like SSUrDNA genes
were performed with ClustalX (Thompson et al. 1997), and the phylogenetic tree was
constructed using the neighbor-joining (NJ) method (Saitou et al. 1987). The
GenBank accession numbers and length of the sequences used in the phylogenetic
analysis were as follows: X56991 (E. histolytica: 1911 bp), X64142 (E. histolytica

strain HM-1:IMSS: 1910 bp), X61116 (E. histolytica strain SD4: 1907 bp) , Z49256 (E.



dispar: 1913 bp), AF149906 (E. moshkovskii: 1911 bp), AF149910 (E. terrapinae: 1910
bp), AF149909 (E. insolita: 1909 bp), AF149907 (E. hartmanni: 1927 bp), D28490 (E.
gingivalis: 1910 bp), AF149905 (E. invadens: 1932 bp), AF149908 (E. ranarum: 1901
bp), AF149912 (E. chattoni: 1830 bp), AF149913 (E. polecki: 1825 bp), AF149914 (E.
coli: 2068 bp), DQ286371 (E. equi: 1886 bp), DQ286372 (E. suis: 1970), DQ286373 (E.
ecuadoriensis: 1908 bp) and AJ566411 (E. struthionis: 1830 bp). Comparisons were
made over 1911 bp of EHMfasl. However, since the submitted E. suis sequence
lacked some homologous base pairs at the 5° and 3" termini, the GenBank sequences

were aligned after deleting some terminal base pairs to allow a direct alignment.

Nucleotide sequence accession numbers
The nucleotide sequence data reported here have been submitted to the
GenBank/EMBL/DDBJ database under accession numbers AB282755 (chitinase),

AB197935 (SREHP) and AB197936 (16S-like SSUrDNA).

Results
Polymorphism in the chitinase and SREHP loci of EHMfas]

The chitinase and SREHP genes of EHMfasl were sequenced and compared with
human isolates, which were genotyped and classified by the combination pattern of
repeating units in the polymorphic region (Haghighi et al. 2002, 2003) (Figures 1 and
2).

The 5’-conserved region, the repeat-containing polymorphic region, and the
3’-conserved region of the EHMfasl chitinase gene were compared with those of
human isolates. A number was tentatively assigned to each unit in the nucleotide and

deduced amino-acid sequences (Figure 1). In human isolates, the polymorphic region



is constructed from combinations of one type of non-repeating unit, three types of
repeating units, and two conserved regions (Haghighi et al. 2002). The nucleotide
sequence of EHMfasl consists of two types of non-repeating units (CN1 and CN7),
three types of repeating units (CN2, CN3 and CNS), and the 5'- and 3’-conserved
regions (CNS5'C and CN3'C1) (Figure 1A). The CN1 and CN2 units were common to
EHMfasl and the human isolates, but CN3, CN5, CN7 and CN3'C2 were
EHMfasl1-specific mutated units; these units corresponded to the CN2, CN4, CN6 and
CN3'Cl1 units, respectively, in human isolates, with a single-nucleotide substitution in
each unit (Figure 1A). In the deduced amino-acid sequence, only the CA3°C2 had a
single amino-acid substitution compared to the corresponding human units (Figure 1B).
The 5'-conserved region, the repeat-containing polymorphic region, and the
3’-conserved region of the EHMfasl SREHP gene were also compared with those of
human isolates. As for chitinase, a number was tentatively assigned to each unit in the
nucleotide and deduced amino-acid sequences (Figure 2). In human isolates, the
polymorphic region of the SREHP gene contains combinations of four types of
non-repeating units, five types of repeating units, and two conserved regions; some of
the human isolates also have strain-specific mutated units (Haghighi et al. 2002, 2003).
The nucleotide sequence of EHMfas1 consists of six types of non-repeating units (SN1,
SN2, SN5, SN16, SN17 and SN20); four types of repeating units (SN3, SN9, SN10 and
SN11), and the 5°- and 3 -conserved regions (SN5°C and SN3'C) (Figure 2A). The
SN1, SN3, SN10, SN11 and SN16 units were common to EHMfas!l and the human
isolates, whereas SN2, SN5, SN9, SN17, SN20 and SN3'C2 were EHMfasl-specific
mutated units; these units corresponded to the SN1, SN4, SN8, SN16, SN19 and
SN3’Cl1 units, respectively, in human isolates, with a single- or double-nucleotide

substitution in each unit (Figure 2A). Furthermore, three EHMfas1-specific mutations



were observed as block insertions in the repeat-containing region: in the third unit in
polymorphic region GAGGAA (EE), the fifth unit in GATGAAGAA (DEE), and the
seventh unit in GAGAAT (EN) (Figures 2A and 2B). In the deduced amino-acid
sequence, two types of non-repeating units (SA2 and SAS) and SA3°C2 had a single
amino-acid substitution compared to the corresponding human units (Figure 2B).

EHM{fas]1 lacked the SA6 unit found in human isolates.

Phylogenetic relationship of EHMfas1 among Entamoeba species

The 16S-like SSUrDNA of EHMfas1 was sequenced directly and the phylogenetic
relationship among Entamoeba species was reconstructed with inclusion of EHMfasl
(Figure 3). In this phylogenetic tree, EHMfasl was not categorized in the E.

histolytica cluster, but between the E. histolytica cluster and the E. dispar branch.

Discussion

Three studies of E. histolytica infection in non-human primates have been
performed (Tachibana et al. 1990; Verweij et al. 2003; Takano et al. 2005), using
isoenzyme analysis, monoclonal antibody tests, and PCR. However, it is not clear if
these infections were natural to the non-human primates or zoonotic infections from
humans; i.e., whether E. histolytica is host-specific or a zoonotic agent. In this study,
we sequenced three loci of EHMfasl isolated from a cynomolgus monkey imported
from China into Japan for use in medical research (Takano et al. 2005), and compared
these data with human isolates.

The sequence of the chitinase gene was compared with those from human isolates
to determine whether EHMfas!] could be categorized into any of the seven genotypes

known to be present in humans (Haghighi et al. 2002, 2003). Chitinase genes from



human isolates have been genotyped based on the combination pattern of units in the
polymorphic region, but our results showed that the nucleotide sequence of the chitinase
gene of EHMfas] and the deduced amino-acid sequence did not fit with any of the
known genotypes (Figures 1A and 1B). Furthermore, the chitinase gene of EHMfasl
comprised several new units containing nucleotide substitutions from the corresponding
units in human isolates; these mutated units suggest that EHMfasl may be a subspecies
of E. histolytica, rather than a new genotype.

The sequence of the SREHP gene was also compared with those in human isolates
to confirm the conclusions drawn from the chitinase sequence, since the SREHP gene is
more diverse and shows more variation in the human isolates (Haghighi et al. 2002,
2003). Similarly to the chitinase gene, the SREHP gene of EHMfasl could not be
categorized into any known human genotype at the nucleotide and amino-acid levels
(Figures 2A and 2B), and this gene also included some new units containing nucleotide
substitutions, compared to human sequences, and also included three block insertions
and deletion of a common human unit. Therefore, comparison of the SREHP gene in
EHMfas]1 with those in human isolates also suggests that EHMfas] is a subspecies of E.
histolytica.

Some strain-specific mutated units have been observed in the SREHP gene in
human isolates (SN7 for type C and type N, SN12 for type B, SN13 for type D, SN14
for type II, SN15 for type G, and SN18 for type VI); these strain-specific units were
either non-repeated (SN7, SN12, SN14, SN15) or tandemly repeated (SN13 and SN18).
From an evolutionary perspective, it is thought that non-repeated mutative units were
derived from a common unit quite recently due to nucleotide substitutions, and that
tandemly repeated units were replicated after nucleotide substitution, as a result of

geographical differentiation of strains. In contrast to the strain-specific units in human



isolates, SN9 in EHMfas1 was dispersely repeated six times. This result indicates that
SN9 divided from SN8 or from a common ancestral unit before unit amplification; in
other words, EHMfasl might have divided from human isolates before the effect of
geographical differentiation in human isolates. In the same way, the CN3 and CNS5
units in the chitinase gene, which were EHMfasl-specific mutated units, were
dispersely repeated two and three times, respectively. Furthermore, insertions of three
EHMfas]1-specific blocks and deletion of the common unit SA6 support the hypothesis
that EHMfas1 is a cynomolgus monkey-specific strain of E. histolytica. The results
also suggest that EHMfas] is a subspecies of E. histolytica, although it is possible that it
is a new species. At present, the chitinase and SREHP genes have been sequenced
from only a small number of isolates and are highly polymorphic between the various
isolates. However, we believe the differences between codon usage in these two genes
are useful to distinguish EHMfasl, which was detected as E. histolytica, using
species-specific PCR and antigen-capture ELISA (Takano et al. 2005), together with
16S-like SSUrDNA analysis.

The 16S-like SSUrDNA was sequenced to investigate the relationship between
EHMfasl and the Entamoeba species, because 16S-like SSUrDNA genes have been
used for previous phylogenetic analysis of Entamoeba (Clark and Diamond 1997,
Silberman et al. 1999; Clark et al. 2006). Analysis of 16S-like SSUrDNA also
suggested that EHMfasl is a subspecies or a closely related new species of E.
histolytica, since in the phylogenetic tree EHMfasl was categorized as intermediate
between the E. histolytica cluster and the E. dispar branch (Figure 3). In addition,
isoenzyme analysis of EHMfasl was also performed to compare EHMfas1 with human
isolates. The zymodeme pattern of EHMfasl (i.e., PGM: E. dispar type, ME: E.

histolytica/E. dispar type, GPl: gamma band only, and HK: new type in which the faster
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running band indicated the E. histolytica type, whereas the slower running band was
intermediate between the E. histolytica and E. dispar types) was not classified into any
known patterns. Isoenzyme analysis also supports our hypothesis that EHMfas] is a
subspecies or a closely-related new species of E. histolytica and E. dispar.

In the current paper, we have described one amoeba strain isolated from a
cynomolgus monkey. E. histolytica infection is unusual in non-human primates,
(Smith and Meerovitch 1985; Jackson et al. 1990; Rivera and Kanbara 1999; Tachibana
et al. 2000; Tachibana et al. 2001; Takano et al. 2005) and only a small number of
isolates have been studied. Therefore, it will be necessary to examine more E.
histolytica strains isolated from non-human primates to determine the true relationships

among non-human primates and human isolates.
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