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A B S T R A C T

Entamoeba nuttalli found in non-human primates is the phylogenetically closest species to Entamoeba histolytica
and is potentially pathogenic. However, infection of wild long-tailed macaques (Macaca fascicularis) with E.
nuttalli has not been found. In this study, the prevalence of Entamoeba infections in wild long-tailed macaques
was examined in seven locations in six provinces of Thailand. The positive rate for E. nuttalli in 214 fecal samples
was 43.9% using PCR, but no infection with E. histolytica or Entamoeba dispar was found, demonstrating that
long-tailed macaque is one of the natural hosts for E. nuttalli. Twenty-four E. nuttalli isolates were successfully
cultured and four of them were axenized. The sequences of the 18S ribosomal RNA genes of E. nuttalli from long-
tailed macaques differed from those of E. nuttalli isolates from other species of wild macaques. Eleven types of
sequences in serine-rich protein genes were identified in the 24 isolates and these were specific for each location
in Thailand. By analysis of six tRNA-linked short tandem repeat loci, these isolates were divided into 14 types,
and each type was also location-specific. Phylogenetic analysis revealed correlation between genotypes of the
parasite and the geographic distribution of the host macaques. Genetic distance and geographic distance cor-
related significantly in a Mantel test, with r values of 0.888 based on the tRNA-linked short tandem repeat loci
and 0.815 based on the serine-rich protein genes. These results suggest that genetic divergence and co-evolution
of the parasite occurred during dispersion and colonization of the host macaque, and that genotypic analysis of
the parasite may enable identification of the geographic localization of the host.

1. Introduction

Entamoeba histolytica is the causative agent of amebiasis, with an
estimated 50 million cases of colitis and liver abscess resulting in
40,000 to 100,000 deaths annually (Haque et al., 2003; Stanley Jr.,
2003). There are several Entamoeba species that are morphologically
indistinguishable from E. histolytica. Of the amebas with quad-
rinucleated cysts, Entamoeba dispar is the most prevalent species, but is
nonpathogenic; Entamoeba moshkovskii is primarily free-living; and
Entamoeba bangladeshi is found in only a few countries (Ali et al., 2003;
Heredia et al., 2012; Ngobeni et al., 2017; Royer et al., 2012).

It is important to understand the prevalence of Entamoeba infections
in nonhuman primates for animal health and prevention of zoonosis.
Recent studies have shown that infection with Entamoeba nuttalli, but

not E. histolytica, is prevalent in wild and captive macaques, in addition
to Entamoeba chattoni (Entamoeba polecki ST2) and Entamoeba coli in-
fections. E. nuttalli is the phylogenetically closest species to E. histolytica
and also potentially pathogenic (Tachibana et al., 2007). Many E. nut-
talli strains have been isolated by culture of feces from wild rhesus
macaques (Macaca mulatta) in Nepal (Tachibana et al., 2013), wild and
captive rhesus macaques in China (Feng et al., 2013), captive Japanese
macaques (Macaca fuscata) in Japan (Tachibana et al., 2009), wild
toque macaques (Macaca sinica) in Sri Lanka (Tachibana et al., 2016),
and wild Tibetan macaques (Macaca tibetana) in China (Guan et al.,
2016; Wei et al., 2018). Therefore, macaques seem to be a natural host
for E. nuttalli.

E. nuttalli has also been isolated from a De Brazza's guenon in a zoo
(Suzuki et al., 2008; 2007). In the zoo, fatal cases of liver abscess with
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E. nuttalli have been observed in an Abyssinian colobus and a Geoffroy's
spider monkey (Suzuki et al., 2008). Recently, an asymptomatic case of
human infection with E. nuttalli occurred in a caretaker of nonhuman
primates in a zoo (Levecke et al., 2015). Although the pathogenicity of
E. nuttalli in human is still unknown, severe inflammatory reactions
have been found in the formation of liver abscess in hamsters in-
oculated experimentally with E. nuttalli (Guan et al., 2018; Tachibana
et al., 2009; 2007).

The long-tailed macaque (Macaca fascicularis), also known as a crab-
eating macaque or cynomolgus monkey in laboratories, lives natively in
Southeast Asia. Since long-tailed macaques are used as experimental
animals for medical research, the macaques are exported from breeding
colonies in the countries. Examination of 25 isolates of Entamoeba from
long-tailed macaques imported to Japan identified only one isolate
from China as E. nuttalli, while others were identified as E. dispar
(Takano et al., 2005; 2007). Moreover, E. nuttalli infection has not been
detected by screening of large breeding colonies of long-tailed maca-
ques in China, despite E. nuttalli being prevalent in colonies of rhesus
macaques in China (Feng et al., 2013; 2011). E. nuttalli was also not
detected in a colony of long-tailed macaques in the Philippines, al-
though E. histolytica and E. dispar infections were prevalent (Rivera
et al., 2010). Therefore, it is important to know whether wild long-
tailed macaques are also a natural host for E. nuttalli.

Here, we report the prevalence of E. nuttalli infections in wild long-
tailed macaques in Central Thailand. More than twenty isolates of E.
nuttalli were established by culture from the wild macaques and geno-
types of the isolates were compared.

2. Materials and methods

2.1. Study area

Stool samples from wild long-tailed macaques were collected in
seven locations in Central Thailand in February 2011 (Fig. 1). These
areas were located in Phetchaburi, Prachuap Khiri Khan, Ratchaburi,
Chonburi, Lopburi, and Saraburi Provinces. A total of 214 fresh stool
samples were collected, carried to a laboratory with cooling by ice, and
then subjected to direct microscopy and culture. Aliquots of each
sample were preserved in 2% potassium dichromate solution.

2.2. Stool examination and culture

Stool samples were examined microscopically with iodine staining.
Samples with quadrinucleated cysts of Entamoeba in microscopy were
suspended in water for> 18 h to prevent growth of Blastocystis spp.
trophozoites, and then cultured in modified Tanabe-Chiba medium at
37 °C (Tachibana et al., 2007). Grown trophozoites of at least one iso-
late from each area were treated with a cocktail of antibiotics and then
cultured monoxenically with Crithidia fasciculata in YIMDHA-S medium
supplemented with 15% adult bovine serum at 37 °C (Kobayashi et al.,
2005). Finally, some of the isolates were cultured axenically in the
medium and an isolate was subjected to cloning by limiting dilution,
followed by microscopy examination.

2.3. Extraction of DNA and PCR

Extraction of DNA from preserved stool samples was performed as
previously described (Tachibana et al., 2007). Briefly, the samples in
potassium dichromate solution were mixed with diethyl ether and
centrifuged at 400g for 2min. Sediments were washed twice with
phosphate-buffered saline and then genomic DNA was isolated using a
DNeasy blood and tissue kit (Qiagen, Hilden, Germany). Genomic DNA
was also isolated from cultured trophozoites. PCR amplification of
partial 18S rRNA genes from E. nuttalli, E. histolytica, E. dispar, En-
tamoeba coli and Entamoeba chattoni was performed using species-spe-
cific primers (Tachibana et al., 2009; 2013; 2007; Verweij et al., 2001).

Amplification of an approximately 2.4 kb region containing 18S and
5.8S rRNA genes was performed (Tachibana et al., 2007). The serine-
rich protein (SRP) gene was amplified essentially as reported (Ghosh
et al., 2000). Amplification of tRNA-linked short tandem repeats (STR)
of six loci (locus A-L, D-A, N-K2, R-R, S-Q and STGA-D) was also per-
formed (Ali et al., 2005).

2.4. Sequencing

PCR products of 2.4 kb rRNA genes, SRP genes and tRNA-linked STR
fragments were purified using a QIAquick PCR purification kit (Qiagen)
or QIAEX II gel extraction kit (Qiagen), and then directly sequenced
using a BigDye Terminator v3.1 cycle sequencing kit (Applied
Biosystems, Carlsbad, CA). Reactions were run on an ABI Prism 3100
Genetic Analyzer (Applied Biosystems).

2.5. Phylogenetic analysis and alignment

Genetic distances were calculated using the SRP gene or tRNA-
linked STR loci using MEGA 5 software. A Mantel test for analysis of
isolation by distance was performed using IBD 1.5.2 software with
10,000 randomizations (Jensen et al., 2005). Exact P values for data in
the Mantel test were calculated by Pearson correlation coefficient
analysis using SPSS 20.0. A neighbor-joining (NJ) tree was constructed
using the SRP gene or tRNA-linked STR loci using MEGA 5 software.

Fig. 1. Map of the study sites in Central Thailand. Stool samples were collected
in seven locations of six provinces.
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3. Results

3.1. Detection of Entamoeba species by PCR

Of the 214 stool samples from long-tailed macaques, 34 were col-
lected in Phetchaburi, 32 in Prachuap Khiri Khun, 48 in Ratchaburi, 41
in Chonburi, 37 in Lopburi, and 22 in Saraburi Provinces (Figs. 1, 2).
Almost all of the samples were formed, and none were watery or
bloody. In direct microscopy, uninucleated Entamoeba chattoni cysts
were highly prevalent, and Entamoeba coli cysts and quadrinucleated
Entamoeba histolytica/E. dispar/E. nuttalli cysts were also prevalent. In
addition, cysts of Iodamoeba buetschlii were frequently found. By PCR
analysis of the stool samples, the quadrinucleated Entamoeba cyst was
confirmed to be E. nuttalli, but not E. histolytica or E. dispar, in all of the
locations (Table 1). The positive rates for E. nuttalli were 71% in
Chonburi, 50% in Prachuap Khiri Khan and Saraburi, 48% in Phetch-
aburi, 29% in Ratchaburi, and 22% in Lopburi Province. The positive
rates in PCR for E. chattoni and E. coli from the six provinces were 65%
to 100% and 38% to 68%, respectively. The rates of co-infections
among the three Entamoeba species are shown as a Venn diagram in
Fig. 3. Co-infection was recorded in 138 samples (64.5%), and 64
samples (29.9%) were positive for all three Entamoeba species. Of 94 E.
nuttalli positive samples, all except two were co-infected with E. chat-
toni.

3.2. Isolation of E. nuttalli

A total of 142 stool samples containing Entamoeba cysts based on
direct microscopy were cultured xenically in modified Tanabe-Chiba
medium, and 24 isolates of E. nuttalli were obtained (Table 2). Of these,
six isolates from five provinces were cultured in YIMDHA-S medium
with Crithidia fasciculata; four isolates, TFP6, TFC145, TFL205 and

Fig. 2. A long-tailed macaque in Phetchaburi. The macaque would take food
from human hands.

Table 1
PCR detection of Entamoeba spp. in fecal samples of wild long-tailed macaques in Central Thailand.

Location, Province (Numbers on map) No. of samples examined No. of positives (%)

E. nuttalli E. histolytica E. dispar E. chattoni E. coli

Khao Wang, Phetchaburi (1) 34 16 (47.1) 0 (0) 0 (0) 29 (85.3) 16 (47.1)
Khao Chong Ka Jok, Prachuap Khiri Khan (2) 32 16 (50) 0 (0) 0 (0) 28 (87.5) 21 (65.6)
Jom Pon Cave, Ratchaburi (3) 24 6 (25) 0 (0) 0 (0) 19 (79.2) 16 (66.7)
Khao Ngu, Ratchaburi (4) 24 8 (33.3) 0 (0) 0 (0) 16 (66.7) 11 (45.8)
Khao Sam Muk, Chonburi (5) 41 29 (70.7) 0 (0) 0 (0) 41 (100) 22 (53.7)
Phra Kan Shrine, Lopburi (6) 37 8 (21.6) 0 (0) 0 (0) 24 (64.9) 14 (37.8)
Wat Phra Phutthachai, Saraburi (7) 22 11 (50) 0 (0) 0 (0) 18 (81.8) 15 (68.2)
Total 214 94 (43.9) 0 (0) 0 (0) 175 (81.8) 115 (53.7)

Fig. 3. Venn diagram of co-infections among E. nuttalli, E. chattoni and E. coli in
214 fecal samples from wild long-tailed macaques detected by PCR. Each ring
represents one Entamoeba species, and the numbers of positives samples and
percentages are shown.

Table 2
Characteristics of E. nuttalli isolates from seven locations in Central Thailand.

Name of
isolate

Province of
isolation
(Numbers on map)

Final culture
condition

18S rDNA Type of serine-rich
protein gene (size
of amplicon in
bpa)

TFP6 Phetchaburi (1) Axenic Mfas-type I (552)
TFPK43 Prachuap Khiri

Khan (2)
Xenic ND II (540)

TFR74 Ratchaburi (3) Monoxenic Mfas-type V (528)
TFR79 Ratchaburi (3) Xenic ND V (528)
TFR101 Ratchaburi (4) Xenic ND VI (528)
TFC115 Chonburi (5) Xenic ND III (534), IX (498)
TFC120 Chonburi (5) Xenic ND III (534)
TFC121 Chonburi (5) Xenic ND IV (534)
TFC122 Chonburi (5) Xenic ND IV (534)
TFC126 Chonburi (5) Monoxenic Mfas-type III (534)
TFC128 Chonburi (5) Xenic ND III (534), XI (426)
TFC137 Chonburi (5) Xenic ND IV (534)
TFC138 Chonburi (5) Xenic ND III (534), IX (498)
TFC142 Chonburi (5) Xenic ND III (534), IX (498)
TFC145 Chonburi (5) Axenic Mfas-type III (534), IX (498)
TFC148 Chonburi (5) Xenic ND III (534)
TFC149 Chonburi (5) Xenic ND III (534)
TFC155 Chonburi (5) Xenic ND IV (534)
TFL197 Lopburi (6) Xenic ND X (477)
TFL203 Lopburi (6) Xenic ND X (477)
TFL205 Lopburi (6) Axenic,

cloned
Mfas-type X (477)

TFL206 Lopburi (6) Xenic ND X (477)
TFS228 Saraburi (7) Axenic Mfas-type VII (528)
TFS240 Saraburi (7) Xenic ND VIII (516)

a Primer regions are excluded; Mfas-type, identical with EHMfas1 strain; ND,
not determined.

M. Feng, et al. Infection, Genetics and Evolution 70 (2019) 114–122

116



Fig. 4. Schematic representation of 11 genotypes in the repeat region of serine-rich protein genes of E. nuttalli isolated from long-tailed macaques in Central Thailand.
Data for E. nuttalli isolates from Nepal, Japan and China in our previous studies were added to the analysis. Each unit component with a unique nucleotide sequence is
shown as a rectangle and given a number for the SN series. Each deduced amino acid sequence is also shown and given a number for the SA series.
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TFS228, were axenized; and TFL205 was further cloned.

3.3. Analysis of rRNA gene

The approximately 2.4 kb region including 18S and 5.8S rRNA
genes was sequenced in two monoxenic and four axenic isolates of E.
nuttalli. No differences in nucleotide sequences were found among the
six isolates. The sequence including internal transcribed spacer 1 and 2
regions was identical with those of the EHMfas1 strain (AB197936)
isolated from a captive long-tailed macaque exported from China to
Japan as an experimental animal, and the NASA06 strain (AB485592)
isolated from a captive Japanese macaque.

3.4. Analysis of the SRP gene

SRP genes were analyzed in all 24 E. nuttalli isolates. Isolates from
each location had different gene sequences (Table 2, Fig. 4). In total, 11
genotypes were identified in 24 isolates and none was identical to those
of the EHMfas1 strain from long-tailed macaques, P19-061405 from
rhesus macaque, NASA06 strain from Japanese macaque, GY and LH
strains from rhesus macaque, and the EM3 strain from Tibetan macaque
(Fig. 4). Genotypes I, II, V, VI and X from Phetchaburi, Prachuap Khiri
Khan, Ratchaburi and Lopburi Provinces contained similar types of unit
components (shown as rectangles), whereas components of genotypes
III, IV, VII, VIII, IX and XI from Chonburi and Saraburi Provinces were
similar. Unique nucleotide sequence components SN13 and SN14 were
found in type X and types I and V, respectively. These two components
were first observed in E. nuttalli isolates.

3.5. Analysis of tRNA-linked STR loci

We also analyzed sequences of tRNA-linked STR loci of the Thailand
E. nuttalli isolates. The 24 isolates from seven locations showed 8 var-
iations in locus D-A, 8 variations in locus N-K2, 8 variations in locus R-

R, 5 variations in locus STGA-D, 7 variations in locus S-Q, and 10 var-
iations in locus A-L sequence types (Table 3, Fig. 5). These patterns had
a highly significant difference in their distributions. By combination of
sequences from six loci, the 24 isolates were divided into 14 patterns
(Table 2). In addition, there were obvious differences between the
Thailand isolates and Chinese isolates in compositions of locus D-A and
locus N-K2 (Fig. 5A,B).

3.6. Phylogenetic tree analysis

In the distance-based NJ tree obtained using the SRP gene, E. nuttalli
isolates formed two paraphyletic branches (Fig. 6A). Phetchaburi,
Prachuap Khiri Khan, Ratchaburi and Lopburi isolates were categorized
into one branch, and Chonburi and Saraburi isolates were categorized
in another branch. In the distance-based NJ tree obtained using the
tRNA-STR loci, the Thailand E. nuttalli isolates formed 8 paraphyletic
branches (Fig. 6B). Isolates from six locations were categorized into
independent branches, and Chonburi isolates were categorized into two
branches. Essentially, the tree mirrored localization of isolation sites on
the map shown in Fig. 1. The newly identified sequences have been
deposited in the DDBJ/EMBL/GenBank database (LC436927-
LC436983).

3.7. Effect of geographical distance on genetic diversity

The genetic diversity of isolates from different locations were
compared with respect to geographical distance to estimate the im-
portance of the geographical pattern for genetic relationships among
the Thailand E. nuttalli isolates. In analysis of 24 E. nuttalli isolates
collected from seven locations ranging from 20 km to 286 km apart, a
Mantel test (10,000 randomizations) gave r values of 0.815 (P < 0.001
in Pearson correlation coefficient analysis) based on the SRP gene
(Fig. 7A) and 0.888 (P < 0.001) based on tRNA-linked STR loci
(Fig. 7B). These results indicate significant isolation by distance for E.
nuttalli isolates from Central Thailand based on the SRP gene and tRNA-
linked STR loci.

4. Discussion

This is the first study to show that E. nuttalli infection is prevalent in
wild long-tailed macaques. The prevalence of E. nuttalli in Central
Thailand, 43.9%, was comparable with those in wild rhesus macaques
in Kathmandu, Nepal (50.9%) and Tibetan macaques in Mount Huang,
China (58.3%), and higher than those of toque macaques in Sri Lanka
(18.5%) and Tibetan macaques in Mount E-Mei, China (16.9%) (Guan
et al., 2016; Tachibana et al., 2016; 2013; Wei et al., 2018). Since no
infection with E. histolytica or E. dispar was found in the macaques,
long-tailed macaque is thought to be a natural host for E. nuttalli. The
wild long-tailed macaques infected with E. nuttalli did not show diar-
rhea or bloody stools, similarly to other macaques, which suggests that
E. nuttalli infections must be commensal for the macaques. The most
prevalent Entamoeba species in wild long-tailed macaques was E. chat-
toni, followed by E. coli. This trend of high prevalence of these two
nonpathogenic species is the same as that in other macaques, including
captive macaques (Feng et al., 2013; Guan et al., 2016; Tachibana et al.,
2013). In contrast to wild long-tailed macaques, a high positive rate of
E. dispar infection in captive long-tailed macaques in China has been
reported (Feng et al., 2013; 2011; Takano et al., 2005). High positive
rates of E. dispar infection are also present in captive macaques and
chimpanzees in Japan (Tachibana et al., 2000; 2001). Therefore, sus-
ceptibility to E. dispar infection must be high in macaques and other
nonhuman primates, but its prevalence in wild macaques is lower.

Sequences of the 18S rRNA gene in E. nuttalli isolates from the wild
long-tailed macaques were identical with the EHMfas1 strain
(AB197936) from a long-tailed macaque exported from China (Takano
et al., 2007). Since no wild long-tailed macaques are distributed in

Table 3
Genotypes of six tRNA-STR loci of E. nuttalli isolates from seven locations in
Central Thailand.

Isolate Locus

N-K2 R-R STGA-D S-Q D-A A-L

TFP6 Th2NK Th2RR Th2SD Th2SQ Th2DA Th2AL
TFPK43 Th3NK Th2RR Th3SD Th3SQ Th1DA Th2AL
TFR74 Th4NK Th3RR Th3SD Th3SQ Th3DA Th3AL
TFR79 Th4NK Th3RR Th3SD Th3SQ Th3DA Th3AL
TFR101 Th5NK Th4RR Th3SD Th3SQ Th3DA Th3AL
TFC115 Th1NK Th1RR Th1SD Th4SQ Th1DA Th4AL
TFC120 Th1NK Th1RR Th1SD Th1SQ Th1DA Th1AL
TFC121 Th1NK Th5RR Th4SD Th1SQ Th4DA Th4AL
TFC122 Th1NK Th1RR Th1SD Th1SQ Th1DA Th1AL
TFC126 Th2NK Th1RR Th1SD Th1SQ Th1DA Th4AL
TFC128 Th2NK Th1RR Th1SD Th1SQ Th1DA Th4AL
TFC137 Th1NK Th1RR Th4SD Th1SQ Th1DA Th1AL
TFC138 Th1NK Th1RR Th1SD Th1SQ Th1DA Th1AL
TFC142 Th1NK Th1RR Th1SD Th1SQ Th1DA Th1AL
TFC145 Th1NK Th1RR Th1SD Th1SQ Th1DA Th1AL
TFC148 Th1NK Th1RR Th1SD Th1SQ Th1DA Th1AL
TFC149 Th1NK Th1RR Th1SD Th1SQ Th1DA Th1AL
TFC155 Th1NK Th1RR Th1SD Th1SQ Th1DA Th1AL
TFL197 Th6NK Th6RR Th5SD Th5SQ Th5DA Th5AL
TFL203 Th7NK Th6RR Th5SD Th6SQ Th6DA Th6AL,

Th7AL
TFL205 Th7NK Th6RR,

Th7RR
Th1SD,
Th5SD

Th6SQ Th6DA,
Th7DA

Th5AL,
Th8AL,
Th9AL

TFL206 Th7NK Th6RR Th1SD Th5SQ Th5DA Th7AL,
Th9AL

TFS228 Th8NK Th8RR Th2SD Th7SQ Th8DA Th10AL
TFS240 Th8NK Th8RR Th2SD Th7SQ Th8DA Th10AL
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Fig. 5. Schematic representation of genotypes in tRNA-linked short tandem repeats of six loci of E. nuttalli isolated from long-tailed macaques in Central Thailand.
tRNA genes and STRs are depicted as arrows and rectangles, respectively, while non-tRNA and non-STR regions are shown as lines. Data for E. nuttalli isolates from
Nepal and China in our previous studies were added to the analysis. (A) Locus D-A; (B) Locus N-K2; (C) Locus R-R; (D) Locus S-Q; (E) Locus A-L; (F) Locus STGA-D.
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China, the species of macaque in breeding colonies might be derived
from neighboring countries such as Vietnam, Laos, Cambodia and
Myanmar (Feng et al., 2011). The 18S rRNA gene sequence in long-
tailed macaques showed two nucleotide differences in comparison with
that from rhesus macaques (AB282657) and may be unique in long-
tailed macaques (Tachibana et al., 2007). However, the 18S rRNA se-
quence from the Thailand isolates was also identical with the NASA06
strain isolated from a captive Japanese macaque (Tachibana et al.,
2009). By tracking the origin of the captive Japanese macaques, it be-
came clear that these macaques were derived from a zoo in Japan.
Therefore, we cannot exclude the possibility that the NASA06 strain
was derived from other species of nonhuman primates, including long-
tailed macaque. Studies on Entamoeba infections in wild Japanese ma-
caques are in progress to clarify this situation. Transmission of En-
tamoeba spp. to other host species in zoos and facilities is probable
(Levecke et al., 2015; Suzuki et al., 2008; 2007).

The SRP gene and tRNA-linked STR loci genotyping system was
used to distinguish E. histolytica genotypes in previous studies (Ali et al.,
2008; 2012; 2007; 2005; Feng et al., 2012; Jaiswal et al., 2014). The
present study demonstrated the presence of 11 genotypes of SRP gene
and 5 to 10 types in each of six tRNA-linked STR loci in 24 E. nuttalli
isolates from Central Thailand. In the distance-based NJ tree based on
tRNA-linked STR loci, isolates from seven locations clearly belonged to
different clusters, whereas these were divided into two clusters based
on SRP gene data. These results illustrate that tRNA-linked STR loci are
more effective in distinguishing E. nuttalli isolates, compared to SRP
genes. This might be due to the higher number of nucleotides in the
analysis using tRNA-linked STR loci compared to that using SRP genes.
Furthermore, using a combination of SRP gene and tRNA-linked STR
loci sequences, the 24 isolates could be divided into 17 genotypes,
demonstrating that fingerprinting analysis of the parasite may be pos-
sible in the area.

Fig. 6. Phylogenetic tree constructed using the NJ method based on serine-rich protein genes (A) and six tRNA-linked STR loci (B) of E. nuttalli isolates from Thailand.
Numbers 1 to 7 refer to the locations on the map in Fig. 1.
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Distribution of different genotypes in several geographical locations
has been observed in rhesus macaques in Nepal and China and in
Tibetan macaques in China (Feng et al., 2014; Guan et al., 2016;
Tachibana et al., 2013; Wei et al., 2018). The present study based on
data from seven locations revealed that the genotypes of E. nuttalli
isolates correlated phylogenetically with the geographical distribution
of host macaques. The r values of 0.888 based on tRNA-STR loci and
0.815 based on SRP genes both indicated that geographic factors are
important contributors that could explain the polymorphism of E. nut-
talli genes. E. nuttalli isolates from two close locations in Ratchaburi
showed separate genetic features in the NJ tree based on tRNA-STR loci.
This observation also suggests that tRNA-linked STR loci are a better
marker than SRP genes. Genetic diversity of Nepali isolates and Chinese
GY isolates of E. nuttalli was also quite prominent (Feng et al., 2014;
Guan et al., 2016). Therefore, genotypes of E. nuttalli isolates may be
polymorphic even if the ameba was isolated from macaques in a close
geographical range. Genetic analysis of host macaques was not per-
formed in this study, but it is well known that phylogenetic differences
are present in long-tailed macaques (Bunlungsup et al., 2017a; 2017b;
Klegarth et al., 2017; Tosi and Coke, 2007).

There are many long-tailed macaques and other species of macaques
in Thailand. Some live closely with human communities and food can
be given by hand, as shown in Fig. 2. We have recently detected E.
chattoni, but not E. nuttalli, in feces of residents in Kathmandu, Nepal,
where rhesus macaques live nearby (Feng et al., 2018). Further
screening of Entamoeba infections in human and non-human primates,
especially in macaques, should be performed because a case of human
infection with E. nuttalli in a caretaker in zoo has been reported and E.
nuttalli is potentially pathogenic (Guan et al., 2018; Levecke et al.,
2015; Tachibana et al., 2009; 2007).

In conclusion, E. nuttalli infection is prevalent even in wild long-
tailed macaques in Central Thailand, which shows that this species of
macaque is a natural host of the ameba. Divergence and co-evolution of
the parasite occurred during dispersion and colonization of the host
macaque, and genotypic analysis of the parasite may enable identifi-
cation of the geographic localization of the host.

Conflict of interest

All authors declare no conflicts of interest.

Acknowledgements

We thank K. Hirayama, Nagasaki University, for his encouragement
of the study. We are grateful to N. Kuamsab, P. Buppan, and R.
Kosuwin, Chulalongkorn University, for their assistance. We also thank
H. Kawada and T. Wang, the Support Center for Medical Research and
Education, Tokai University, for their help with PCR and DNA se-
quencing. This study was supported by JSPS KAKENHI (grant numbers
24406013, 16H05819, 17K08811 to H.T.), Ratchadapiseksompotch
Fund, Faculty of Medicine, Chulalongkorn University (grant number
RA56/059 to S.J. and C.P.), a Cooperative Research Grant from
NEKKEN, 2011 (to H.T.), and by the National Bio-Resource Project of
MEXT, Japan.

References

Ali, I.K., Hossain, M.B., Roy, S., Ayeh-Kumi, P.F., Petri Jr., W.A., Haque, R., Clark, C.G.,
2003. Entamoeba moshkovskii infections in children, Bangladesh. Emerg. Infect. Dis. 9,
580–584. https://doi.org/10.3201/eid0905.020548.

Ali, I.K., Zaki, M., Clark, C.G., 2005. Use of PCR amplification of tRNA gene-linked short
tandem repeats for genotyping Entamoeba histolytica. J. Clin. Microbiol. 43,
5842–5847. https://doi.org/10.1128/JCM.43.12.5842-5847.2005.

Ali, I.K., Mondal, U., Roy, S., Haque, R., Petri Jr., W.A., Clark, C.G., 2007. Evidence for a
link between parasite genotype and outcome of infection with Entamoeba histolytica.
J. Clin. Microbiol. 45, 285–289. https://doi.org/10.1128/JCM.01335-06.

Ali, I.K., Clark, C.G., Petri Jr., W.A., 2008. Molecular epidemiology of amebiasis. Infect.
Genet. Evol. 8, 698–707. https://doi.org/10.1016/j.meegid.2008.05.004.

Ali, I.K., Haque, R., Alam, F., Kabir, M., Siddique, A., Petri Jr., W.A., 2012. Evidence for a
link between locus R-R sequence type and outcome of infection with Entamoeba
histolytica. Clin. Microbiol. Infect. 18, E235–E237. https://doi.org/10.1111/j.1469-
0691.2012.03826.x.

Bunlungsup, S., Imai, H., Hamada, Y., Matsudaira, K., Malaivijitnond, S., 2017a.
Mitochondrial DNA and two Y-chromosome genes of common long-tailed macaques
(Macaca fascicularis fascicularis) throughout Thailand and vicinity. Am. J. Primatol.
79, 1–13. https://doi.org/10.1002/ajp.22596.

Bunlungsup, S., Kanthaswamy, S., Oldt, R.F., Smith, D.G., Houghton, P., Hamada, Y.,
Malaivijitnond, S., 2017b. Genetic analysis of samples from wild populations opens
new perspectives on hybridization between long-tailed (Macaca fascicularis) and
rhesus macaques (Macaca mulatta). Am. J. Primatol. 79. https://doi.org/10.1002/
ajp.22726.

Feng, M., Yang, B., Yang, L., Fu, Y., Zhuang, Y., Liang, L., Xu, Q., Cheng, X., Tachibana,
H., 2011. High prevalence of Entamoeba infections in captive long-tailed macaques in
China. Parasitol. Res. 109, 1093–1097. https://doi.org/10.1007/s00436-011-2351-2.

Feng, M., Cai, J., Yang, B., Fu, Y., Min, X., Tachibana, H., Cheng, X., 2012. Unique short
tandem repeat nucleotide sequences in Entamoeba histolytica isolates from China.
Parasitol. Res. 111, 1137–1142. https://doi.org/10.1007/s00436-012-2945-3.

Feng, M., Cai, J., Min, X., Fu, Y., Xu, Q., Tachibana, H., Cheng, X., 2013. Prevalence and
genetic diversity of Entamoeba species infecting macaques in Southwest China.
Parasitol. Res. 112, 1529–1536. https://doi.org/10.1007/s00436-013-3299-1.

Feng, M., Komiyama, T., Yanagi, T., Cheng, X., Sherchand, J.B., Tachibana, H., 2014.
Correlation between genotypes of tRNA-linked short tandem repeats in Entamoeba

Fig. 7. Scatter plots of genetic distance vs. geographic distance comparisons by Mantel test. R values are from the Mantel test and P values were calculated using
Pearson correlation coefficient analysis. (A) SRP gene. (B) tRNA-linked STR loci.

M. Feng, et al. Infection, Genetics and Evolution 70 (2019) 114–122

121

https://doi.org/10.3201/eid0905.020548
https://doi.org/10.1128/JCM.43.12.5842-5847.2005
https://doi.org/10.1128/JCM.01335-06
https://doi.org/10.1016/j.meegid.2008.05.004
https://doi.org/10.1111/j.1469-0691.2012.03826.x
https://doi.org/10.1111/j.1469-0691.2012.03826.x
https://doi.org/10.1002/ajp.22596
https://doi.org/10.1002/ajp.22726
https://doi.org/10.1002/ajp.22726
https://doi.org/10.1007/s00436-011-2351-2
https://doi.org/10.1007/s00436-012-2945-3
https://doi.org/10.1007/s00436-013-3299-1


nuttalli isolates and the geographical distribution of host rhesus macaques. Parasitol.
Res. 113, 367–374. https://doi.org/10.1007/s00436-013-3664-0.

Feng, M., Pandey, K., Yanagi, T., Wang, T., Putaporntip, C., Jongwutiwes, S., Cheng, X.,
Sherchand, J.B., Pandey, B.D., Tachibana, H., 2018. Prevalence and genotypic di-
versity of Entamoeba species in inhabitants in Kathmandu, Nepal. Parasitol. Res. 117,
2467–2472. https://doi.org/10.1007/s00436-018-5935-2.

Ghosh, S., Frisardi, M., Ramirez-Avila, L., Descoteaux, S., Sturm-Ramirez, K., Newton-
Sanchez, O.A., Santos-Preciado, J.I., Ganguly, C., Lohia, A., Reed, S., Samuelson, J.,
2000. Molecular epidemiology of Entamoeba spp.: evidence of a bottleneck (demo-
graphic sweep) and transcontinental spread of diploid parasites. J. Clin. Microbiol.
38, 3815–3821. https://jcm.asm.org/content/38/10/3815.

Guan, Y., Feng, M., Cai, J., Min, X., Zhou, X., Xu, Q., Tan, N., Cheng, X., Tachibana, H.,
2016. Comparative analysis of genotypic diversity in Entamoeba nuttalli isolates from
Tibetan macaques and rhesus macaques in China. Infect. Genet. Evol. 38, 126–131.
https://doi.org/10.1016/j.meegid.2015.12.014.

Guan, Y., Feng, M., Min, X., Zhou, H., Fu, Y., Tachibana, H., Cheng, X., 2018.
Characteristics of inflammatory reactions during development of liver abscess in
hamsters inoculated with Entamoeba nuttalli. PLoS Negl. Trop. Dis. 12, e0006216.
https://doi.org/10.1371/journal.pntd.0004419.

Haque, R., Huston, C.D., Hughes, M., Houpt, E., Petri Jr., W.A., 2003. Amebiasis. N. Engl.
J. Med. 348, 1565–1573. https://doi.org/10.1056/NEJMra022710.

Heredia, R.D., Fonseca, J.A., Lopez, M.C., 2012. Entamoeba moshkovskii perspectives of a
new agent to be considered in the diagnosis of amebiasis. Acta Trop. 123, 139–145.
https://doi.org/10.1016/j.actatropica.2012.05.012.

Jaiswal, V., Ghoshal, U., Mittal, B., Dhole, T.N., Ghoshal, U.C., 2014. Association between
allelic variation due to short tandem repeats in tRNA gene of Entamoeba histolytica
and clinical phenotypes of amoebiasis. Acta Trop. 133, 1–7. https://doi.org/10.
1016/j.actatropica.2014.01.009.

Jensen, J.L., Bohonak, A.J., Kelley, S.T., 2005. Isolation by distance, web service. BMC
Genet. 6, 13. https://doi.org/10.1186/1471-2156-6-13.

Klegarth, A.R., Sanders, S.A., Gloss, A.D., Lane-deGraaf, K.E., Jones-Engel, L., Fuentes, A.,
Hollocher, H., 2017. Investigating biogeographic boundaries of the Sunda shelf: a
phylogenetic analysis of two island populations of Macaca fascicularis. Am. J. Phys.
Anthropol. 163, 658–670. https://doi.org/10.1002/ajpa.23235.

Kobayashi, S., Imai, E., Haghighi, A., Khalifa, S.A., Tachibana, H., Takeuchi, T., 2005.
Axenic cultivation of Entamoeba dispar in newly designed yeast extract-iron-gluconic
acid-dihydroxyacetone-serum medium. J. Parasitol. 91, 1–4. https://doi.org/10.
1645/GE-3386.

Levecke, B., Dorny, P., Vercammen, F., Visser, L.G., Van Esbroeck, M., Vercruysse, J.,
Verweij, J.J., 2015. Transmission of Entamoeba nuttalli and Trichuris trichiura from
nonhuman primates to humans. Emerg. Infect. Dis. 21, 1871–1872. https://doi.org/
10.3201/eid2110.141456.

Ngobeni, R., Samie, A., Moonah, S., Watanabe, K., Petri Jr., W.A., Gilchrist, C., 2017.
Entamoeba species in South Africa: correlations with the host microbiome, parasite
burdens, and first description of Entamoeba bangladeshi outside of Asia. J. Infect. Dis.
216, 1592–1600. https://doi.org/10.1093/infdis/jix535.

Rivera, W.L., Yason, J.A., Adao, D.E., 2010. Entamoeba histolytica and E. dispar infections
in captive macaques (Macaca fascicularis) in the Philippines. Primates 51, 69–74.
https://doi.org/10.1007/s10329-009-0174-x.

Royer, T.L., Gilchrist, C., Kabir, M., Arju, T., Ralston, K.S., Haque, R., Clark, C.G., Petri Jr.,
W.A., 2012. Entamoeba bangladeshi nov. sp., Bangladesh. Emerg. Infect. Dis. 18,

1543–1545. https://doi.org/10.3201/eid1809.120122.
Stanley Jr., S.L., 2003. Amoebiasis. Lancet 361, 1025–1034. https://doi.org/10.1016/

S0140-6736(03)12830-9.
Suzuki, J., Kobayashi, S., Murata, R., Yanagawa, Y., Takeuchi, T., 2007. Profiles of a

pathogenic Entamoeba histolytica-like variant with variations in the nucleotide se-
quence of the small subunit ribosomal RNA isolated from a primate (De Brazza's
guenon). J. Zoo Wildl. Med. 38, 471–474. https://doi.org/10.1638/2006-0068.1.

Suzuki, J., Kobayashi, S., Murata, R., Tajima, H., Hashizaki, F., Yanagawa, Y., Takeuchi,
T., 2008. A survey of amoebic infections and differentiation of an Entamoeba histo-
lytica-like variant (JSK2004) in nonhuman primates by a multiplex polymerase chain
reaction. J. Zoo Wildl. Med. 39, 370–379. https://doi.org/10.1638/2007-0171.1.

Tachibana, H., Cheng, X.J., Kobayashi, S., Fujita, Y., Udono, T., 2000. Entamoeba dispar,
but not E. histolytica, detected in a colony of chimpanzees in Japan. Parasitol. Res. 86,
537–541. https://doi.org/10.1007/s004360000205.

Tachibana, H., Cheng, X.J., Kobayashi, S., Matsubayashi, N., Gotoh, S., Matsubayashi, K.,
2001. High prevalence of infection with Entamoeba dispar, but not E. histolytica, in
captive macaques. Parasitol. Res. 87, 14–17. https://doi.org/10.1007/
s004360000289.

Tachibana, H., Yanagi, T., Pandey, K., Cheng, X.J., Kobayashi, S., Sherchand, J.B.,
Kanbara, H., 2007. An Entamoeba sp. strain isolated from rhesus monkey is virulent
but genetically different from Entamoeba histolytica. Mol. Biochem. Parasitol. 153,
107–114. https://doi.org/10.1016/j.molbiopara.2007.02.006.

Tachibana, H., Yanagi, T., Akatsuka, A., Kobayashi, S., Kanbara, H., Tsutsumi, V., 2009.
Isolation and characterization of a potentially virulent species Entamoeba nuttalli from
captive Japanese macaques. Parasitology 136, 1169–1177. https://doi.org/10.1017/
S0031182009990576.

Tachibana, H., Yanagi, T., Lama, C., Pandey, K., Feng, M., Kobayashi, S., Sherchand, J.B.,
2013. Prevalence of Entamoeba nuttalli infection in wild rhesus macaques in Nepal
and characterization of the parasite isolates. Parasitol. Int. 62, 230–235. https://doi.
org/10.1016/j.parint.2013.01.004.

Tachibana, H., Yanagi, T., Feng, M., Bandara, K.B., Kobayashi, S., Cheng, X., Hirayama,
K., Rajapakse, R.P., 2016. Isolation and molecular characterization of Entamoeba
nuttalli strains showing novel isoenzyme patterns from wild toque macaques in Sri
Lanka. J. Eukaryot. Microbiol. 63, 171–180. https://doi.org/10.1111/jeu.12265.

Takano, J., Narita, T., Tachibana, H., Shimizu, T., Komatsubara, H., Terao, K., Fujimoto,
K., 2005. Entamoeba histolytica and Entamoeba dispar infections in cynomolgus
monkeys imported into Japan for research. Parasitol. Res. 97, 255–257. https://doi.
org/10.1007/s00436-005-1415-6.

Takano, J., Narita, T., Tachibana, H., Terao, K., Fujimoto, K., 2007. Comparison of
Entamoeba histolytica DNA isolated from a cynomolgus monkey with human isolates.
Parasitol. Res. 101, 539–546. https://doi.org/10.1007/s00436-007-0510-2.

Tosi, A.J., Coke, C.S., 2007. Comparative phylogenetics offer new insights into the bio-
geographic history of Macaca fascicularis and the origin of the Mauritian macaques.
Mol. Phylogenet. Evol. 42, 498–504. https://doi.org/10.1016/j.ympev.2006.08.002.

Verweij, J.J., Polderman, A.M., Clark, C.G., 2001. Genetic variation among human iso-
lates of uninucleated cyst-producing Entamoeba species. J. Clin. Microbiol. 39,
1644–1646. https://doi.org/10.1128/JCM.39.4.1644-1646.2001.

Wei, M., Feng, M., Guan, Y., Guo, C., Zhou, H., Fu, Y., Tachibana, H., Cheng, X., 2018.
Correlation of genetic diversity between hosts and parasites in Entamoeba nuttalli
isolates from Tibetan and rhesus macaques in China. Biosci. Trends 12, 375–381.
https://doi.org/10.5582/bst.2018.01157.

M. Feng, et al. Infection, Genetics and Evolution 70 (2019) 114–122

122

https://doi.org/10.1007/s00436-013-3664-0
https://doi.org/10.1007/s00436-018-5935-2
https://jcm.asm.org/content/38/10/3815
https://doi.org/10.1016/j.meegid.2015.12.014
https://doi.org/10.1371/journal.pntd.0004419
https://doi.org/10.1056/NEJMra022710
https://doi.org/10.1016/j.actatropica.2012.05.012
https://doi.org/10.1016/j.actatropica.2014.01.009
https://doi.org/10.1016/j.actatropica.2014.01.009
https://doi.org/10.1186/1471-2156-6-13
https://doi.org/10.1002/ajpa.23235
https://doi.org/10.1645/GE-3386
https://doi.org/10.1645/GE-3386
https://doi.org/10.3201/eid2110.141456
https://doi.org/10.3201/eid2110.141456
https://doi.org/10.1093/infdis/jix535
https://doi.org/10.1007/s10329-009-0174-x
https://doi.org/10.3201/eid1809.120122
https://doi.org/10.1016/S0140-6736(03)12830-9
https://doi.org/10.1016/S0140-6736(03)12830-9
https://doi.org/10.1638/2006-0068.1
https://doi.org/10.1638/2007-0171.1
https://doi.org/10.1007/s004360000205
https://doi.org/10.1007/s004360000289
https://doi.org/10.1007/s004360000289
https://doi.org/10.1016/j.molbiopara.2007.02.006
https://doi.org/10.1017/S0031182009990576
https://doi.org/10.1017/S0031182009990576
https://doi.org/10.1016/j.parint.2013.01.004
https://doi.org/10.1016/j.parint.2013.01.004
https://doi.org/10.1111/jeu.12265
https://doi.org/10.1007/s00436-005-1415-6
https://doi.org/10.1007/s00436-005-1415-6
https://doi.org/10.1007/s00436-007-0510-2
https://doi.org/10.1016/j.ympev.2006.08.002
https://doi.org/10.1128/JCM.39.4.1644-1646.2001
https://doi.org/10.5582/bst.2018.01157

	Correlation between genotypes and geographic distribution of Entamoeba nuttalli isolates from wild long-tailed macaques in Central Thailand
	Introduction
	Materials and methods
	Study area
	Stool examination and culture
	Extraction of DNA and PCR
	Sequencing
	Phylogenetic analysis and alignment

	Results
	Detection of Entamoeba species by PCR
	Isolation of E. nuttalli
	Analysis of rRNA gene
	Analysis of the SRP gene
	Analysis of tRNA-linked STR loci
	Phylogenetic tree analysis
	Effect of geographical distance on genetic diversity

	Discussion
	Conflict of interest
	Acknowledgements
	References




