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Plants, endosymbionts and parasites

Abscisic acid and calcium signaling
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It was recently discovered that the protozoan parasite.
Toxoplasma gondii produces and uses the plant hormone, abscisic
acid (ABA). for communication. Following intracellular replica-
tion. ABA production influences the timing of parasite egress
from the host cell. This density-dependent signal may serve to
coordinate exit from the host cell in a synchronous manner by
triggering calcium-dependent activation of motility. In the absence
of ABA production, parasites undergo differentiation to the semi-
dormant, tissue cyst. The pathway for ABA production in T. gondii
may be derived from a relict endosymbiont, acquired by ingestion
of a red algal cell. Although the parasite has lost the capacity for
photosynthesis, the plant-like nature of this signaling pathway
may be exploited to develop new drugs. In support of this idea, an
inhibitor of ABA biosynthesis protected mice against lethal infec-
tion with T gondii. Here, we compare the role of ABA in parasites
to its activities in plants, where it is know to control development
and stress responses.

Toxoplasma gondii: Ubiquitous Protozoan Parasite
with a Plant-like Endosymbiont

T sondii is found in a wide range of warm-blood animals and
infects about one third of world’s human population.! While
normally benign, infections in immunocompromised patients can
result in severe disease,! This parasite has two main proliferative
stages that contribute to infection in humans? Tachyzoites repli-
cate rapidly within a segregated vacuole. rupture out of the cell,
and re-invade new cells. In contrast, bradyzoites encyst and grow
slowly, mainly in long-lived cells of the central nervous system and
musculature. The encysted form can survive for a long time and
poses a risk due to reactivation following host immuno-suppression.
Once reactivated, parasites revert to the lytic phase characterized by
rapid growth, egress and invasion of new host cells, thus causing
considerable tissue damage.
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7. gondii is a parasite in the phylum Apicomplexa, which includes
a large number of obligate intracellular parasites. The causative agent
of malaria, Plasmodium and a cause of serious gastrointestinal disease,
Cryptasporidium, also belong to the Apicomplexa. Most apicom-
plexans contain a special organelle called the apicoplast, which was
acquired by engulfment of an algal cell in a secondary endosymbiotic
event.* The original endosymbiont likely had four membranes; two
of them derived from photosynthetic bacteria and two additional ones
from the algal cell and progenitor host cell plasma membranes.® This
configuration persists in 7 gondii (Fig. 1A), although some reports
indicate only three membranes surround the malaria apicoplast®
Debate ahout the origin of this endosymbiont was recently resolved
by the discovery of a2 photosynthetic relative of the Apicomplexa
and their sister taxa the dino a new flagellates. Prototrophic branch
of the tree is represented by the marine alga called Chromera, which
contains an endosymbiont of red algal origin that retains key features
seen in Apicomplexa and dinoflagellates. Since its engulfment, the
endosymbiont has undergone a variety of rearrangements in different
derived lineages to shuffle most of the genes to the nucleus. In the
process, muny pathways have been modified or entirely lost, for
example the absence of photosynthesis among all apicomplexans,’

The presence of the apicoplast implies that 7. gondii and related
parasites have the potential to use plastid or algal-like pathways
derived from the endosymbiont. Previous studies have highlighted
the importance of various pathways for metabolism such a fatty
acid FAS ll-like pathway, ferridoxin-ferrodoxin-NADP* reductase,
heme biosysnthesis and a DOXP isoprenoid biosynthesis pathway.”
These have been suggested as important targets for development of
new therapeutics, which is especially attractive given their bacterial
or plastid-like nature. However, acquisition of primitive signaling
pathways had not been considered previously. Thus, the discovery
of the ABA response pathway in 77 gondii is notable as it suggests
carly branching alga may have contained metabolites that control
signaling between cells, and these pathways may have been inherited
in parasites.
Calcium, Motility and Signaling in . gondii

T gondii uses intracellular calcium as a signal to control protein
secretion and to activate motility, two events that are crucial to the
parasite’s intracellular existence.” Apicomplexan parasites undergo
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actin-based gliding on substrates and this form of
motility powers cell invasion.® Intracellular calcium
stores are required for activating increases in oyto-
solic calcium, which induces protein secretion and
facilitates cell invasion. Intracellular calcium has
also been implicated in controlling egress of the para-
site from infected cells.'" Pharmocological evidence
suggests the presence of both ryanodine-responsive
and IP;-receptor-like channels, although the genes
encoding these activities have not been identified in
apicomplexan parasites.'! In searching the genome
for calcium regulation pathways, it became clear that
T. gondji lacks many animal-like pathways, yet has
affinities with plants.'? For example, 7 gondi lacks
conventional IP, channels but instead contains a gene

that is similar to the two-pore calcium channel found
in plants.'>'3 Apicomplexans also contain a variety of
calcium-dependent protein kinases, which are highly
developed in plants but absent in animals,'*

The second messenger cyclic ADP ribose
(cADPR) evokes changes in cytosolic calcium in
both plants'S and animals'® by stimulating calcium
release from intracellular stores. T gondir also uses
the second messenger cADPR to stimulate release of internal calcium
stores.'” The antagonist 8-Br-cADPR inhibits protein secretion and
motility in the parasite,'” indicating this pathway is important for
controlling cell invasion. Plants generate cADPR in response to the
phytohormone ABA.'® leading to elevated cytosolic calcium that
controls stomata closure in guard cells and induces gene expression.!®
ABA has also been linked to generation of cADPR and induction
of calcium signaling in other metazoans including hydra'® and
sponges.” Recently, human granulocytes (myeloid cells) were found
to produce ABA, which triggers calcium increases by a cADPR-
dependent pathway.?! This prompted us to consider whether
apicomplexan parasites might also contain such an ABA-dependent,
cADPR pathway for controlling calcium release.

ABA Production and Signaling in 7. gondii

Addition of exogenous ABA to extracellular T gondii parasites
strongly stimulated secretion of proteins from apical organelles
called micronemes.?? a process necessary for parasite motility and
cell invasion. Previous studies have shown that this pathway relies
on intracellular calcium and is mediated by increases in cADPR. 117
Addition of ABA also stimulated increases in cADPR and lead to a
calcium-dependent induction of protein secretion.? This activity
was restricted to (= ABA) and was not stimulated by f-carotene,
retinoic acid or (-) ABA.%2

Further evidence that T gondii contains ABA was provided by
ELISA using an antibody specific to ABA and by mass spectrometric
(MS) analysis.? Levels of ABA reached a peak just prior to natural
egress, when parasite-containing vacuoles reach their maximum
size. MS/MS analysis revealed the characteristic fragments for both
trams-ABA and ci-ABA in extracts of T gondii that were subjected
to HPLC purification and gas chromatography and tandem MS/
MS analysis.?> The levels of ABA in parasites ranged from 0.1-0.2

M during initial infection to ~4 M near the end of the infection
cycle, when the density of parasites within the host cell is highest.

www, landerbiossience.oom

Figure 1. ABA production in 7. gondii. {A) Crosssection through an intracellular T gondii
showing organeflar slructures. Insert illustrates four surrounding membranes from enlarged
apicoplast. N, nuclsus; A, apicoplast, AC, apical complex consisting of conoid and secrelory
organelles; PV, parasitophorous vacuole. (B) Model of ABA production by the parasite with in
the PV. Accumulation of ABA (pink) leads to Increases in intracellular calcium (blue) activating
egress and triggering secration ol micronemes (MICs shown in green). Fluridone blocks ABA
production, preventing egress and favoring ditferantiation of tissue cysts,

These levels are 10-40 times higher than that reported for human
granulocytes,?! supporting the idea that ABA is produced by the
parasite rather than concentrated from environmental sources,
Remarkably, when exogenous ABA was added to late stage vacuoles,
it induced premature egress, consistent with the idea that this signal
mediates exit of the parasite from the host cell. Similar to plants,
the production of ABA in T gondii was inhibited by treatment with
fluridone, which blocks ABA-biosynthesis at the step of phytoene
desaturase®® (Fig. 2). Disruption of ABA production by fluridone
inhibited the egress of 7 gondii from the host cell. The fluridone
block was rescued by addition of exogenous ABA, supporting the
idea that this signal controls nature egress. Collectively, these studies
indicate that . gondii produces ABA, elevating the second messenger
¢ADPR, and increasing intracellular calcium to control motility and
cell egress (Fig. 1B).

In plants, ABA also controls development by acting to increase
dormancy in seeds and to prevent premature germination of
embryos.2S Transcript levels of ABA biosynthetic genes (see below)
in plants are also upregulated during osmotic, cold and salt stress. 2>
Thus, ABA has been recognized as a stress hormone, able to increase
plant tolerance to stressful conditions. A role in the stress response
does not appear to be directly analogous in parasites, Instead repres-
sion of ABA synthesis by fluridone induced the differentiation to
bradyzoites in vitro. Dormancy in T gondii is normally a stress-
induced pathway that can be triggered by nutrient limitation.2®
Thus, differentiation to bradyzoites in the absence of ABA may
simply reflect a default pathway for parasites remaining within a host
cell that contains diminishing resources and which lacks a signal for
egress. It is also possible that reduction in ABA synthesis may make
parasites more susceptible to stressful conditions in the environment,
thus triggering a differentiation process that would otherwise be
blocked under high levels of ABA.

Fluridone was also effective in preventing lethal toxoplasmosis
in the murine model, consistent with its ability to block ABA

Communicative & Integralive Diclogy E]

= 221 =



ABA-cxlciwom tignaling

L UPPI - . _'-‘
Famesyl PP~ Geranyigeranyl P
| =B

R
Reductase)

a-tonylideneathanol
v BeABA1

4-OH-a-lenylidene

Subsequent modification of xanthoxin by ABAZ. a
short-chain alcohol dehydrogenase/reductase, yields
abscisic aldhehyde. This product is then converted
to ABA, by the action of ABA aldehyde oxidases
(AAO), which require the molybdenum cofactor
(MoCo) sulfurase (ABA3)-activated MoCo factor
for the catalytic activity. ABA is catabolized in plants
to the inactive phaseic acid by the action of ABA
8'-hydroxylases. Fungi also produce ABA; however,
they use a direct route from farnesyl pyrophosphate
through a cyclized C,q intermediate known as
a-ionylideneethanol®® (Fig. 2).

The initial steps in ABA synthesis in higher plants
take place in the plastids, artesting to their origin
from algal endosymbionts, While it is not yet clear
if the downstream enzymes are conserved in algae,
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there is compelling evidence for ABA biosynthesis
in these organisms. ABA has been reported in o
wide variety of algae including green (chlorophyta),
red (rhodophyta), brown (heterokontophyta) and
several cyanobacteria, with intracellular concen-
trations ranging from [-40 M.2Y Radiolabeling
studies indicate that ABA production by the green
alga Dunaliella talina is enhanced by hypersalinity

Figure 2. Biosynthetic pathways for ABA production In higher plants and fungl. This is an
abbreviated sch howing only the major steps in the pathways. For further details con-
sull, 24.25.22 DOXP, deoxy-D-xylulose S-phosphate; FPS. famesyl diposphate synthase; GGPS,
geranylgeranyl diphosphate synthase; PSY, phytoene synthase; PDS, phytoene desaturase;
ZEP zeaxanthin epoxidase; NSY, neoxanthin synthase: NCED, 8-cis-epoxycarotenoid dicxy-

genase; ABA, abscisic acid.

production, delay egress and thus prevent spread of infection 22
Previous studies demonstrate the related compound norflorizone is
also effective at inhibiting malaria in vitro,2” although the biological
role of ABA has not been studied in this system. Because fluridone is
an effective herbicide that is relatively non-toxic to mammals, it may
provide a good lead for the development of anti-parasitic compounds
to combat infection.

Pathways for ABA Production in Plants, Fungi and Algae

The synthesis of ABA in higher plants occurs by an indirect
pathway that is initiated by cleavage of carotenoids in the plastid
and subsequent modification of the resulting xanthoxin products in
the cytosol** (summarized in Fig. 2). The pathway is known from a
variety of metabalic studies as well as mutants that are disrupted in
specific steps of synthesis. largely from studies in Arabidopsis, maize
and tomato.® In plastids, the B-carotene hydroxylated product
zeaxanthin is converted to violaxanthin by a zeaxanthin epoxidase
(ZEP), also known as ABA/ in Arabidopsis. Mutants in this step are
defective in production of ABA, demonstrating that ABA is derived
from C,, carotenoids. The first committed step in the pathway to
ABA is catalyzed by 9-cirepoxycarotenoid dioxygenase (NCEDJ
which cleaves the C, substrate 9-cis-epoxycarotenoid to yield the
C,4 intermediate xanthoxin. NCED is related to dioxygenases in
mammalian cells that generate vitamin A (retinol) from B-carotene
obtained in the diet. NCED activity is impaired in the viviparous
/4 (vp14) mutant of maize, leading to premature seed germination,

("] Communicative & Integrative Bology

stress.® Cyanobacteria have also been reported to
produce ABA under stress conditions.*! Furthermore,
ABA influences stress responses and morphogenesis
in the green alga Haematococcus pluvialid® and
induces differentiation and spore formation in the
brown alga Laminaria japonica!

While there is clear evidence for the production
of ABA and physiological responses to this hormone in algae, the
biosynthetic pathway is less well studied than in higher plants.
Moreover, higher plants often contain gene families that encode ABA
biosynthetic enzymes.2* This gene redundancy may partly contribute
to the ‘leaky’ phenotypes of certain ABA-deficient mutants (ie.,
vp/4 in maize) that are only partially impaired in ABA production.?!
Additionally although most plants contain only single ABAZ and
ABAJ genes, residual levels of ABA in mutants of these genes may
reflect alternative shunt pathways that are not fully defined. Hence,
the lack of close similarity between ABA biosynthetic genes in higher
plants and algac may reflect gene divergence since the common
origin of plastids.*?

Apicomplexans lack the mevalonate pathway but instead have a
conserved DOXP-MEP pathway for synthesis of isoprenoids, that
is thought to be derived from the plastid.* However, searching
the T: gondii genome database (http://toxodb.org) does not provide
strong support for a conserved carotenoid or ABA biosynthetic
pathway, For example, T gondii appears to lack clear orthologues for
several steps in carotenoid biosynthesis including phytoene synthase
(PSY) and NCED, at least based on searches using genes from higher
plants. Weak orthologues for phytoene desaturase (PDS) and zeta
carotene desaturase (ZDS) are found, and this is consistent with the
inhibition of ABA production following treatment with fluridone.?
T sondii contains multiple candidate genes for biosynthesis of ABA
(ie. ABAl, ABA2 and ABA3). However, these genes have low
homologies with higher plant genes, and do not allow unambiguous
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assignments of the enzymes in this pathway. This may reflect a
divergence of the pathways in parasite and/or similarity to algal like
pathways, rather than those found in higher plants. Future analysis
of this pathway in algae and parasites should provide further insight
into the biosynthesis pathway and the role of this hormone outside
of higher plants.

Outlook

Many apicomplexans retain an endosymbiont derived from
ingestion of a red algal cell, giving rise to the possibility that plastid-
like pathways have been retained in these parasites. Although
apicomplexans have lost the means for photosynthesis, they appear
to retain a primitive pathway for production of plant hormones
such as ABA, Our studies reveal that T gondii produces ABA, which
likely originates from the DOXP isoprenoid pathway via carote-
noid intermediates. However, apicomplexans appear to lack highly
conserved enzymes found in this pathway in higher plants, Whether
they contain a primitive or divergent pathway, or one that resembles
the direct pathway found in fungi is presently unclear. In this regard,
Chromera, an ancestrally related photosynthetic alveolate.® may shed
light on the pathways for carotenoid biosynthesis and downstream
metabolites that existed in the ancestral algal cell that gave rise to
the apicoplast.

In higher plants, the indirect pathway for ABA production
begins in the plastid and is completed in the cytosol. 2 However. it
is not known where ABA is synthesized, stored and accumulated in
parasite-infected cells. Figure 1 shows ABA released into the vacuole;
however, it is also possible it accumulates within the parasite or in the
host cell. Since ABA is a weak acid (pKa 4.7) it tends to concentrate
in compartments with neutral or basic pH and does not readily pass
membranes. Accumulation in separate compartments may trigger
different responses depending on the localization of specific mecha-
nisms for detection.

Finally, it is not known how ABA is sensed in parasites, [n this
regard, the conservation of several recently described plant receptors
for ABA in apicomplexan parasites is intriguing. The RNA-binding
protein FCA is an ABA receptor that controls translational repres-
sion and flowering responses in plants.35 The second of these is a
G-protein-coupled receptor that functions as a plasma membrane
receptor to control ABA responses in Arabidopsis.*® Both of these
receptors have putative orthologues with high BLAST hits in apicom-
plexan parasites (http:://ApiDB.org), Downstream of such receptors,
itis also not known if ABA induces transcriptional changes in para-
sites, similar to those described in plants, where this is a predominant
mode of action.?*23 Thus, while our initial studies implicate ABA in
calcium-triggered egress, it is likely this metabolite has many other
influences on parasite biology that are yet to be discovered.
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SUMMARY: From 2003 to 2006, we surveyed the seroprevalence of amoebic infection in female outpatients at
a gynecologist's office, which was designated as a sexually transmitted disease sentinel clinic by the Tokyo
Metropolitan Government, using an enzyme-linked immunosorbent assay (ELISA). The annual rate of anti-
Entamoeba histolytica (HM-1:IMSScl6 strain; HM-1) antibody-positive cases as detected by ELISA increased
during that period, and anti-Chlamydia trachomatis antibodies were detected in 60%, i.e., 24 of 40 anti-HM-|
antibody-positive individuals, suggesting sexual transmission of E. histolytica. We designed an ELISA with
better sensitivity using the antigen extracted from the virulence-augmented E. histolytica strains (LHM-1 and
LLAS26 strains) by liver-passaging in hamsters. The average ratios of the S/N value (optical density [OD] of
sample/OD of negative control) of ELISA with either the LHM-1 or LLAS26 antigen and that of ELISA with the
HM-1 antigen were significantly higher in intestinal amoebiasis cases with low S/N values than in amoebic liver
abscess cases. In the present study of the seroprevalence of E. histolytica infection, the sera testing positive with
Jow S/N values (<10) by ELISA with HM-1 antigen exhibited higher S/N values by ELISA using LHM-1 and
LLAS26 antigens. This modification of the antigen preparation for ELISA is expected to be effective in detect-

ing anti-E. histolytica antibodies from such asymptomatic patients who have low antibody titers.

INTRODUCTION

In Japan, it was thought until the mid-1970s that amoebia-
sis was solely food borne and spread via food contaminated
with cysts of Entamoeba histolytica. However, in the late
1970s, after amoebiasis was reported to have spread among
men having sex with men (MSM) in large cities of the United
States, it was recognized as a sexually transmitted disease
(STD) (1,2). Within a few years, the suspected number of
MSM having anti-E. histolytica antibodies along with anti-
Treponema pallidum antibodies began to increase in densely
populated cities in Japan (3,4).

In data provided by Japan's National Epidemiological
Surveillance of Infectious Diseases, the number of notified
cases with amoebiasis has been increasing annually; in 2006,
747 cases were reported, approximately 90% of which were
male. However, with the spread of amoebiasis, the number
of notified female cases has also increased at a slow but steady
pace since 1999 (5,6).

In the present study, by detecting anti-E. histolytica (HM-
1:IMSScl6 strain; HM-1) antibodies using an enzyme-linked
immunosorbent assay (ELISA), we report the seroprevalence

extracted from the virulence-augmented E. histolytica strains
by liver-passaging in hamsters, The serum anti-E. histolytica
antibody titers are low in a majority of asymptomatic amoe-
biasis cases. Practically, this serological method using LHM-
| and LLA526 antigens was tested on the anti-HM-1 anti-
body-positive sera in the present surveillance study.

MATERIALS AND METHODS

Study population: This study was conducted at a Tokyo
gynecologist’s office that was designated as an STD sentinel
clinic by the Tokyo Metropolitan Government. We collected
blood samples from 981 female outpatients between 2003
and 2006 (205 in 2003, 217 in 2004, 282 in 2005, and 277 in
2006) (Table 1). All individuals provided informed consent.
Patient age was the only additional information. The anti-£.
histolytica antibody-positive sera were examined for anti-
Chlamydia trachomatis and anti-T. pallidum antibodies as
indicators of STDs.

ELISA: E. histolytica antigens were prepared from axeni-

Table 1. Study samples in age categories from 2003 to 2006

of amoebic infection in female outpatients who visited a Age 2003 2004 2005 2006 Toml
gynecologist’s office in Tokyo, Japan, from 2003 to 2006;
this office was designated as an STD sentinel clinic by the <:0 4 - oy ;2 ,ﬂ
Tokyo Metropolitan Government. 3 5'“ 5; 3 :] 9:‘; aa¥
Moreover, in this study we attempted to design an ELISA ;0':;2 :1 :: 5; G :g;
with better sensitivity. This involved the use of the antigen SR 0 s 3 i 2
40-44 8 4 8 12 32
*Corresponding author: Mailing address: Division of Clinical 45-49 2 1 8 1 12
Microbiology, Department of Microbiology, Tokyo Metropoli- 50< 1 2 5 7 15
tan Institute of Public Health, 3-24-1, Hyakunin-cho, Shinjuku- Gl 6 5 3 1 25
ku, Tokyo 169-0073, Japan. Tel: +81-3-3363-3231, Fax: +81-3-
Total 205 217 282 277 98l

3368-4060, E-mail: Jun_Suzuki@member metro.tokyo.jp




cally cultured E. histolytica (HM-1: ATCC no. 50527). The
antigen was diluted with 0.05 M bicarbonate buffer to yield a
concentration of 5 £g/mL. The diluted antigen (100 2L) was
pipetted into each well of the microplate (Nunc-Immuno
Module; Nune Co., Roskilde, Denmark; Cat. no. 469078) and
sensitized by incubation for 2 h at 37°C (7). After washing
with a buffer (0.15 M phosphate buffer [PB] containing 0.05%
Tween 20, pH 7.2; PB/T), 100 gL of the serum samples
diluted 1:200 with a dilution buffer (PB/T containing 1%
bovine serum albumin [BSA]) were pipetted into the
microwells followed by incubation for 40 min at 37°C. The
microplate was washed 3 times with PB/T after incubation,
and 100 L of 1:8,000 diluted peroxidase-conjugated anti-
human IgG rabbit serum (ICN-Cappel Inc., Aurora, Ohio,
USA; Cat. no. 55221) was added, followed by incubation for
40 min at 37°C. After washing with PB/T, the substrate solu-
tion comprising 0.03% 2,2"-azino-bis(3-ethylbenzo thiazoline-
6-sulfonic acid) diammonium salt (ABTS; Sigma Co., St.
Louis, Mo., USA, Cat. no. A1888), 0.01% H,0, in 10 mL of
0.1 M Na;HPO,, and 10 mL of 0.1 M citric acid was added to
each well. After 7 min, 50 1L of 1.25% NaF solution was
added to arrest color development, and an ELISA reader
(MTP-120) (Corona Electric Co., Ltd., Ibaragi, Japan) was
used to measure the absorbance at 405 nm. The cut-off S/N
optical density (OD) value, calculated using the average OD
of negative sera from 5 healthy individuals, was set at 3.

Serological test for C. trachomatis and T. pallidum
infections: Anti-C. trachomatis 1gG and IgA antibodies
were measured using a solid-phase enzyme immunoassay kit
(Peptide-Chlamydia IgG and IgA; Ani Labsystems Ltd., Oy,
Vantaa, Finland).

Nontreponemal anti-cardiolipin (CL) antibodies were de-
tected using two kits (biologic false-positive tests for syphi-
lis), i.e., slide test antigen (DS Pharma-Biomedicals, Osaka,
Japan) and rapid plasma reagin (RPR) test (Sanko Junyaku,
Tokyo, Japan). The sera that tested positive by these kits were
retested using the T. pallidum passive hemagglutination
(TPHA) kit (Fujirebio, Inc., Tokyo, Japan) for detection of
anti-T. pallidum antibody. The OD values of the positive and
negative control sera for quality control and the OD value of
the positive control of the kits were measured during each
run of all the serological tests,

ELISA with antigens from virulence-augmented amoe-
bae: Based on the hypothesis that the amount of antigenic
substances would also decrease simultaneously with the loss
of virulence, we attempted to design an ELISA with better
sensitivity in the following manner: (i) HM-1 and LAS526
strains cultured axenically for 3 days in the TYI-S-33 me-
dium were inoculated (dose, 1 % 10° amoebae/0.1 mL/head)
into the left hepatic lobes of femnale Syrian golden hamsters
{age, 3-4 weeks) (8). (ii) On the 6th day of inoculation, the
hamsters were sacrificed and the livers dissected aseptically.
The amoebic abscesses isolated from each of the livers were
minced finely and crushed using scissors for medical use
in the TY1-8-33 medium (9). (iii) After removing the tissue
debris from the amoebic cell suspensions and washing twice
in the TYI-S8-33 medium by centrifugation (175 X g for 3
min), both E. histolytica strains were cultured axenically in
the TYI-S-33 medium. They were named LHM-1 and LLA526.
The long-term axenically cultured HM-1 was passaged 16
times through hamster liver due to the significant reduction
in virulence, whereas the LAS526 was passaged only once be-
cause it was newly isolated from the pus of a human amoebic
liver abscess only 8 months earlier. (iv) LHM-1 and LLAS26
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were mass cultured within 2 weeks after their transfer into
TYI-5-33 medium from the amoebic liver abscesses. The
antigens were then harvested and washed twice in phosphate
buffered saline (PBS) by centrifugation (175 X g for 3 min)
and suspended in 5 mL of distilled water, followed by inter-
mittent sonication (UH-150; SMT Co., Ltd., Tokyo, Japan)
at 10 kHz for 5 min in an ice bath. (v) The sonicated suspen-
sions were then centrifuged at 9,100 X g for 30 min, and
the protein concentrations of the aqueous soluble extracts
were measured by Bradford's method (10). (vi) LHM-1 and
LLAS526 antigens were sensitized at a concentration of 0.5
1eg/well according to the procedures described above.

Each serum sample was tested in triplicate for each of the
three antigens-LHM-1, LLA526, and HM-1-and the aver-
age OD values were calculated. The sensitivity of ELISA for
each of the three antigens was compared with the positive
serum samples of 5 patients clinically diagnosed having amoe-
bic liver abscesses and 5 mentally handicapped persons in
a rehabilitation institution for the intellectually impaired in
Japan, who were almost free from amoebiasis symptoms but
positive for E. histolytica cysts on microscopy and for E.
histolytica antigen when tested by using an E. histolytica-
specific antigen detection kit (E. histolytica 11 kit; TechLab,
Blacksburg, Va., USA). In each of the 10 human serum
samples obtained as described above from the cases of amoe-
bic liver abscess and asymptomatic cyst passers, the ratio was
determined between the S/N values (OD value of serum sample
[S)/average OD of negative sera from 5 healthy individuals
[N]) of ELISA with the LHM-1 and HM-1 antigens and that
between the S/N values of ELISA with the LLAS526 and HM-
| antigens.

RESULTS

Seroprevalence of anti-E. histolytica antibodies in the
female population: During the 4 years 2003 to 2006, in the
981 sera sumples obtained from the study population, the
seroprevalence of anti-E. histolytica (HM-1) antibodies in-
creased every year. In 2005 and 2006, the annual positive
rate was >5%, the average annual positive rate over the 4
years was 4.1% (40/981) (Table 2). In addition, 60%, i.c., 24/
40 of these cases, were also positive for anti-C. trachomatis
antibodies-an indicator of STDs. On the other hand, none of
the cases were positive for anti-CL antibodies (a retest by the
TPHA kit was not performed). The strong positive correla-
tion between seropositivity for anti-£. hitolytica and anti-C.
tracomatis antibodies suggested sexual transmission of E.
histolyrica in the female population. The age range with the
highest number of individuals positive for anti-E. histolytica
antibodies was that of 25-29 years, with 11, and that of 30 -

hnd

Table 2. Seropr of anti-Ent ba histolytica n
the female outpatients from a gynecologist’s office, Tokyo, Japan,
by enzyme-linked immunosorbent assay from 2003 to 2006

Year No. of No. of Positive  No. of positives for
samples  positives rate % anti-CT antibodies"

2003 205 3 L5 2

2004 217 8 3.7 6

2005 282 14 5.0 b |

2006 27 15 54 9

Total 981 40 4.1 24

'%; Number of positives for anti-Chlamydia trachomatis (CT) anti-
bodies that were also positive for anti-£. histolytica antibodies.

~ %29 =



Table 3. Age distribution of the female outpatients from a gynecologist's
office with positive for anti-Entamoeba histolytica antibodies

Year 20-24 25-29 30-34 35-39 40-44 45-49 S0<
2003 1 1(1) 1(n

2004 2 3®» 29

2005 1 2(1)  3(H 3 4(3) 2(2)
2006 3(2) 6(5) 3(2) 2 1
Total 5(2) 11(8) 9(6) 3(3) 5 4(3) 3
Number of positives for anti-Chlamydia trach is antit that

were also positive for anti-£. histolytica antibodies are provided in
parentheses.
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Fig. 1. Ratio of the S/N values of ELISA with better sensitivity per-
formed using the antigens from h iver ged LHM-1 and
LLAS26 strains to the S/N values of ELISA using the antigen from
the HM-1:1M88cl6 (HM-1) strain in the clinical serum samples of
amoebiasis (S/N values: OD of serum sample [S}/average OD of
negative sern [N]). The mean of the ratios of triplicate ELISA are
plotted. I: Samples (n = 5); anti-HM-1 antibody-positive sera from
the clinical patients of amoebic liver abscess. The S/N values of
ELISA with LHM-1 and LLAS526 antigens did not increase signifi-
cantly (P > 0.05 by ¢ test). li: Samples (n = 5); anti-HM-1 antibody-
positive sera from the mentally handicapped individuals admitted to
a rehabilitation institution for the intell Ily impaired in Japan. The
S/M values of ELISA with LHM-1 and LLA526 antigens increased
significantly (P < 0.05 by ¢ test).
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Fig. 2. Ratio of $/N values of ELISA performed using antigens from
the LHM-1 and LLA526 strains to the S/N values of conventional
ELISA performed using the antigen from the HM-1 strain in female

P from a gy logist's office. The mean of the ratios of
triplicate ELISA are ploued. |: Samples (n = 16), anti-HM-1 antibody-
positive sera with high S/N values (=10). The S/N values of ELISA
with LHM-1 and LLAS526 antigens did not increase significantly (P>
0.05 by ¢ test). [I: Samples (n = 24); anti-HM-1 antibody-positive sera
with low S/N values (<10). The S/N values by ELISA with LHM-|
and LLAS26 antigens increased significantly (P < 0.01 by £ test).

34 years, with 9, The number of individuals positive for anti-
. tracomatis antibodies correlated with the number of those
positive for anti-E. hitolytica antibodies (Table 3).

Comparison of S/N values of ELISA with three different
antigens: Figure 1 shows the results of a pilot study in which
ELISA with LHM-1 and LLAS526 antigens was conducted
using sera from 5 human cases each of amoebic liver abscess
and asymptomatic cyst passers. The average ratio (1.324)
between S/N values of ELISA with the LHM-1 and HM-|
antigens and that (1.254) between S/N values of ELISA with
the LLA526 and HM-1 antigens increased significantly only
in asymptomatic cases with low S/N values (P < 0.05 by
{ test) and not in amoebic liver abscess cases (1.048 and 1.006,
respectively; P > 0.05 by 1 test).

The 40 anti-HM-1 antibody-positive sera as detected by
ELISA were classified into two groups based on the magni-
tude of the S/N values (i.e., groups I and 11 with S/N values
>10 and <10, respectively). The tendency of ELISA with
LHM-1 and LLAS526 antigens to yield significantly higher S/
N values (P < 0.01 by ¢ test) was also confirmed in seroposi-
tive cases from among the present study population with low
S/N values (<10) by ELISA using the HM-1 antigen (Figure
2).

DISCUSSION

In Japan, the MSM population is still thought to be a major
high-risk group for STDs. However, our study provided evi-
dence indicating that the seroprevalence of the E. histolytica
infection in the female population of Tokyo is increasing an-
nually.

In addition, the result that 60% of the female study popu-
lation who were anti-E. histolytica antibody-positive were
also positive for anti-C. tracomatis antibodies, an indicator
of STD, along with the diversity of sexual behavior suggested
that a major proportion of females positive for anti-E. histolytica
antibodies may have been infected with E. histolytica by
sexual transmission. We do not fully understand why none of
the cases were positive for anti-CL antibodies in the female
population, unlike the case in the MSM population (11,12).
We are currently conducting further epidemiological studies
on the route of E. histolytica infection in the female popula-
thion.

The tendency of ELISA using the LHM-1 and LLA526
antigens to yield statistically higher S/N values (P < 0.01 by
{ test) was evident only in the positive cases with low S/N
values (<10) among the present female study population. The
active antigenic substance that brought about this effect could
not be identified in the present study. Despite the necessity of
further evaluation, the improved ELISA is expected to be
effective for detecting anti-£. histolyrica antibodies from such
asymptomatic patients who have low antibody titers. More-
over, the hamster liver-passaged E. histolytica may be applied
as a sensitive antigen to other serodiagnostic methods, such
as dot-ELISA (13) and immunofluorescence antibody tests
(14).

Because of the public’s indifference to STDs, the control
of amoebiasis should start with efforts to raise public aware-
ness of the risk of infection by sexual transmission Also
simpler and more sensitive mass examination methods should
be developed, such as the newly designed ELISA using the
antigen extracted from the virulence-augmented E. histolytica
strains, which have a better sensitivity for the diagnosis of
amoebiasis.
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A SURVEY OF AMOEBIC INFECTIONS AND DIFFERENTIATION
OF AN ENTAMOEBA HISTOLYTICA-LIKE VARIANT (JSK2004) IN
NONHUMAN PRIMATES BY A MULTIPLEX POLYMERASE CHAIN
REACTION

Jun Suzuki, Seiki Kobayashi, Ph.D., Rie Murata, Hideo Tajima, D.V.M., Fumitaka Hashizaki,
D.V.M., Yoshitoki Yanagawa, D.V.M., Ph.D., and Tsutomu Takeuchi, M.D., Ph.D.

Abstract: A pathogenic Entamoeba histolytica-like variant (JSK2004 strain) with genetic variations and a novel
isoenzyme pattem isolated from a De Brazza's guenon in a Tokyo zoo in Japan has previously been documented. In
this study, a multiplex polymerase chain reaction (PCR) assay that could distinguish the JSK2004-type E. histolytica—
like variant (JSKO4-Eh-V) from E. histolytica and Entamoeba dispar using three newly designed primer sets for
amplifying each specific DNA fragment from their small-subunit ribosomal RNA genes was developed and established.
Forty-seven primates (11 species) from the zoo were surveyed by multiplex PCR to assess the prevalence of JSK04-
Eh-V infection, which was recognized in six individuals of four species, including an Abyssinian colobus monkey, a
De Brazza's guenon (including the individual from whom JSK2004 was isolated), a white-faced saki, and a Geoffroy’s
spider monkey. In addition, the autopsied individuals of an Abyssinian colobus and Geoffroy's spider monkey that died
of amoebic liver abscess were also evaluated. DNA samples were also analyzed for specific genotypes based on the
nucleotide sequencing of two protein-coding (chitinase and serine-rich E. histolytica protein) genes and the protein-
noncoding locus 1-2 that was used for fingerprinting of the E. histolytica strain. These studies indicated that the E.
histolytica-like variant infection in this zoo was caused by the same type (i.e., JSK04-Eh-V). An axenic culture medium
(yeast extract-iron-maltose-dihydroxyacetone-serum) was developed based on the yeast extract-iron—-gluconic acid—
dihydroxyacetone-serum medium, which is designed for axenic culture of E. dispar. This new medium could be used

for axenically culturing E. histolytica, ISKO4-Eh-V, and E. dispar in a single medium.
Key words: Entamoeba histolytica-like variant, multiplex PCR, nonhuman primates, zoo.

INTRODUCTION

Amoebiasis is a zoonotic protozoal infectious
disease caused by Entamoeba histolytica. The es-
timated incidence of amoebiasis in humans is ap-
proximately 50 million per year, and it has caused
nearly 70,000 human deaths.”® In 1997, E. histoly-
tica was reclassified into two species: E. histolytica
and Entamoeba dispar (nonpathogenic); earlier, this
differentiation had been difficult to establish be-
cause of morphogenetic and phylogenetic similari-
ties."" This classification is based on the differenc-
es in the isoenzyme patterns (zymodemes), the de-
tection of the E. histolytica—specific antigen, and E.
histolytica— and E. dispar—specific DNA fragment

From the Division of Clinical Microbiology, Department
of Microbiology, Tokyo Metropolitan Institute of Public
Health, 3-24-1, Hyakunin-cho, Shinjuku-ku, Tokyo 169-
0073, Japan (Suzuki, Murata, Yanagawa); the Deparunent of
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Keio University, 35 Shinanomachi, Shinjuku-ku, Tokyo 160-
8582, Japan (Kobayashi, Takeuchi); and the Ueno Zoological
Gardens, Ueno-park 9-83, Taito-ku, Tokyo 110-8711, Japan
(Tajima, Hashizaki). Correspondence should be directed to
Jun Suzuki (JunSuzuki@membermetro.tokyo.jp).

amplification by polymerase chain reaction

(PCR).>

In Japan, particularly during the last decade, E.
histolytica infections have not been detected in
nonhuman primates by PCR."" However, three re-
cent articles reported three different pathogenic E.
histolytica-like variants showing subtle variations
in the small-subunit ribosomal RNA (SSU rRNA)
gene sequences isolated from cynomolgus monkey
(Macaca fascicularis)," rhesus monkey (Macaca
mularta),” and De Brazza's guenon (Cercopithecus
neglectus).'* The ISK2004-type E. histolytica vari-
ant (JSKO4-Eh-V)" has an SSU rRNA gene ho-
mology of 99.10% with E. histolytica and of
98.47% with E. dispar. Previously it was reported
that the existing multiplex PCR? technique that tar-
geted the specific region of the SSU rRNA gene
sequence of E. histolyrica did not yield the genomic
DNA products of an axenic strain (JSK2004) of the
E. histolytica—like variant from a De Brazza's gue-
non because of the variation in the nucleotide se-
quence of the gene."

In the present study, a new multiplex PCR assay
that is capable of distinguishing the JSK04-Eh-V
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Table 1. Oligonucleotide primers used for polymerase chain reaction (PCR) assays in present study.

Primer name Nucleotide Accession
Primer sequence (5" to 37) position no.
EnthF (forward) ATG GCC AAT TCA TTC AAT GA 198-217 X65163
EnthR (reverse) TAC TTA CAT AAA GTC TTC AAA ATG T 648-672 X65163
EhvF (forward) ATT TTA TAC ATT TTG AAG ACT TTG CA 642-667 AB426549
EhvR (reverse) CTC TAA CCG AAA TTA GAT AAC TAC 1466-1489  AB426549
EhvR2 (reverse) CAG ATT AAG AAA CAA TGC TTC TTC 1052-1075 AB426549
EntdF (forward) GTT AGT TAT CTA ATT TCG ATT AGA AC 1467-1492  AB282661
EntdR (reverse) ACA CCA CTT ACT ATC CCT ACC TA 1639-1661 AB282661
EchatF (forward) AGG ATT TGT TTT ATA ACA AGT TC 471-493 AF149912
EchatR (reverse) AAT AAC CTT TCT CCT TTT TCT ATC 660-685 AF149912
EhartF (forward) GTG AAG AGA AAG GAT ATC CAA AGT 221-244 AF149907
EhartR (reverse) ATA TCA TTT TCA ACT ACG AGC 623-643 AF149907
Chitinase (forward) GGA ACA CCA GGT AAA TGT ATA 466-487 u78319
Chitinase (reverse) TCT GTA TTG TGC CCA ATT 799-817 U78319
SREHP (forward) GCT AGT CCT GAA AAG CTT GAA GAA GCT G 258-286 ME&0910
SREHP (reverse) GGA CTT GAT GCA GCA TCA AGG T 784-806 MB0910
R1 (locus1-2) (forward) CTG GTT AGT ATC TTC GCC TGT 1-21 AF276055
R2 (locus1-2) (reverse) CTT ACA CCC CCA TTA ACA AT 383-401 AF276055

from E. histolytica and E. dispar was designed, and
the prevalence of JSK04-Eh-V infection in the pri-
mates of a zoo in Japan was surveyed using this
assay. In addition, the identity of the JSK04-Eh-V
strains in the zoo, determined by analyzing their
polymorphic genotypes as a fingerprint for identi-
fying the strain of E. histolytica, was investigated.

Moreover, the incidence of other amoebic infec-
tions in primates was investigated, and the first axe-
nic culture medium that would support the growth
of E. histolytica, JISK04-Eh-V, and E. dispar in a
single medium was designed.

MATERIALS AND METHODS

Primates

In order to assess the prevalence of infection
with JSK04-Eh-V, 47 captive individuals of 11 pri-
mate species from the Tokyo Zoo in Japan, where
JSK2004 (JSK04-Eh-V) had been isolated from a
De Brazza's guenon, were surveyed.! The pri-
mates, comprising 11 species, included three De
Brazza's guenons (Cercopithecus neglectus), 11
Abyssinian colobus monkeys (Colobus guereza),
two ring-tailed lemurs (Lemur catta), two mandrills
(Mandrillus sphinx), one lesser slow loris (Nycti-
cebus pygmaeus), two ruffed lemurs (Varecia var-
iegata), one northern night monkey (Aotus trivir-
gatus), seven Geoffroy’s spider monkeys (Areles
geoffroyi), 12 Japanese macaques (Macaca fusca-
ra), five white-faced sakis (Pithecia pithecia), and
one cotton-top tamarin (Saguinus oedipus). Each
primate species was housed independently.

Microscopic examination and detection of the
E. histolytica—specific antigen

Stool samples from each living individual were
collected once daily for 3 days from 45 primates to
obtain three samples per individual. Prior to per-
forming the multiplex PCR, all stool specimens
were examined microscopically after concentrating
the Entamoeba cysts by the formalin—ether sedi-
mentation technique.'® The specimens were also ex-
amined using an E. histolytica-specific antigen de-
tection kit (E. histolytica Il kit; TechLab, Blacks-
burg, Virginia 24060, USA). Tissue samples ob-
tained from the primates that had liver abscesses
were embedded in paraffin, stained with periodic
acid-Schiff, and were examined for amoebae.

DNA preparation

Of the three stool specimens collected from each
individual, the specimen that had the largest num-
ber of amoebic cysts was utilized for DNA prepa-
ration. The cysts were concentrated and partially
purified using the modified formalin—ether sedi-
mentation method, in which formalin was replaced
with a phosphate-buffered solution (pH 7.4). Sub-
sequently, the QIAamp® DNA stool mini-kit (Qia-
gen GmbH, Hilden 40724, Germany; catalog no.
51504) was used to isolate the genomic DNAs of
amoebae. The genomic DNAs of the amoebae
found in the two samples of abscesses obtained
from the liver abscess of both the autopsied Abys-
sinian colobus monkey and Geoffroy's spider mon-
key that died of amoebic liver abscess; the two ref-
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Figure 1. Polymerase chain reaction (PCR) products of the DNA samples from Entamoeba histolytica, JSK2004-

type E. hist

of the DNA templates of lanes 2, 3, and 4; Lane 2: DN

JIvtica-like variant (JSK04-Eh-V), and Entamoeba dispar differentiated by multiplex PCR. Lane |: mixture
A of HM-1:IMSScl6 (E. histolytica; length, 475 base pairs

[bpl): Lane 3: DNA of JSK2004 clone 2 (JSK2004c12; JSKO4-Eh-V, length, 848 bp); Lane 4: DNA of 5AWI T34RclAR
(E. dispar; length, 195 bp); Lane 5: Human E. histolyrica DNA sample (pus from liver abscess); Lane 6: Human E.
histolytica DNA sample (stool); Lane 7: JSKO4-Eh-V DNA sample (pus from liver abscess) from a Geoffroy’s spider

monkey; Lane 8: JSK04-Eh-V DNA s
(steol); and Lane 10: E dispar DNA sample (stool) from

erence amoebic strains, HM-1:IMSS clone 6 (HM
1:IMSScl6 strain; E. histolytica) and SAWI1734R
clone AR (SAW1734RclAR strain; E. dispar), that
were kindly supplied by Dr. Lois S. Diamond (Na-
tional Institutes of Health); and the JSK2004 clone
2 (JSK2004cl2; JSK04-Eh-V) were isolated using
the QIAamp DNA mini-kit (Qiagen GmbH; catalog
no. 51304).

Primers for multiplex PCR

The primers for multiplex PCR were designed
based on the two SSU rRNA gene sequences of
HM-1:IMSScl6 (E. histolytica, GenBank accession
no. X65163) and SAWI734RclAR (E
GenBank accession no, AB282661) and the previ-
ously reported sequence of JSK2004cl2 (JSKO04
Eh-V; GenBank AB426549). The
three primer sets that were designed—EnthF/EnthR
for E. histolytica, EmtdF/EntdR for E. dispar, and
EhvF/EhvR for JSK04-Eh-V—are listed in Table 1

Primer specificity was tested by conducting mul-
tiplex PCR on seven other intestinal parasitic pro-
axenic

dispar,
no

accession

cies: tro-

tozoan and one nonprotozoan spe
of Entamoeba
strain), Enramoeba invadens (IP-1 strain; ATCC no

phozoites moshkovskii (Laredo
30994), and Giardia intestinalis (Portland-1 strain;
ATCC no. 30888); cyst forms of Escherichia coli
and Cryptosporidium hominis; culture form of
Blastocystis hominis (nonprotozoan species) from

human stool samples; and E. coli, Entamoeba chat-

nple (stool) from a De Brazza's guenon; Lane 9 Human E. dispar DNA sample

a De Brazza's guenon

toni, and Entamoeba hartmanni obtained from the
stool samples of nonhuman primates.

Multiplex PCR

Amplification was performed in a reaction mix-
ture (50 1) containing 100 ng of the DNA samples,
25 wl of 2% Multiplex PCR Master Mix (Qiagen
GmbH; catalog no. 206143), and 2 pl of each prim
er at 10 mM. The touchdown method was used for
thermal cycling. The cycling conditions were as
follows: 15 min at 95°C followed by 40 cycles of
denaturation at 94°C for 30 sec, annealing for 40
sec beginning at 61°C and ending at 56°C, and ex

tension at 72°C for | min. The annealing tempera-
ture was lowered by 1°C after every four cycles
until it reached 56°C, after which the same temper-
ature was maintained until the end of the cycling

I)I'[TL'I‘.‘_\.‘;.

Semi-nested PCR for SSU rRNA

In cases in which a minimal PCR product from
the DNA of JSK04-Eh-V
nested PCR using the primer set EhvF/EhvR2 was
performed (Table 1). For this second PCR (semi-

was obtained, a semi

nested PCR), amplification was performed in a re
action mixture (50 wl) containing 1 pl of the first
PCR product, 1.0 U of exTagDNA polymerase
(Takara Bio, Inc., Seta, Shiga 520-2134, Japan; cat-
alog no. RRO01A), 0.4 M of each primer, and 0.25

mM of deoxynucleoside triphosphate. The follow-
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Figure 2. Differentinted polymerase chain reaction
(PCR) products of the DNA samples of Entamoeba chai-
toni and Entamoeba hartmanni using PCRs. Lane 1: The
product (length, 215 base pairs [bp]) from an E. chamoni
DNA sample (stool) from a mandrill; Lane 2: The product
(length, 215 bp) from an E. chartoni DNA sample (stool)
from a Japanese macaque; Lane 3: The product (length,
423 bp) from an E. hartmanni DNA sample (stool) from

o l.':panc.\u: macagquc

ing cycling parameters were utilized: Tag activation
at 94°C for 3 min; 35 cycles of denaturation at 94°C
for 40 sec, annealing at 58°C for 40 sec, and ex
tension at 72°C for 1 min; and extension at 72°C
for 5 min.

PCR for E. chattoni and E. hartmanni

Entamoeba chattoni and E. hartmanni were iden-
tified by PCR assays using two primer sets (i.e.,
EchatF/EchatR'®* and EhanF/EhartR, respectively)
(Table 1). For E. hartmanni, a newly designed
primer set based on its SSU rRNA sequence
(GenBank accession no. AF149907) was used
These amplifications were performed in a reaction
mixture (50 pl) containing 100 ng of the DNA sam-
ple, 1.0 U of LATagDNA polymerase, 0.4 uM of
each primer, and 0.25 mM of deoxynucleoside tri-
phosphate. The following cycling parameters were
utilized: Taq activation at 94°C for 3 min; 35 cycles
of denaturation at 94°C for 40 sec, annealing at
55°C for 40 sec, and extension at 72°C for 1 min;
and extension at 72°C for 5 min

JOURNAL OF ZOO AND WILDLIFE MEDICINE

Polymorphic gene analysis

The genotyping of JSK04-Eh-V was reexamined
to determine whether it would have the same ge-
notype as JSK2004¢l2. This was performed based
on the nucleotide sequences of two protein-coding
(chitinase and SREHP) genes and the protein-non-
coding locus 1-2%"% that was used as a fingerprint
for identifying the E. histolyrica strain. The primers
used are shown in Table 1. These amplifications
were performed in a reaction mixture (50 ul) con-
taining 100 ng of the DNA sample, 1.0 U of
LATagDNA polymerase (Takara Bio, Inc.; catalog
no. RRO2AG), 0.4 uM of each primer, and 0.25
mM of deoxynucleoside triphosphate. The follow-
ing cycling parameters were utilized: Tag activation
at 94°C for 3 min; 35 cycles of denaturation at 94°C
for 40 sec, annealing at 50°C (chitinase, SREHF,
and locus 1-2) or 56°C (SSU rRNA) for 40 sec, and
extension at 72°C for 1 min; and extension at 72°C
for 5 min.

Sequence analysis

Sequence analysis was performed. The multiplex
PCR products of SSU rRNA; the PCR products of
chitinase, SREHP, and the locus 1-2 genes from the
JSK04-Eh-V isolates; and the PCR products of SSU
rRNA from E. chattoni and E. hartmanni were se-
quenced using the ABI Prism BigDye Terminator
v3,1 Cycle Sequencing Ready Reaction Kit (Ap-
plied Biosystems, Foster City, California 94404,
USA; catalog no. 4337455) and an ABI PRISM
3100 Genetic Analyzer.

Yeast extract-iron-maltose—dihydroxyacetone—
serum (YIMDHA-S) medium

An axenic culture medium, namely, YIMDHA-
S, based on the yeast extract—iron—gluconic acid-
dihydroxyacetone—serum medium (YIGADHA-S)*
designed for the axenic culture of E. dispar, was
designed for the isolation and culture of E. histo
Iytica, the E. histolytica-like variant, and E. dispar
in a single medium. YIGADHA-S differs from the
existing YIMDHA-S medium in that gluconic acid,
0.5% in YIGADHA-S, is replaced with an equal
concentration of maltose in YIMDHA-S. Another
significant issue related to this culture system is that
the growth of amoebae in YIMDHA-S is largely
affected by the quality of the yeast extract. Ac-
cordingly, the effectiveness of several commercial
ly available yeast extracts purchased from different
manufacturers as an ingredient of YIMDHA-S was
evaluated. Except for the standard stock obtained
from BBL (Becton Dickinson Co., Cockeysville,
Maryland 21030, USA; catalog no. 4311929, lot
no. 1000I9DHJT), among all the yeast extracts test-
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JSK2004c12 GGA ACA CCA GGT AAA TGT ATA GABA GAA ACT GTT TGT AAA TGT GGC AGA ACA CAA TAT AAC

EAwras!

JSK2004c12 CCT TGT GTG TGG AAT TTC CTT GAC CTT CCT GAT TGT GAA AAA AAG CCA GGT BAT TTC TTT
B cercens e weenions wesimey een EaiaTE B SR RS 3 RrlEoa i D e AR et

EHMfas1 ALy ERAIER TEE TR Y meemy e eSS Y RS
JSK2004c12 GAG AAG TCA CCA GAT TCT TCT GAA TCT AAG CAT GAA TCT TCT GAA ATT AAA CCA GAT TCT
Samp les LR L T RS P e A e R
EHMfas1 S NS KE ARE wesees weh sis she Bis aes wps T ———— — —
JSK2004c12 TCT GAA TCT AAA CAT GAA TCT TCT GAA GTT AAA CCA GAC TCT TCT GAA TCT AAA CAT GAA
Samp | es
EHMfas1 Ay e e S i I T A -
JSKZ?Nuiz TCT TCT GAA GTT AAA CCA GAT TCT TCT GAA TCT AAG CAT GAA TCT TCT GAA GTT AAA CCA
R et albee e S i S atluseb ao ol AT,
EHMfas1 ive wun e By wen wew e e may B Nt e e e
ngKZCIDO‘l-cIZGAc TCT TCT GAA TCT AAA CAT GAA TCT TCT GAA ATT AAA CCA GAC TCT TCT GAA TCT AAA
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Figure 3. Comparison of the chitinase sequences of the Entamoeba histolyrica—like variant strain JSK2004¢12 and
E. histolytica-like variants detected from Areles geoffroyi and Pithecia pithecia with the seq of the refi E

histolytica-like variant strain isolated from Macaca fascicularis. ISK2004c12; The sequence of the chitinase gene of
DNA from JSK2004cl? obtained from a De Brazza's guenon (GenBank accession no. AB426705). *Samples: The

hiti gene seq of DNA samples from a Geoffroy’s spider monkey (one pus sample from a liver abscess)
and white-faced saki (two stool samples); EHMfas!: the chitinase gene sequences (GenBank accession no. AB282755)
of the DNA of an isolate of another type of E. histolytica-like variant isolated from a eynomolgus monkey.'*

ed, only that obtained from Merck (Merck KGaA,
Damstadt 64271, Germany; catalog no. 1.03753: lot
no0.VMS510453 539) was effective for constant sub-
culture of the axenic strains of E. histolytica (HM-
1:IMSScl6), E. dispar (AS16 IR isolated from hu-
man samples and CYNO 09:TPC isolated from the
cynomolgus monkey [Macaca fascicularis]),* and
JSK04-Eh-V (JSK2004) from the De Brazza's gue-
nons that were subjected to a trial of axenic culti-
vation,

RESULTS

Specificity of multiplex PCR

Each PCR product from the genomic DNA of
each of the axenic strains of E. histolytica (HM-1:
IMSScl6), JSK04-Eh-V (JSK2004¢12), and E. dis-
par (SAW1734clAR) analyzed by multiplex PCR
was obtained independently; the lengths of the frag-
ments were 475 base pairs (bp), 848 bp, and 195
bp, respectively (Fig. 1), which was confirmed by
individual nucleotide sequencing. The findings of
multiplex PCR were reproducible during the prac-
tical trials using amoebic DNAs isolated from the
stool samples and liver abscesses of humans and
nonhuman primates infected with E. histolytica,

JSKO04-Eh-V, and E. dispar (Fig. 1). The specificity
of multiplex PCR was examined by analyzing the
templates of the DNA extracted from seven other
intestinal parasitic protozoan and one nonprotozoan
species, as previously described. None of the PCR
products was observed on multiplex PCR exami-
nation of these parasites.

Sensitivity of multiplex PCR and semi-nested
PCR

The sensitivity of multiplex PCR was found to
be at least 200 cysts/100 mg of the stool sample
for JSK04-Eh-V and 100 cysts/100 mg of the stool
samples for E. histolytica and E. dispar. In an at-
tempt to assess the sensitivity of the technique for
mixed infections, 400 cysts or trophozoites of
JSK04-Eh-V could be detected and differentiated in
the presence of 100 cysts/100 mg of the stool sam-
ples for E. histolytica and E. dispar.

Semi-nested PCR using the primer set EhvF/
EhvR2 detected 50 cysts/100 mg stool sample for
JSKO04-Eh-V. In one case of the white-faced saki,
in which a minimal PCR product from the DNA of
ISK04-Eh-V was obtained, semi-nested PCR yield-
ed the 434-bp-long PCR product.
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gfnl(%millcﬂ AAG AAA AAG AAA AAA GTA GCT CAG CAA AAC CAG AAT CAA GTT CAA ACA AAG ATA ATG AAG
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Figure 4. Comparison of the sequences in the SREHP of the Entamoeba histolytica-like variant JSK2004¢2 strain
with the reference E. histolytica-like variant strains isolated from Macaca fuscicularis and Macaca mulatta.
JSK2004¢12; The sequence of the serine-rich E. histolytica protein (SREHP) gene in the DNA of JSK2004¢!2 from a
De Brazza's guenon (GenBank accession no. AB426706); EHMfas1: the sequences of the SREHP gene (GenBank
accession no. AB197935) in the DNA of an isolate of another type of E. histolytica-like variant isolated from a
cynomolgus monkey;'? P19: the sequence of the SREHP gene (GenBank accession no. AB282662) in the DNA of
another type of E. histolytica-like variant (an established strain) isolated from a rhesus monkey."
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Figure 5. The growth Kinetics of the axenically cul
tured HM-1:IMSScl6, ISK2004c12, AS 16 IR, and CYNO
09:TPC strains in the yeast extract-iron-maltose—dihy-
droxyacetone—serum (YIMDHA-S) medium. The mean
numbers of amoebae in duplicate cultures have been plot-
ted.

Prevalence of amoebic infections in the zoo

Since a pathogenic JSK04-Eh-V strain was iso-
lated from De Brazza's guenons in the Tokyo zoo,
the prevalence of JSK04-Eh-V infection was sur-
veyed using multiplex PCR and was detected in six
individuals of four primate species: Abyssinian co-
lobus monkey; De Brazza's guenon, including the
individual from which JSK2004 was isolated;
white-faced saki; and Geoffroy's spider monkey. In
addition, the autopsied samples of the Abyssinian
colobus monkey and Geoffroy’s spider monkey that
died of amoebic liver abscess were positive for
JSKO04-Eh-V. Among the primates of the zoo, the
infection rates with E. histolyrica, E. dispar, and
ISK04-Eh-V were 0% (0/47), 17% (8/47), and 13%
(6/47), respectively (Table 2). Mixed infection with
E. dispar and JSKO04-Eh-V was not detected by
multiplex PCR. The prevalence of the other species
of amoebae examined microscopically (i.e., E. coli
and Endelimax nana), were 30% (14/47) and 15%
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