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Entamoeba moshkovskii Is Associated With
Diarrhea in Infants and Causes Diarrhea and
Colitis in Mice

Chikako Shimokawa,' Mamun Kabir,® Mami Taniuchi,’ Dinesh Mondal,’ Seiki Kobayashi,® Ibne Karim M. Ali,*
Shihab U. Sobuz,® Masachika Senha,? Eric Houpt,* Rashidul Haque,’ William A. Petri Jr,* and Shinjiro Hamano'®

'Department of Parasitology, “Department of Pathology, Institute of Tropical Medicine (NEKKEN), Nagasaki University, Nagasaki, Japan; %Parasitalogy
Laboratory, Laboratory Sciences Division, ICDDR, B, Dhaka, Bangladesh; *Division of Infectious Diseases and International Health, University of
Virginia, Charlottesville; Department of Tropical Medicine and Parasitolagy, Keio University School of Medicine, Shinjuku, Tokyo, Japan; and %Glabal
COE program, Nagasaki University, Japan

Background. Entamoeba moshkovskii is prevalent in developing countries and morphologically indistinguish-
able from pathogenic Entamoeba histolytica and nonpathogenic Entamoeba dispar. It is not known if E. moshkov-
skii is pathogenic.

Methods. Mice were intracecally challenged with the trophozoites of each Entamoeba spp. to test the ability
to cause diarrhea, and infants in Bangladesh were prospectively observed to see if newly acquired E. moshkovskii
infection was associated with diarrhea.

Results.  E. moshkovskii and E. histolytica caused diarrhea and weight loss in susceptible mice. E. dispar infect-
ed none of the mouse strains tested. In Mirpur, Dhaka, Bangladesh, E. moshkovskii, E. histolytica, and E. dispar
were identified in 42 (2.95%), 66 (4.63%), and 5 (0.35%), respectively, of 1426 diarrheal episodes in 385 children
followed prospectively from birth to one year of age. Diarrhea occurred temporally with acquisition of a new E.
moshkovskii infection: in the 2 months preceding E. moshkvskii-associated diarrhea, 86% (36 of 42) of monthly
surveillance stool samples were negative for E. moshkovskii.

Conclusions. E. moshkovskii was found to be pathogenic in mice. In children, the acquisition of E. moshkov-
skii infection was associated with diarrhea. These data are consistent with E. moshkovskii causing disease, indicat-

ing that it is important to reexamine its pathogenicity.

Entamoeba histolytica causes extensive mortality and
morbidity worldwide through diarrheal disease and
abscess formation in parenchymal tissues such as liver,
lung, and brain. In contrast, other amoebae that infect
humans include Entamoeba dispar, Entamoeba mosh-
kovskii, Entamoeba coli, Entamoeba hartmanni, and
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Endolimax nana, which have been considered non-
pathogenic commensals of the human gut [1-3]. Dien-
tamoeba fragilis and Entamoeba polecki have been
associated with diarrthea and Entamoeba gingivalis
with periodontal disease [4, 5].

E. moshkovskii is genetically related to E. histolytica
and E. dispar and is microscopically indistinguishable
from them in its cyst and trophozoite forms [6]. This
species of Entamoeba was first identified in sewage in
Moscow by Tshalaria in 1941 [7] and was initially
thought to be a free-living common protozoan species
in anoxic sediments and in environments such as
brackish coastal pools. The first human isolate was ob-
tained from a resident of Laredo, Texas, who suffered
from diarrhea, weight loss, and epigastric pain in 1961
[8]. This finding would seem to suggest and/or
support that E. moshkovskii can be pathogenic. At
first, this isolate was named E. histolytica Laredo strain
and shared biological features with E. moshkovskii.
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Both the Laredo strain and E. moshkovskii grow at room tem-
perature and were resistant to osmotic shock and to drugs
used in the chemotherapy of amoebiasis such as emetine [9].
Subsequent molecular studies revealed that E. histolytica
Laredo is identical with E. moshkovskii [10].

E. moshkovskii is a common Entamoeba infection in humans
in some settings. It is composed of anywhere from as little as 1%
to as high as 50% of the E. histolytica/E. dispar/E. moshkovskii
complex parasites detected in fecal samples in limited studies
from Australia, Bangladesh, India, Iran, Tanzania, and Turkey
[6, 11-16]. These studies for the most part tested stool samples
submitted to clinical microbiology laboratories from patients
with gastrointestinal symptoms, suggesting that E. moshkovskii
could cause disease. However, in HIV-1-infected individuals in
northern Tanzania, E. moshkovskii was not associated with

" enteric symptoms nor immune status [17]. Thus, the ability of -

E. moshkovskii to cause disease in humans remains unclear.

Here we tested the ability of E. moshkovskii to cause colitis
and diarrhea in a murine model system, in which intracaecal
inoculation with E. histolytica trophozoites into CBA/], C3H/
HeN, and C3H/HeJ mice leads to amebic colitis [18-20]. In
addition, we tested in a longitudinal study of children in
Bangladesh not only if E. moshkovskii was present in stool
samples from infants with diarrhea, but whether the E. mosh-
kovskii infection was newly acquired at the time of the diar-
rtheal illness.

MATERIALS AND METHODS

Mice

Male CBA/], C57BL6/], BALB/c, C3H/HeN, and C3H/HeJ
mice were purchased from the Jackson Laboratory. Animals were
maintained under specific pathogen-free conditions at Animal
Research Center for Tropical Infectious Diseases, Nagasaki Uni-
versity, and were challenged when they were 5-8 weeks old.

Cultivation of Entamoeba spp.

Trophozoites of the E. moshkovskii Laredo strain were a gift
from Dr Seiki Kobayashi, Keio University, School of Medicine
(originally from the late Professor Louis S. Diamond, National
Institutes of Health, Bethesda, Maryland). Trophozoites of
E. histolytica, originally laboratory strain HM1:IMSS (Ameri-
can Type Culture Collection, Manassas, Virginia), were from
Professor Eric Houpt, University of Virginia, which were se-
quentially passaged in vivo through the mouse cecum [18].
Cecal contents were cultured at 25° and 37°C, respectively, in
BIS-33 medium supplemented with heat-inactivated 10%
adult bovine serum, 25 U/mlL penicillin, and 25 mg/mL strep-
tomycin [21]. Trophozoites of E. dispar AS16IR were also pro-
vided by Dr Seiki Kobayashi and cultured in YIMDHA-S
media at 37°C. Trophozoites under log phase of growth were
used in the experiments. .

Intracecal Inoculation of Entamoeba spp.
Trophozoites were harvested from culture tubes of E. histolyti-
ca HML:IMSS, E. moshkovskii Laredo and E. dispar AS16IR

strains by incubating the tubes on ice for 5-10 minutes. Then,

the trophozites were collected, and the number of trophozoites
was determined. We anesthetized mice with domitor (medeto-
midine hydrochloride: 0.1 mg/kg) and dormicum (midazolam:
0.1 mg/kg), shaved their abdomens to incise the skin and exte-
riorized each cecum from the peritoneum, and injected 150
uL of 1 x 10° each trophozoites into the proximal, middle, and
apical sites of cecum. Then the cecum was blotted and the
peritoneum and the skin were sutured. Mice were kept on
warming blankets at 37°C throughout. Survival rates were
>85% in all strains. The study was approved by the animal
ethical review board of Nagasaki University.

PCR Amplification for Diagnosis of Entamoeba spp. Infection

in Mice

For isolation of Entamoeba DNA from mouse stools, QlAamp
DNA Stool kits (QIAGEN, Valencia, California) were used ac-
cording to manufacturer’s instructions. The primer sequences

“used for polymerase chain reaction (PCR) were described

elsewhere [22].

Pathology of Murine Amoebic Colitis

At the indicated days after intracecal challenge, mice were
killed, the ceca fixed in phosphate buffered 10% formalin, and
then cut into 4-6 equal cross-sections and embedded in paraf-
fin, and 4 pm slides were stained with H&E.

Child Study Area and Population :
The study was conducted in Mirpur, an urban slum in Dhaka.
Infants were enrolled in the first week after birth and followed
until one year of age, beginning in January 2008. Field re-
search assistants (FRAs) visited each study house every other
day and collected information related to child morbidity, espe-
cially for diarrheal illness, through a structured questionnaire.
If the FRA found any child with an acute illness, then she
referred the child to the study clinic for further management
by the medical officer. Parents or guardians were also encour-
aged to visit the study clinic for medical assistance if the study
child became sick. FRAs collected nondiarrheal monthly stool
specimens as well as diarrheal stool specimens from the home
or in the study field clinic. All stool specimens were transport-
ed from the field to the clinic using a cold box. In the field
clinic an aliquot of the diarrheal stool specimens was placed
into Carry-Blair medium. All specimens were transported

from the field clinic to the ICDDR,B Parasitology laboratory

within 3 hours of collection, with a cold chain maintained.
Diarrhea was defined as having >3 unformed or abnormal
stools (as per the mother’s perception) in a 24-hour period. A
diarrheal episode was defined as being separated from another
episode by at least 3 diarrhea-free days.

Pathogenicity of Entamoeba moshkovskii o JID 2012:206 (1 September) ¢ 745
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The study was approved by the Institutional Review Board
of the University of Virginia, and the Ethical Review Commit-
tee of the International Centre for Diarrhoeal Disease Re-
search, Bangladesh. Informed written consent was obtained

from the parents or guardians for the participation of their
child in the study.

Detection of Enteropathogens

Stool samples were cultured for enteric pathogens including
Vibrio cholerae O1/0139, Salmonella spp., Shigella spp., and
Campylobacter jejuni. Enzyme-linked immunosorbent assay
(ELISA) methods were used to detect LT and ST producing en-
terotoxigenic E. coli (ETEC) [23]. Entamoeba histolytica, Cryp-
tosporidium, and Giardia were identified by real-time PCR as
described elsewhere [24]. Rotavirus, astrovirus, and adenovirus
were detected by ELISA using commercial kits (ProSpectT Ro-
tavirus  Catalog R240396, ProSpectT Astrovirus Catalog
R240196, and ProSpectT Adenovirus Catalog R240096, respec-
tively). Multiplex (RT-)PCR and probe-based detection with
Luminex beads for conceivable diarrhea-causative microbes was
performed as described elsewhere in the literature [25-27].

The DNA was extracted using a slightly modified QlAamp
DNA Stool Mini Kit protocol (Qiagen Inc, Valencia, California)
[24]. The RNA was extracted using the QuickGene RNA tissue
kit SIT [25, 26]. For the (RT-)PCR-Luminex assay, either the
forward or the reverse primer per target was labeled with
biotin-TEG at 5’ ends. After (RT-)PCR was performed with the
conditions described elsewhere, samples were analyzed on the
BioPlex-200 system using bead on which coupling and hybridi-
zation were performed according to published protocols [28].

Amplification of Arg™" Gene Fragment and Sequencing

The E. moshkovskii-specific primer pair, EmR-1 and EmR-2,
was used to specifically amplify the E. moshkovskii Arg"™""
gene fragment [13]. Amplification was performed using the
high-fidelity Sahara DNA polymerase (Bio-Line, US). Se-
quencing was performed on an Applied Biosystems 377 Prism
DNA Sequencer, using the BigDye terminator chemistry and
EmR-1 or EmR-2 primer.

Statistical Analysis
The x* test and Mann-Whitney U test were used where they
were applicable. :

RESULTS

E. moshkovskii Established the Infection in Mice

We previously showed that C3H/HeN, C3H/He], and CBA/J
mice allowed the establishment of E. histolytica infection,
whereas many strains of mice including C57BL/6 and BALB/c
mice did not, indicating that susceptibility to E. histolytica
infection depended on the genetic background of the host

Table 1. Susceptibility of Congenic Strains of Mice to Ent-
amoeba histolytica, Entamoeba moshkovskii, ov Entamoeba
dispar Infection

E. histolytica (%)  E. moshkovskii (%) E. dispar (%)

BALB/c 1/156) 0/10 (0} 0/10 (0)
C57BL/6 2/20 (10) 118 k(6) 0/15 (0)
C3H/HeJ -~ 8/15 (53) ‘ 4/10 (40)- .0/10 (0P
C3H/HeN 7/15 (47) 6/10 (60) 0/10 (0P
CBA/J 61/90 (68) 51/75(68) ©'0/20 (0

® P< .05 compared to E. histolytica or E. moshkovskii (y? test).

[18-20]. Trophozoites of either E. histolytica, E. moshkovskii,
or E. dispar were intracecally injected into congenic strains of
mice. E. histolytica successfully infected the ceca of C3H/HeN,
C3H/HeJ, and CBA/] mice. E. moshkovskii infected the ceca of
CBA/] mice in approximately 68% (51 of 75) of mice at 4 days
after challenge, as determined by both culture and PCR of in-
tracecal contents. Likewise, C3H/HeN and C3H/He] mice
were infected with E. moshkovskii in 60% and 40% of cases at
4 days, respectively, whereas infection rates of C57BL/6 and
BALB/c mice were 5.6% and 0.0% at 4 days, respectively
(Table 1). Nonpathogenic E. dispar did not infect any mouse
strain tested. These data demonstrated that in contrast to non-
pathogenic E. dispar that did not infect, E. moshkovskii had a
similar host genetic susceptibility to infection in the murine
model as did pathogenic E. histolytica.

E. moshkovskii Induced Intestinal Symptoms in Mice

Intestinal symptoms and body weight were monitored after
challenging CBA/] mice with E. moshkovskii. A total of 71%
(51/72) of CBA/] mice inoculated with E. moshkovskii were in-
fected by 3 days after challenge. Diarrhea was observed in 39%
(20/51) and dysentery in 6% (3/51) (Figure 1A-C). In success-
fully infected mice, amoebae were observed in the lumen of the
ceca (Figure 1D). Mice with bloody diarrhea exhibited a thick-
ened and contracted ceca (Figure 1E). Histopathological exami-
nation of ceca from these mice revealed epithelial ulceration,
hemorrhagic changes, and tissue destruction (Figure 1F). Fur-
thermore, obvious weight loss was observed during the course
of E. moshkovskii infection in CBA/] mice, which was more
severe than that observed during pathogenic E. histolytica infec-
tion, both of which were significant compared to control sham-
operated mice (Figure 1H). Together these data indicated that
E. moshkovskii was virulent in mice.

E. moshkovskii Was Expelled Within 14 Days After Challenge,
Whereas E. histolytica Chronically Infected in the Ceca of
Mice

The time course of each Entamoeba spp. infection in sus-
ceptible strains of mice was observed. As was reported [20],
E. histolytica established chronic infection in not only CBA/]
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Figure 1. Entamoeba moshkovskii induced intestinal symptoms and weight loss in CBA/J mice. CBA/J mice were intracecally inoculated with 1 x 105
trophozoites of £. moshkovskii. After infection, diarrhea, colitis, and weight loss were monitored. Normal (A), loose {B), and bloody feces (C) were
observed as was indicated in the results. Amoebae were observed in the lumen of the ceca in successfully infected mice (D). Macroscopic and
histopathological observations of ceca in mice exhibited bloody diarrhea were shown in panels £ and £ Changes in body weight were monitored
in successfully infected 15 mice per group {G), in which CBA/J mice were intracecally inoculated with 1x 10° trophozoites of Entamoeba histolytica
{solid squares), E. moshkovskii (solid circles), or medium alone (open diamonds). The study was repeated 3 times with similar results. *P<1.0x 1078,
**P<1.0%x107° and ***P< 1.0x 10~* compared with sham-operated mice (Mann-Whitney U test).

but also C3H/He] and C3H/HeN mice, whereas neither
C57BL/6 nor BALB/c allowed establishment of E. histolytica
infection (Figure 2). In contrast, E. moshkovskii did not cause
chronic infection, being expelled by approximately 2 weeks
after challenge in CBA/] mice (Figure 2). A simjlar time to
clearance was seen in C3H/HeN and C3H/He] mice.

In Infants in Bangladesh, E. moshkavskii Was Detected in
Diarrheal Samples With Similar Frequency to E. histolytica
The association between diarrheal episodes and infection with
each Entamoeba spp. was tested in children in Mirpur, Dhaka,
Bangladesh. These studies were part of a prospective cohort
study on diarrheal diseases [29]. Newborn children were en-
rolled in the Mirpur community of Dhaka, Bangladesh, and
prospectively followed for diarrheal illness by every other day
home visits. A total of 1426 diarrheal episodes were recorded
during the first 12 months of life in 385 children. PCR

analyses of the diarrheal samples revealed that 66 episodes
were positive for E. histolytica (4.63%), 42 were positive for E.
moshkovskii (2.95%), and 5 episodes were positive for E.
dispar (0.35%). As such, in diarrheal samples, the detection
rates of either E. histolytica or E. moshkovskii were 13.2 and
8.4 times higher than that of nonpathogenic E. dispar. Two
episodes were found to be mixed infections with E. histolytica
and E. moshkovskii, but no other mixed infections of Ent-
amoeba spp. were found.

E. moshkovskii Infection Was Newly Acquired in Children

With Diarrhea

In order to attempt to discern if the E. moshkovskii detected
in the diarrheal stool sample could be the cause of diarrhea,
we tested if it was newly acquired at the time of diarrhea. The
preceding 2 months of surveillance stool samples collected
when the child did not have diarrhea were tested for the
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Figure 2. Entamoeba moshkovskii was expelled within 2 weeks in
CBA/J Mice. CBA/J (open circles) and C57BL/6 (solid circles) mice were
intracecally inoculated with 1x 10° trophozoites of Entamoeba histolytica
(A} or Entamoeba moshkovskii (B). Time course of each Entamoeba spp.
infection was then monitored by detection of the parasites in stool by
culture and polymerase chain reaction {PCR).

presence of E. moshkovskii. This study design therefore tempo-
rally controlled for E. moshkovskii infection in the 42 infants
with diarrhea attributed to this parasite. In the 1 and 2
months preceding E. moshkvskii-associated diarrhea, 93% (39/
42) and 86% (36/42) of monthly surveillance stool samples,
respectively, were negative for E. moshkovskii (Table 2). This
supported the hypothesis that temporal acquisition of a new
E. moshkovskii infection led to diarrheal episodes in some pro-
portion of these children.

E. moshkovskii-Associated Diarrhea Was of Similar Severity

to Other Causes of Diarrhea

The diarrheal severity score was comparable among episodes
associated with E. histolytica, E. moshkovskii, and other causes:
4.89+0.22, 4.71+0.24, and 4.84 £ 0.05, respectively. The du-
ration of diarrhea was also comparable among these episodes
positive for E. histolytica, E. moshkovskii, and others: 4.44 +
0.44, 4.74 +0.49, and 4.84+ 0.10 days, respectively (Table 3).
The mean age of the onset of diarrheal episodes associated
with E. histolytica, E. moshkovskii, and others was found to be
'7.72+0.75, 9.12+0.73, and 9.09 + 0.18 months, respectively,
without any significant differences. Thus, the diarrhea related
to E. moshkovskii was indistinguishable from diarrhea related

Table 2. Prevalence of Entamoeba moshkovskii Asymptomatic
Infection Preceding E. moshkovskii-Associated Diarrhea in 42
Children '

Preceding 1-Month Preceding 2-Month

Category Surveillance Stool Surveillance Stool
E. moshkovskii (+) 3 6
E. moshkovskii () 39 36
Total 42 : 42

Table 3. Severity and Duration of Diarrhea Associated With
Entamoeba histolytica or Entamoeba moshkovskii

Duration Age of Onset
Severity Score (days) in Months
Pathogens (mean + SE) (mean + SE) (mean = SE)
E. histolytica ~~ 4.89+0.22 4444044 7.72+0.75
E. moshkovskii 4.71+0.24° 4.74 + 0.49° 9.12+0.73°
Others 484+0.06 © - 484+010 - 9.09+0.18

2 No significant difference in diarrheal severity score or duration for episodes
associated with E. histolytica, E. moshkovski, or other enteropathogens
infection.

to E. histolytica in severity, duration, and age of onset
(Table 3).

Additional Enteropathogens Were Identified in Stool Samples
From E. moshkovskii Infected Children

As there are many microbes that can potentially induce diar-
rhea, the presence of other diarrheagenic microbes was tested
in the 42 diarrheal samples that were associated with E. mosh-
kovskii. The 42 samples were examined for other conceivable
diarrhea-causative microbes infection using standard bacterial
culture techniques, fecal antigen detection, and multiplex PCR
combined with probe-based detection with Luminex beads
(Table 4) [25, 26]. In the 42 diarrheal stool samples with E.
moshkovskii, 12 samples (28.6%) contained >4 other patho-
gens, 13 (31.0%) had 3 pathogens, 14 (33.3%) had 2 patho-
gens, 1 (2.3%) had 1 pathogen, and 2 samples were positive
solely for E. moshkovskii (Table 4). The application of these
state-of-the-art diagnostic techniques in this cohort has on
average identified a minimum of 2 different enteropathogens
in every diarrheal stool sample (E. Houpt and M. Taniuchi,
personal communication, 2011). It was therefore not surpris-
ing that the diarrheal episodes associated with E. moshkovskii
were commonly coinfected.

E. moshkovskii Isolates Were Genetically Diverse in the

Infants

In order to investigate the genetic diversity in E. moshkovskii
strains detected in the infected children’s stools, we used a
tRNA-gene linked locus (R-R), which previously showed PCR
size differences among E. moshkovskii strains from Bangladesh
[12, 30]. Twenty-six E. moshkovskii-positive stool DNAs (6
from asymptomatic children and 20 from diarrheal children)
were amplified using the E. moshkovskii specific nested PCR
primers described elsewhere[12]. However, PCR did not reveal
any obvious product size differences among these samples
(data not shown). Because same size PCR products do not
necessarily mean identical DNA sequences, we sequenced
PCR products directly without cloning them into any vectors
(in order to minimize the chances of any sequence selection)
to detect sequence variation. Sequencing did reveal that the
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Table 4. Other Enteropathogens Detected in Entamoeba mosh-
kovskii (+) Diarrheal Stool Samples

Table 5. Single-Nucleotide Polymorphisms (SNPs) in the
E. moshkovskii Strains from Bangladesh at Locus R-R

Name of Organism No. of Samples

Encephalitozoon intestinalis
Cyclospora cayetanensis
Cystoisospora belli
Enterocytozoon bieneusi
Adenovirus

Astrovirus

Sapovirus

Norovirus G1

Norovirus G2

Rotavirus

E. histolytica *

Giardia intestinalis
Cryptosporidium spp.
Vibrio cholera/parahaemolyticus
EAEC

ETEC

EPEC

EHEC

EIEC/Shigella spp.
Salmonella (pan)
Aeromonas (pathogenic)
Yersinia (pan)
Campylobacter jejuni/coli

ey

=
Ol WO W—=0N=DBON-LES=O = =

N s N
W o N W

E. moshkovskii strains detected in this study were polymorphic
in locus R-R; although unlike the E. histolytica and E. dispar
sequences[31], no short tandem repeats could be detected in
E. moshkovskii. Single-nucleotide polymorphisms (SNPs) were
detected in 2 of the 6 asymptomatic children-derived sequenc-
es and in 6 of the 20 diarrheal children-derived sequences
(Supplementary Figure 1). These SNPs could be used to
divide them into 9 different genotypes—18 strains with identi-
cal locus R-R sequences and the remaining 8 strains contain-
ing >1 distinct SNPs (Supplementary Figure 1 and Table 5).
Because we used a high-fidelity DNA polymerase (Bio-Line,
US) during PCR amplification, it was unlikely that these SNPs
were erroneously introduced by the DNA polymerase. The se-
quence alignment at locus R-R revealed that the E. moshkov-
skii strains of this study were comparatively more diverse than
the reference E. moshkovskii Laredo strain, but closer to the
only Bangladeshi strain (ID:MS15-3646) sequenced previously
(labeled as Em-Laredo and Em-BANGLA, respectively, in
Supplementary Figure 1). The SNPs detected in this study
were distributed randomly across the locus R-R sequences,

and as a result, these SNPs could not be used to differentiate.

asymptomatic and diarrheal strains of E. moshkovskii.
However, we noticed from the sequence traces that the 2
asymptomatic strains (IDs:8056-CMS15 and 7086-CMS15)

No. of .

D Clinical Status ~ SNPs Position and SNP Type
7040-CDS05 - Diarrhea 6 - - T204A, CZO5T, T206C,

S T C208del, T209del,

; ‘T210del ‘

7063-CDS02 Diarrhea 1 T71C
7161-CDS05  “Diarthea 1 T141G
7146-CDS02 Diarrhea 1 A235T
8119-CDS02 .+ Diarrhea 2 T83C, T137C .
8113-CDS04 Diarrhea 3 T81C, C120T, G221A
7086-CMS15 ‘Asymptomatic 2 T203W, T204Y
8056-CMS15  Asymptomatic 1 A135R

All positions are based on the consensus sequence in the alignment. W= A/T;
Y=C/T,R=AG.

showed allelic variation in all 3 SNPs (T203W, T204Y, and
A135R), whereas none of the 6 diarrheal strains showed any
allelic variations in their respective SNPs (Table 5 and Supple-
mentary Figure 2). The significance of this remains unknown
at present.

DISCUSSION

This work draws into question the paradigm that E. moshkov-
skii is avirulent. In the murine model of intestinal amebiasis,
E. moshkovskii caused diarrhea, weight loss, and colitis. In this
way, E. moshkovskii shared with E. histolytica, but not the
nonpathogen E. dispar, the ability to cause disease. In children
in Bangladesh, the new acquisition of E. moshkovskii infection
was associated with diarrhea.

E. moshkovskii infected the ceca of C3H/HeN, C3H/He],
and CBA/J mice, but not C57BL/6 or BALB/c mice, which
was consistent with the host range of pathogenic E. histolytica.
In contrast, the nonpathogenic parasite E. dispar was unable
to infect the intestine of any strains of mice tested. The
finding that E. moshkovskii shared with E. histolytica the
ability to infect mice indicates that they share virulence mech-
anisms, which are not present in E. dispar.

Mouse strain-dependent resistance to E. histolytica infection
was mediated by nonhematopoietic cells [19]. Relatively few
loci on C57BL/6 chromosomes 1 and 2 correlated with resis-
tance to intestinal amebiasis [32]. In humans, one important
means of innate resistance of intestinal epithelial cells to ame-
biasis is leptin, which acts via STAT3 signaling to protect in-
testinal epithelial cells from parasite killing [33, 34]. In this
context, it will be interesting to examine whether this observa-
tion is also true in E. moshkovskii infection, because of the
similar host range as E. histolytica. If the mechanism of resis-
tance to E. histolytica and E. moshkovskii observed in many
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inbred strains of mice is shared with humans, identification of
regional candidate genes in mice has implications for further
understanding the human variability to amebic infection.

E. moshkovskii induced intestinal symptoms including diar-
rhea and bloody stool, typical symptoms of amebiasis, indicat-
ing that E. moshkovskii was pathogenically similar to E.
histolytica at least in mice. Weight loss was also observed
during the course of infection, which was more severe in mice
infected with E. moshkovskii than with E. histolytica. The ob-
servation that E. moshkovskii induced severe intestinal symp-
toms accompanied by weight loss reemphasizes that it is
potentially pathogenic.

However, it is unclear what kinds of differences among Ent-
amoeba spp. result in the different outcomes of infection in
the murine model. Entamoeba histolytica possesses molecules
such as pathogen-associated molecular patterns (PAMPs) on
its surface that stimulate proinflammatory cytokines produc-
tion from antigen-presenting cells [35]. We are investigating
whether parasite PAMPs, host MyD88 signaling, and the
pattern of proinflammatory cytokines produced in response
qualitatively differ between Entamoeba species, may provide
clues to the different severity between CBA/] mice infected
with E. histolytica, E. moshkovskii, and E. dispar.

Entamoeba moshkovskii isolates infecting children were ge-
netically heterogeneous, as evidenced by PCR typing of tRNA
locus R-R. It will be important in future studies of the poten-
tial pathogenicity of E. wmoshkovskii to take into account this
heterogeneity; as for the case of E. histolytica, not every geno-
type is equally capable of causing disease [36].

The study subjects reported here differ from those of the
previous study examining E. moshkovskii infection in pre-
school children in Dhaka, Bangladesh [13], which was not
focused solely on diarrheal stool samples, but also included
monthly stool samples from asymptomatic children. In addi-
tion, the current study reports on a novel birth cohort longitu-
dinally followed from birth to 1 year of age. Therefore, it is
important to discuss the association between diarrhea in
infants and E. moshkovskii infection in the context of the
cohort.

In conclusion, we found that E. moshkovskii caused diar-
rhea, colitis, and weight loss in mice and that in Bangladeshi
children acquisition of a new E. moshkovskii infection oc-
curred temporally with diarrhea. These data are consistent
with E. moshkovskii causing diarrhea and indicate that it is
important to reexamine its pathogenicity.
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Abstract

evolutionary novelties in organisms’ genomes.

Non-allelic homologous recombination

Background: Evolution of novel protein-coding genes is the bedrock of adaptive evolution. Recently, we identified
six protein-coding genes with similar signal sequence from Schistosoma japonicum egg stage mRNA using signal
sequence trap (SST). To find the mechanism underlying the origination of these genes with similar core promoter
regions and signal sequence, we adopted an integrated approach utilizing whole genome, transcriptome and
proteome database BLAST queries, other biocinformatics tools, and molecular analyses. '

Results: Our data, in combination with database analyses showed evidences of expression of these genes both at
the mRNA and protein levels exclusively in all developmental stages of S. japonicum. The signal sequence motif was
idenitified in 27 distinct S. japonicum UniGene entries with multiple mRNA transcripts, and in 34 genome contigs
distributed within 18 scaffolds with evidence of genome-wide dispersion. No homolog of these genes or similar
domain was found in deposited data from any other organism. We observed preponderance of flanking repetitive
elements (REs), albeit partial copies, especially of the RTE-like and Perere class at either side of the duplication source
locus. The role of REs as major mediators of DNA-level recombination leading to dispersive duplication is discussed
with evidence from our analyses. We also identified a stepwise pathway towards functional selection in evolving
genes by alternative splicing. Equally, the possible transcription models of some protein-coding representatives of
the duplicons are presented with evidence of expression in vitro.

Conclusion: Our findings contribute to the accumulating evidence of the role of REs in the generation of
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Background

Evolutionary novelties generated as an upshot of the
“nascence” of new protein-coding genes are the bedrock
of adaptive evolution and acquisition of novel molecular
functions. The ever-growing vast and diverse protein rep-
ertoire in organisms can be ascribed to these events, and
may explain the increasing heterogeneity among organ-
isms of otherwise common ancestry [1-5]. Since the pio-
neering definitive treatise on gene duplication by Ohno
about four decades ago [6], geneticists and evolutionary
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biologists have advanced this traditional notion; creating
remarkable insights into the composite patterns and
underlying mechanisms of genetic innovations. Some of
these mechanisms are illustrated in a supplementary fig-
ure (Additional file 1). The advent of the genomics era
has most importantly armed scientists with a valuable tool
to enhance discovery of the rather intriguing mechanisms
underlying the “birth” of new genes [5].

Apart from the canonical gene duplication model as
proposed by Ohno [6]; extensive studies in various organ-
isms have not only elucidated other models of gene dupli-
cation, including “dispersed” duplication in addition to the
more definitive “tandem” duplication {7-13]; but has also
revealed multiple mechanisms leading to the emergence
of new functional genes. These include but not limited to:
recombination by exon shuffling or exon “scrambling”

© 2012 Mbanefo et al; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly cited.
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[4,14-18]; retrotransposition by retrotransposons yield-
ing intronless chimeric genes [18-25]; transduction of
genomic segments by transposable elements by skipping
the characteristic weak polyadenylation signal in retro-
transposons leading to the mobilization of adjacent gen-
omic sequence; or may involve a repetitive element (RE)
mediated DNA level recombination (DLR) by a non-
allelic homologous recombination (NAHR) mechanism,
in which the REs provide the requisite homologous
sequences for the recombination of genomic sequences
in a non-allelic manner [7,20,26-30]. Horizontal gene
transfer between organisms although infrequent, can
give rise to new genes in the recipient organism [31-33].
De novo origination of protein coding genes from previ-
ously non-coding genomic sequences is a very important
mechanism previously underrated, but accumulating
data in many organism show that this event occur more
often than previously thought [2,3,34-40]. Equally, a new
gene can arise from the fusion of two genes [1,3,22] or
fission of a “parent” gene [41]. These mechanisms sel-
dom operate singly as they frequently overlap, collabor-
ating in the creation of nascent genes as depicted in
the famous origins of Jingwei and Sphinx in Drosophila
species [14,19].

Schistosoma japonicum along with S. mansoni and S.
haematobium are the principal schistosome species
causing human schistosomiasis. Uncharacteristic of
other human invading schistosomes, S. japonicum is also
able to infect several non-human mammalian hosts.
While . japonicum and S. mansoni inhabit the peripor-
tal veins and cause an intestinal form of the disease,
characterized by liver granulomatous fibrosis as a conse-
quence of host immune response to the eggs lodged in
the hepatic sinusoids [42,43); S. haematobium causes
urinary schistosomiasis at the vesical bladder plexus.
Although S. japomicum produces similar lesions like
S. mansoni, the fibrotic lesions and hepatosplenomegaly,
the most severe outcome of schistosomiasis, is relatively
more frequent and severe in S. japonicum [44]. Also, in
contrast to S. mansoni and S. haematobium, acute dis-
ease due to S. japomicum is common in endemic foci
and is associated with severe and persistent manifesta-
tions that may rapidly progress the host mediated immu-
nopathogenesis, terminating in a network of fibrotic
lesions [45]. Secreted proteins from the parasite ova
embolized in the liver of the host are accessible to the
host immune cells being located at the host-parasite
interface and thus constantly exposed to the host liver
tissues. Such interactions play critical role in the initi-
ation and progression of granuloma and fibrosis forma-
tion by mediating inflammation [42-45]. Secreted
protein candidates thus, possess great potentials for ap-
plication in interventions aimed at preventing severe
hepatic pathogenesis [46,47] among other applications.
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Nascent genes confer extra functional capacities for
the organisms to confront the challenges of the ever
dynamic environment, and may equally, albeit rarely,
inflict some functional constraints. In any case,
recently evolved characteristics could best be attributed
to either: protein family or domains expansion, gene
loss events [48], or more likely, evolution of new
genes. S. japonicum relatively exhibit a higher degree
of parasitism and dependence on host derived mole-
cules and signals as inferred from genomic and tran-
scriptomic studies [49-51]; it is able to infect a wide
range of hosts, and produces relatively more severe
pathogenesis [45]. While these could be attributed to
a number of other factors including: selective pressure
of parasite-host interactions, the extensive gene loss
and protein domain elimination or expansion events
observed in its genome and transcriptome [49]; the
evolution of novel functional protein coding genes
before and after the divergence from other members
of the genus Schistosoma could account for these
extra characteristics.

Here, we report putative evolutionary novel gene
family of Asian schistosomes, S. japonicum on the
premise that no homologs of the genes were found in
the genome of its evolutionary close relatives in the
genus Schistosoma, or in any other organism with a
complete sequenced genome. The genes first caught
our attention as genes bearing similar or same signal
sequence from our previous work that identified some
secreted protein coding genes from the eggs of S. japo-
nicum using a signal sequence trap (SST) [47]. Given
the available tools prior to the publication of the S.
japonicum genome sequence, we had attributed this
observation to some alternative or trans-splicing mod-
els. The present analysis was inspired by the availability
of the invaluable tool presented by the recently pub-
lished partially assembled genome of this parasite [49)].
We adopted an integrated approach utilizing extensive
BLAST queries and other bioinformatics tools, transcrip-
tion and expression analyses, southern hybridization of
genomic DNA and evolutionary analyses. We describe
evidence of “genome-wide” dispersed duplication of
a protein coding gene locus, which may have arisen
recently from previously non-coding genomic sequence.
The role of repetitive elements as major mediators of
the dispersive duplication is analyzed and discussed.
Detailed evidence of the potential transcription models
of some protein-coding representatives of the duplicons
with similar signal sequence is presented and supported
by our observations. Finally, based on the identifica-
tion of non-coding mRNA transcripts as alternatively
spliced variants of protein coding mRNAs, we pro-
pose that the new genes could be under significant func-
tional selection.
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Results and discussion

Sequence characteristics of a novel protein-coding gene
family with similar signal sequences in S. japonicum

To identify secreted proteins from the eggs of S. japoni-
cum, we previously utilized a signal sequence trap (SST)
and isolated at least 15 full length S. japonicum egg stage
cDNAs encoding secreted or membrane binding pro-
teins [47]. In addition, we observed that six of these
genes have same or similar signal sequences (Table 1)
from our analyses in [47]. Multiple alignment of the ini-
tial SST isolated messenger RNAs (mRNAs) is presented
as a supplementary information (Additional file 2), while
the multiple alignment of the corresponding protein
sequences showing the similar signal peptides is pre-
sented in Figure 1 with the phylogenetic tree of the SST
identified family members. Given the available tools at
the time we made this observation, we had attributed
this trend to some alternative splicing or trans-splicing
models. Here, we took advantage of the recently charac-
terized and published partial assembly of the genome
sequence and transcriptome of S. japonicum to unravel
the possible underlying mechanisms of signal sequence
similarity among SST identified genes. BLASTN search
on the whole non-redundant (nr) nucleotide collections
and all expressed sequence tags (ESTs) in GenBank in-
cluding the S. japonicum transcriptome using the similar
signal sequence as query showed that a total of 181
mRNA sequences and 14 ESTs all belonging to S. japo-
nicym bear the similar signal sequence. Based on infor-
mation in the UniGene database that provides sets of
transcript sequences that appear to come from the same
transcription locus, these mRNA sequences with similar
signal sequence were placed in 27 distinct UniGene
entries (Table 2). By further sequence alignments of the
returned mRNA sequences and information from Uni-
Gene, we grouped the mRNA transcripts according to
their gene products and identified at least 7 distinct egg
proteins, somula protein, 53 other hypothetical protein
sequences and 10 non-coding mRNAs, all bearing
the similar signal motif. All protein products of the
mRNAs in the public database bearing the similar signal
sequence were characteristically short, with one of them
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containing only 54 amino acids residues. A genome wide
BLAST search using the similar signal sequence as query
against all whole genome shotgun (WGS) reads also pro-
duced hits on 34 S. japonicum genome contigs (Table 3)
distributed within 18 genome scaffolds (Table 4), thus
confirming the existence of such sequences in the gen-
ome at multiple loci. These loci were non-redundant
and non-overlapping as confirmed from the partially
mapped scaffolds of this parasite’s genome accessible in
GeneDB [52]. For clarity, we restricted further analyses
to the initial cDNAs we had identified from our previous
study using the SST.

To assess whether some homologs or at least some
similar domains exist in other species, BLASTN and
BLASTP searches using both the signal sequence and
the entire coding sequences of the mRNAs and protein
sequences as queries showed that these genes have no
homologs in any other organism, but their expression
in 8. japonicum is supported by evidence from tran-
scriptome and proteomic data. A search on several pro-
tein domain databases showed that although our
candidates were classified in the same protein family
with similar domains and assigned to a domain ID
(ProDom:PD884968), no related domain or protein
family was found in any other organism. The absence
of these genes in the genome of S. mansoni, S. haema-
tobium and other published genomes cannot possibly
be attributed to sequencing gaps or annotation errors
since the WGS sequencing approach is considerably reli-
able [49], and the fact that we adopted a multiple species
approach covering the entire available sequenced gen-
omes of all species makes this even more improbable
[37,40]. Given the accumulating evidences of de novo
origin of new genes from previously non-coding DNA
sequences [2,34-40], we propose that the coding
sequence of these genes may have recently originated
de novo from previously non-coding DNA sequences in
the ancestral forms, and subsequently duplicated and
dispersed in the genome. This represents a more plaus-
ible interpretation than the improbable alternative hypo-

-thesis of concurrent gene deletion or inactivation in

multiple ancestral lineages.

Table 1 *SST isolated S. japonicum egg cDNAs with similar signal peptide

Gene Products GenBank ¢cDNA Accession

GenBank Protein Accession

Signal Peptide

sjcP1084 AY570737 (1027 bp)
SjCP3611 AY570744 (983 bp)
SjCP501 AY570753 (1038 bp)
sjcp38a2 AY570748 (854 bp)
SjCP400 . AYS570756 (848 bp)
SjCP1531 AY570742 (1037 bp)

AAS68242 (271aa)
AAS68249 (260aa)
AAS68258 (174aa)
AAS68253 (203aa)
AAS68261 (124aa)
AASE8247 (274a3)

MRIINLVIISTALLLINLLQTKSQ
MRIIILGIISTVLLLINLLQTKSQ
MRIINLVNISTVLLLINLLQTKSQ
MFKMRIINLVNISTVLLLINLLQTKSR
MFKMRIINLVNISTVLLLINLLQTKSQ
MFKVRIINLVNISTVLLLINLLQTKSQ

*SST: Signal Sequence Trap.
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Figure 1 Multiple alignments of protein sequences of the SST identified cDNAs showing similar signal peptide. (A) The protein products
of the original SST isolated S. japonicum egg cDNAs were aligned using ClustalW. The aligned sequences are limited to the candidates identified
using SST, excluding database sequences. The N-terminal similar signal peptide is automatically colored red, indicating high similarity at the
consensus sequence. Ostensibly, several other residues are also conserved and would be explored during the functional characterization.

(B) The phylogenetic tree of the novel protein family identified using SST is shown here. The evolutionary history was inferred using the
Minimum Evolution method. The evolutionary distances were computed using the p-distance method and are in the units of the number of
amino acid differences per site. The analysis involved 6 amino acid sequences originally isolated using SST. Phylogenetic and evolutionary
analyses were conducted on MEGAS [76).

Species and strain specific expression found in any other species of Schistosoma except in all
To further exclude the possibility of false negative obser-  strains of S. japowmicum analyzed. Several bands repre-
vations, we assessed the presence of the gene loci among  senting the duplicated loci are apparent in the hybridized
different species and strains of Schistosoma in vitro using  blots (Figure 2). The analyzed samples is composed of
southern blots. This genomic locus and its duplicons representatives of the species complexes of this genus
was found to be exclusively present in all the strains of and further provide insight into the inter-species, intra-
S. japonicum using southern hybridization experiment species and intra-strain variations that may exist among
utilizing genomic DNA samples of different strains of the members of the genus Schistosoma. In line with the
S. japonicum (Japanese, Chinese and Philippines), and  widely accepted Asian origin hypothesis deduced from
other species of Schistosoma including S. mansoni, the evolutionary biogeography of this genus as inferred
S. haematobium and S. mekongi (Figure 2), covering all  from evidences at the morphological, karyotype and mo-
the major clades in the genus. The result of southern lecular levels [53], it is highly plausible that this genomic
hybridization using 462 base-pair digoxigenin labeled sequence has recently evolved exclusively within the
hybridization probe containing the similar signal sequence  S. japomicum complex long after the divergence of the
and designed to be specific to the gene loci under con-  ancestors of the African species and other re-invading
sideration showed that this genomic sequence was not  Asian species with origin from Africa [53,54]. The fact
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that this gene locus was completely lacking in other thought to have evolved from same ancestor or as des-
Asian species like S. mekongi of common ancestry with  cendants of S. japonicum based on mitochondrial gene
S. japonicum even throws more light on the most prob-  arrangement [55]. Either S. japonicum and other Asian
able evolution of these other Asian species which are species in the S. japonicum group evolved independently

Table 2 *UniGene entries for S. japonicum mRNAs and ESTs bearing the similar signal sequence (n= 195}

UniGene UniGene ID Set of likely mRNA transcripts (GenBank) Gene Products

Name (UID) : (Database annotation)
Sja1526 1476162 AY814448, BU780442°* Egg protein SJCP3611
Sjal611 1476247  FN317637, BU772954% Hypothetical protein
Sja.1628 1476264 ' AY570742, FN320556, FN320555, FN320553, FN320552, FN320551, FN320550, FN320549 Egg protein SjCP1531

Sja.1676 1476312 AY570748%7, AY223245, AY222916, AY813542, EF127834, EF140742, FN323799, FN323800, FN323801, Egg protein SjCP3842
FN323803, FN323793, FN323792, FN323791, FN323790, FN323788, FN323785, FN323782, FN323781,
FN323779, FN323778, FN323777, FN323776, FN323773, FN323772, FN323771, FN323770, FN323769,
FN323768, FN323767, FN323766, FN323765, FN323764, FN323763, FN323762, BU772060%,
BU766145%, CX862012%*

Sja2063 1476798 FN321064, FN321061 Egg protein SjCP1084
Sja2065 1476800  AY570753%7, AY570744°, AY814685, FN327232, FN327137, FN318042, FN321065, FN321060, Egg protein SjCP3611,
FN321059, FIN321058, FN321057, FN321056, FN321055, FN329815", BU768978°%, BU780021° Egg protein SJCP501,
Hypothetical proteins
Sja2070 1476805  AY599749%7 Egg protein SjCP1731
Sja5326 2034920 ~ FN326953, FN330298™ Hypothetical protein
Sjp9771 2493712 AY570756°%", FN327121, FN327254, FN327253, FN327241, FN327233, FN327229, FN327224, Egg protein SjCP400,
FN327222, FN327216, FN327196, FN327185, FN327163, FN327158, FN327154, FN327129, Somula protein

FN327125, FN327115, FN327089, FN327083, FN327073, FN327057, FN327050, FN327049,
FN327045, FN327042, FN327035, FN327022, FN327018, FN327014, FN327000, FN326998,
FN326978, FN326973, FN326961, FN326960, FN326959, FN326930, FN326905, FN326883,
FN326882, FN326881, FN326859, FN326857, FN326852, FN326851, FN326841, FN326831,
FN326829, FN326822, FN326808, FN326801, FN326790, FN326770, FN326740, FN330540™

$ja.11083 2671933 AY915467, FN327219, FN327063, FN326828, FN326826, FN323794, FN323797, FN323798, Egg protein SjCP3842,
FN323802, FN323789, FN323787, FN323786, FN323784, FN323783, FN323780, FN323774, Hypothetical protein
FN323761, FN323760, FN323759, FN323758, FN323757, FN320521, FN320520, FN320519,
FN320518, FN320517, FN320516, FN320515, FN320513

Sja11325 2672175 AY813755, FN320057, FN320056, FN320514, FN329566", BU768160%, BU774105°*, BU770186%, Egg protein SjCP3842,

BU779051°% Hypothetical protein
Sja.11840 2895838 FN327242, FN327131, FN327087, FN326854, BU776301° Hypothetical protein
Sja. 11891 2895889 AY813975, FN329814™, BU769048°% Egg protein SjCP1084
Sja.13298 3987026 FN320059 Hypothetical protein
Sja.13324 3987052  AY570737°5T, FN328299™ Egg protein SjCP1084
Sja.13882 3987610 FN330716" ' None
Sja.13956 3987684 FN330422"¢ None
Sja.14071 3987799 FN329677"¢ None
Sja.14095 3987823 FN329269"¢ None
Sja.14561 3988289 FN327139, FN323795, FN323796, FN323775 Egg protein SjCP3842
Sja.14562 3988290 FN327130, FN326955, FN326901 Egg protein SjCP1084
Sja.14565 3988293 FN327099 Egg protein SjCP1084
Sja.14614 3988342 FN320058 Hypothetical protein
Sja14627 3988355 FN319007 Hypothetical protein
Sja.14941 3988669 FN320554 Hypothetical protein
Sja.15036 5233761 FN326786, FN318043, CX861530%* Hypothetical protein
Sja.15108 5233833 AY810465, FN321062 Hypothetical protein

* UniGene is a database of sets of transcript sequences that appear to come from the same transcription locus.
The original set of cDNAs we earlier identified using signal sequence trap bear the superscript tag (**7).
Transcripts with tags (**%) and (™) are expressed sequence tags (ESTs) and non-coding mRNAs respectively.
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from a common ancestor, or the evolution of this locus
and the subsequent dispersed duplication occurred re-
cently after the other Asian forms have diverged (see
phylogenetic relationship in Additional file 3). An alter-
native explanation is that the gene was not fixed or was
deleted from the genome of the other Asian and African
species. Since the last hypothesis is highly unlikely, we
concluded that our observation was a product of a newly
evolved gene locus possibly from mutations or modifica-
tions on a previously non-coding sequence in the ances-
tral forms, which was subsequently severally amplified
and dispersed in the genome of S. japonicum after all
other species of the genus had diverged. Furthermore, a
close look at the banding pattern of the restriction
digested genomic DNA of different strains of S. japonicum
as observed in the southern blotting result revealed
that possible intra-species and intra-strain genetic var-
iations could exist among the members of the species
complex (Figure 2). Whether the S. japonicum complex
(Japanese, Chinese, Philippines and animal infecting
Formosa strains) is made up of four geographical strains,
four subspecies or four independent biological species
remains contentious. Be that as it may, this presents an
interesting subject for further research and could be
further explored using a wider array of isolates from
different regions.

Nevertheless, while it is completely normal to verify
this exclusive evolution and dispersed duplication hy-
pothesis by confirming the physical localization of the
gene loci in the genome and chromosomes by perform-
ing synteny analysis, we are unable to achieve this
because we do not have access to a fully mapped
chromosome information of the genome of S. japonicum.
However, the distribution of the contigs and scaffolds
_bearing the similar signal sequence apparently suggests
a dispersed distribution. To confirm this hypothesis
and to exclude the possibility of overlapping among
the loci, we generated the restriction map of six of the
genome scaffolds bearing duplicated loci based on the
information on the genome map, performed southern
hybridization using restriction endonuclease digested
genomic DNA from S. japonicum species and strains;
and were able to match the expected probe binding
fragment sizes with the observed bands on the
hybridization blots (Additional file 4). Also an ancestral
homolog is required for synteny analysis, however,
we could not find a homolog in S. mansoni, another
member of the genus with sequenced genome; and
the genome of other more closely related species like
S. mekongi and S. malayensis are not yet sequenced.
Unless new evidences emerge from future updates in
the sequenced genomes, we hold true that these genes
have newly evolved, probably from modifications on
previously non-coding ancestral DNA sequences and
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subsequently disperse duplicated. As opined in previous
studies, the short length of our identified genes is an
expected property of nascent genes because of improb-
ability of evolution of long open reading frames (ORFs)
and the complexity of intron splicing signal [38]. We
expect these novel genes to be of functional significance
since new genes tend to display accelerated sequence
and structural changes towards neo-functionalization
[1], and most newly characterized genes from other spe-
cies have been shown to be characteristically functional
[35,56]. Other workers showed that the common path-
way for de novo protein-coding gene evolution involves
a piece of DNA sequence to be transcribed via recruit-
ment of all transcription core promoters, other elements
and machines; followed by the acquisition of a translat-
able ORF through mutations or other sequence alter-
ation mechanisms [2,35]. Together, our findings support
the presence of these intrinsic features of novel genes in
the identified candidates, including the gradual model of
novel protein coding gene origination.

Evidence of dispersed duplication from a source

gene locus

The mechanisms behind dispersed duplication could
be hidden within the DNA sequences of the duplicates
or the adjacent flanking genomic sequences. In line
with this, we explored the DNA sequences of the gene
loci and the surrounding genomic sequences to identify
possible mechanisms underlying dispersed duplication
proposed in our hypothesis. A genome-wide BLAST
search against WGS reads using the similar signal
sequence as query returned 34 contigs of varying lengths
and degrees of degradation (Table 3). By manually tra-
cing these 34 contigs to the genome scaffolds, we found
that they were distributed within 18 scaffolds (Table 4),
apparently widely dispersed in the genome of S. japonicum
as inferred from the genome map. To explore the mech-
anism of such dispersed duplication of a genomic se-
quence, a comparative analysis involving a parent gene
in an ancestral species is often required. However, since
we were unable to find any parental homolog in the
available genome data and proteomes, and because gene
duplication produces a diverse set of progeny loci
with varied degrees of homology to an ancestral source
locus when it exists [9], we performed a comparative
sequence analysis on the 34 contigs as representatives of
the gene loci. The result revealed a particular prominent
contig in the S japomicum WGS reads [GenBank:
CABF01020060], the longest of the set of “duplicons”
(43.7 kb), which significantly encompassed the length of
the other contigs (Figure 3). CABF01020060 was there-
fore putatively selected as the duplication ‘source locus’
and utilized as such for most of the analyses performed
in this study.
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Table 3 Schistosoma japonicum genome contigs containing the similar signal sequence (n=34)

*Contig [GenBank Accession No.] . Transcription Size, kb Signal Sequence
Strand coordinates
SJC_C002611 [CABF01002612] - 69.7 4848 - 4779
$JC_C002621 [CABF01002622] - 06 276 - 205
SJC_C002622 [CABF01002623] - 16 999 - 928
SJC_C002627 [CABF01002628] - 30 2413 - 2342
SJC_C002629 [CABF01002630] - 145 3856 - 3785
SJC_C013669 [CABF01013761] - 6.8 3284 - 3217
SJC_C019814 [CABF01020047] + 292 19023 - 19094
$JC_C019817 [CABF01020050] - 10.1 6502 ~ 6431
SJC_C019827 [CABF01020060] - 437 42511 - 42440
$JC_C022876 [CABF01022876] - 124 9335 - 9264
SJC_C022884 [CABF01022884] + 129 493 — 564
SJC_C023364 [CABF01023364] - 124 10498 - 10427
SJC_C025268 [CABF01025296] - 121 7860 — 7789
$JC_C027826 [CABF01027854] + 43 433 - 504
$JC_C027833 [CABF01027861] - 119 5768 — 5697
SJC_C027838 [CABF01027866] + 190 12367 - 12438
SJC_C032855 [CABF01032892] - 223 383 -322
SJC_C032859 [CABFO1 032896] - 96 4663 - 4602
SJC_C043165 [CABF01043187] + 49 2484 - 2544
SJC_C057153 [CABF01057161] + 28 337 - 408
SJC_C061392 >[CABF01061 395] - 74 4411 — 4342
SJC_C067189 [CABF01067176] ‘ + 49 388 - 459
SJC_C067567 [CABF01067411] - 32 925 - 854
SJC_C070280 [CABF01070230] - 6.8 271 - 200
SJC_C072631 [CABF010725§0] o+ 19 1646 — 1717
SJC_C072632 [CABF01072591] + 26 446 - 517
SJC_C073741 [CABF01073691] - 24 2389 - 2319
SJC_C075160 [CABF01075030] - 6.7 5231 - 5160
SJC_C076469 [CABF01076032] + 31 1295 - 1366
SJC_C077101 [CABF01078976] - 1.1 656 — 585
SJC_C080985 [CABF01080674] + 23 1094 - 1165
SJC_C081391 [CABF01080757] - 2.1 1918 — 1847
$JC_C081246 [CABF0O1080893] - 13 1131 - 1060
SJC_C097686 [CABF01092393] + 56 4249 - 4320

() are contigs with ‘signal sequence’ on the negative strand {anti-sense) of the genome while

(+) are contigs with ‘signal sequence’ on the positive strand (sense) in the genome

*Contigs are representative of disperse duplicated gene loci. We indicated the ranges for the signal sequence motif.

To investigate possible role by repetitive elements
(REs) in mediating such dispersed duplication with a
clue from previous studies [20,26-29], we performed
repeat masking on the putative duplication source locus
and the other 33 duplicons and observed a preponderance
of flanking REs, especially of non-LTR class prominent
of which were the S. japonicum RTE (retrotransposable
element)-like retrotransposon (SjR2) and the Perere class

of retrotransposons (SjR1) (Additional file 5). An almost
full copy of SjR2 was found upstream of the coding
region of the putative source locus in addition to other
six albeit partial copies of SjR2. Alignment of the other
contigs to the putative duplication source locus revealed
that both the dispersed similar signal sequence and
the repeat elements are considerably aligned at very simi-
lar positions, further showing that they were likely
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Table 4 Schistosoma japonicum Scaffolds containing the
similar signal sequence (n=18)
Scaffolds {GenBank Accession]
S$JC_S000013 [FN330988]

Contigs within the scaffolds

CABF01002611, CABF01002612,
CABF01002622, CABF01002623,
CABF01002628, CABF01002630

CABF01020047, CABF01020050

$JC_S000219 [FN331192]

SJC_S000220 [FN331193] CABF01020060

SJC_S000273 [FN331245] CABF01022876, CABF01022834

$JC_5000284 [FN331256] CABF01023364

SJC_S000329 [FN331301] CABF010252%96

$JC_S000394 [FN331366] CABF01027854, CABF01027861,
CABF01027866

$JC_S005820 [FN336777] CABF01067176

SJC_S007785 [FN338731] CABF01070230

$JC_S008639 [FN339578] CABF01072590, CABF01072591

SJC_S009177 [FN340103] CABF01073691

SJC_S010134 [FN341037] CABF01075030

SJC_S011206 [FN342077] CABF01076032

SJC_S011724 [FN342573] CABF01078976

$SJC_S014521 [FN345237] CABF01080674

$JC_S014753 [FN345459] CABF01080893

SJC_S014868 [FN345568] CABF01080757

$JC_S026182 [FN354050] CABF01092393

duplicated from a single source locus. The fact that the
duplicons are not absolutely homologous and the degen-
erative nature of the RE sequences suggests variation
within members, typical of evolving genes (Figure 4).
Because homology with the other duplicates did not ter-
minate 3 of this putative source locus, we recruited
and adjoined two contigs [GenBank:CABF01020061 and
GenBank:CABF01020062] downstream of the putative source
locus according to the genome assembly information,
thereby creating flanking sequences of at least 5 kilo-
basepairs on each side of the gene duplication source
locus. This sequence was then aligned with the genome
contigs and scaffolds to identify the exact point at which
homology was lost, which could arguably represent the
breakpoint of duplication. Further attempt to identify
the exact breakpoints was not successful due to unfilled
sequencing gaps in the scaffolds but examination of
the downstream flanking sequence from the point
where homology was terminated showed a prominent
retrotransposon of the Perere class flanking the dupli-
cated loci 3" of the locus (see short movie in Additional
file 5). Taken together, our data show that the dupli-
cation source locus was flanked on either side by RTE-
like and Perere class retrotransposons. These two classes
of non-LTR retrotransposons have significantly high
copy number, making up 12.63 % of the S. japonicum
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Figure 2 Southern blotting confirms duplicated foci exclusively
in S. japonicum. (A) Southern hybridization with digoxigenin-labeled
probes showing the presence of duplicated loci with several bands due
to copies of the duplicated source locus. Lanes 2-9 corresponds to

E£coRl + £coRY double digested genomic DNA of different species and
strains of Schistosoma (S. haematobium, S, mansoni, S. mekongi, S.
Jjaponicum (Japanese, Chinese, Philippines’ Leyte, Mindanao and Mindoro
isofates). ‘M’ is Digoxigenin-labeled DNA molecular weight marker. Notice
the differential banding pattern among different strains and between
isolates of the same strain. {B) Same experiment as in (A) was replicated
using a different pair of restriction enzymes (EcoR! + Hindlll). Also inter-
strain and intra-strain variation in the banding pattern is apparent.
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