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Abstract

Background Schistosomiasis causes liver and intestinal damage and can be
very debilitating. The pairing of a male worm with a female worm residing
in the gynaecophoral canal of male plays a critical role in the development
of female parasite. Because the male specific gynaecophoral canal protein of
Schistosoma japonicum (SjGCP) is found in significant quantities in the adult
female worm after pairing, it could play an important role in parasite pairing.

Methods In the present study, three small interfering (si)RNA duplexes
targeting the SjGCP gene were designed, synthesized and the silencing effects
were evaluated in vitro as well as in mice infected with S. japonicum in vivo.

Results In vitro studies using semi-quantitative reverse transcriptase-
polymerase chain reaction (RT-PCR) and real-time RT-PCR revealed the
reduction of SjGCP at the transcript level. Similarly, western blotting and
immunofluorescence studies showed its reduction at the protein level after
treatment of parasites with siRNAs. At a concentration of 200 nM, two
siRNAs totally abolished the parasite pairing. To evaluate such a pairing
inhibitory effect in vivo, mice infected with S. japonicum were treated with
siRNA and both parasite pairing and burden were evaluated. In vivo tests
confirmed the in vitro silencing effect of SjGCP siRNA and revealed that the
systemic delivery of siRNA significantly inhibited early parasite pairing and
the associated burden.

Conclusions Our preliminary results demonstrated that the SjGCP plays an
important role in pairing and subsequent development in S. japonicum, and
its silencing might have potential as a therapeutic approach for controlling
schistosomiasis. Copyright  2009 John Wiley & Sons, Ltd.
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Introduction

In schistosomiasis, a large number of schistosome eggs is retained in the
final host liver, eliciting inflammatory immune responses and the subsequent
formation of granuloma and fibrosis [1]. After transmission of these parasites
in the human host, male–female pairing is the key event for the development
of female parasites. Female schistosomes from single sex infection are stunted
in size and are sexually immature, and their successful development depends
on their pairing with a male worm inside the gynaecophoral canal of the male
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worm [2–3]. When paired female worms are separated
from male worms, they stop laying eggs and regress
to an immature state. However, when such immature
females are allowed to couple, they maturate again [2–6],
suggesting a specific interaction between male and female
worms during such pairing, leading to the development
of mature female worms. Different factors have been
proposed for such sexual maturation. They include
physical contact, nutrition [5,7,8], chemical stimuli
[9–11] and some polypeptides and proteins [8,12–14].
In addition, studies on differently expressed genes and
proteins between male and female worm [3,15–19] also
suggested the presence of a development signaling from
males leading to the direct or indirect activation of female-
specific gene expression [4,12,20–27].

The gynaecophoral canal protein, a 80-kDa cell
surface glycoprotein in the gynaecophoral canal of
male schistosomes, is found in a low amount in
unmated male worms [28]. However, this amount is
significantly increased post male–female pairing [29]. A
wide distribution of SjGCP is also found on the surface
of adult female worms after pairing. Additionally, the
maturation of schistosome vitelline glands and the ovary
is limited to the regions of the female worm elapsed
within the gynaecophoral canal of the adult male [24].
Therefore, a strong maturational signal is likely to be
associated with the male–female pairing.

RNA interference (RNAi), a mechanism by which
gene-specific double strand RNA triggers degradation
of a homologous mRNA transcript [30], has been
described in organisms of diverse phylogeny. Within the
platyhelminthes, RNAi has been described in human
parasitic worms, including schistosoma [31–34], and
a particularly important gene in RNAi, the Dicer, has
been characterized by bioinformatics and the real-time
reverse transcriptase-polymerase chain reaction (RT-PCR)
[32]. In the present study, we designed small interfering
(si)RNA duplexes targeting the SjGCP gene to evaluate
the role of SjGCP on male–female pairing in Schistosoma
japonicum in vitro culture as well as in mice infected with
S. japonicum.

Materials and methods

Parasites

All animal care and procedures were conducted accord-
ing to the guidelines for animal use in toxicology
(Society of Toxicology USP, 1989). The study proto-
col was approved by the Animal Care and Use Com-
mittee of the Shanghai Veterinary Research Institute,
Chinese Academy of Agricultural Sciences. The life
cycle of S. japonicum (Anhui isolation) was maintained
in New Zealand rabbits and Oncomelania hapensis in
the Shanghai Veterinary Research Institute of China.
Rabbits were infected with approximately 6000 cer-
cariaes and the parasites were aseptically perfused at
12 days post-infection. Isolated parasites were cultured
in RPMI 1640 medium with 10% rabbit serum (Invitro-
gen, Carlsbad, CA, USA) as well as siRNA at 37 ◦C in
an atmosphere of 5% CO2, 95% air for 3 and 7 days,
respectively. Next, silencing effects were determined
using PCR assay, western blotting and immunofluores-
cence.

siRNAs

The gynaecophoral canal protein gene of S. japonicum
(GenBank accession number: AF519183) was selected
for silencing. One unmodified siRNA targeting severe
acute respiratory syndrome (SARS) virus and three
unmodified siRNAs (s1, s2 and s3) targeting SjGCP
were chemically synthesized at the Shanghai Institute
of Biochemistry and Cell Biology (Table 1). Upon
in vitro anneal, those siRNAs were used for in vitro
studies. 2′-O-methyl sugar modified and unmodified s1
siRNA and SARS siRNA were chemically synthesized
in Genepharma (Shanghai, China) and used for the
administration of mice infected with S. japonicum after
in vitro annealing.

Table 1. Sequences of siRNAs and primers

Name Sequence Targeting regions of SjGCP/proposed

s1siRNA Sense 5′-GUGGUGGUCAACAUAUUCAdTdT-3′ 1309–1327
Antisense 5′-UGAAUAUGUUGACCACCACdTdT-3′

S2 siRNA Sense 5′-GCAUUAGAAACGCCGAGAAdTdT-3′ 447–465
Antisense 5′-UUCUCGGCGUUUCUAGUACdTdT-3′

S3 siRNA Sense 5′-UCUACAUGCACGUGACGGUdTdT-3′ 2038–2056
Antisense 5′-ACCGUCACGUGCAUGUAGAdTdT-3′

Irrelevant siRNA Sense 5′-UUGCGAAUGGCCGGACACUCCdTdT-3′ No
Antisense 5′-GGAGUGUCCGGCCAUUCGCAAdTdT-3′

Primers of SjGCP Forward 5′-GGATCCAAGAGCTACACAGACAACAATT-3′ Semi-Q reaction RT-PCR
Reverse 5′-GACTCAATAAGTGTAACCGTTGTTTCAC-3′

Primers of β tubulin Forward 5′-AGGCGGGACAGTGTGGTAAT-3′ Semi-Q reaction RT-PCR
Reverse 5′-TTGGAGAAGGAACTACTGAA-3′

Primers of SjGCP Forward 5′-TAACTCGGGCATCATACATAC-3′ Real-time reaction RT-PCR
Reverse 5′-TTGACTTGGTACAATCACAGTGT-3′

Primers of α tubulin Forward 5′-CTGATT TTCCATTCGTTTG-3′ Real-time reaction RT-PCR
Reverse 5′-GTTGTCTACCATGAAGGCA-3′
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Treatment of parasites with siRNAs
in vitro culture

Parasites obtained from rabbit at 12 days post-infection
were treated with siRNAs (SARS, s1, s2, and s3; final
concentration 50 nM or 200 nM) in RPMI 1640 medium
(Invitrogen) containing 10% rabbit serum (Invitrogen) at
37 ◦C in an atmosphere of 5% CO2, 95% air for 3 or 7 days
in 12-well culture clusters (100 ± 10 parasites/well) and
then we proceeded to observe the silencing effect on
male–female pairing in vitro and examine SjGCP silencing
by semi-quantitative real-time RT-PCR, western blotting
and immunofluorescence studies.

Evaluation of siRNA transfection
efficiency in vitro cultured parasites

Fluorescently-labeled SjGCP siRNA was chemically syn-
thesized in Genepharma (Shanghai, China) and used
for treatment of parasites at final concentration of 200
nM after in vitro anneal. At 3 h post-treatment, parasites
were collected and then washed thrice with phosphate-
buffered saline (PBS, pH = 7.4). Whole-mount parasites
were examined using a Zeiss confocal microscope (Zeiss,
New York, NY, USA). Autofluorescences in the parasites
examined were removed by using the parasites treated
with unlabeled siRNA as control to set the parameters.

Semi-Q RT-PCR analysis

At 3 or 7 days post-siRNA treatment, total RNA from
parasites was isolated using Trizol (Sangon, Shanghai,
China) following the manufacturer’s instruction and semi-
Q RT-PCR was performed using the access RT-PCR system
(Promega, Madison, WI, USA). The total reaction volume
of 50 µl containing total RNA (1 µg), 10 µl of 5 × reaction
buffer, 1 µl of dNTP (10 mM), 2 µl MgSO4 (25 mM) and
primers of SjGCP (10 µM) were processed at 37 ◦C for
5 min and 48 ◦C for 45 min, followed by 32 cycles at
94 ◦C for 1 min, 58 ◦C for 1 min and 68 ◦C for 1 min
30 s. Beta tubulin was used as an internal control for
normalization. Primers used are listed in Table 1. Thirty-
two cycles were performed to remain in the linear range
of PCR. PCR products were size-separated on a 1.5%
agarose gel, treated with ethidium bromide staining and
visualized using electrophoresis image analysis system
(Furi, Shanghai, China). Bands in the gel were also
quantified using Smartview analysis software (Furi,
Shanghai, China) and their volume/intensity integration
was computed using Microsoft Excel 2000 (Microsoft
Corp., Redmond, CA, USA).

Real-time RT-PCR analysis

At 7 days post-SjGCP s1 siRNA treatment, total RNA from
parasites was isolated using Trizol (Sangon) following
the manufacturer’s instruction and real-time RT-PCR

was performed. Briefly, SjGCP cDNA was synthesized
using 1 µg of total RNA. RNA was added to a reverse
transcript transcription reaction containing multiScribe
reverse transcriptase reagent and random hexamers
(Applied Biosystems, Foster City, CA, USA), incubated
at 25 ◦C for 10 min, 48 ◦C for 30 min and 95 ◦C for 5 min.
Real-time PCR was performed using 1 µl of cDNA in
a final volume of 25 µl containing 5 µl of 5 × reaction
buffer (TaKaRa, Dalian, China), 0.75 µl of dNTP (10 mM)
(TaKaRa), 0.3 µl of MgSO4 (250 mM), 1 µl of 25 × SYBR
Green I (TaKaRa), 0.25 µl of HS-Ex-taq (2.5 U) (TaKaRa)
and 0.5 µl of primers specific for SjGCP (10 µM) in Light
cycler 480 (Roche, Basel, Switzerland) using the thermal
cycling profile: 95 ◦C for 1 min 30 s, followed by 40
cycles of amplification (95 ◦C for 5 s, 56 ◦C for 30 s,
75 ◦C for 6 s). Alpha tubulin was used as an internal
control for normalization. The primers used are listed in
Table 1.

Western blotting

At 3 days post-siRNA treatment, soluble proteins of para-
sites were extracted by Tris buffer (pH = 7.8), quantified
by the Bradford method. Next, proteins were run in 10%
sodium dodecyl-polyacrylamide gel electrophoresis and
electrotransferred onto polyvinylidene difluoride mem-
branes (Sino-American Biotechnology, Shanghai, China).
Nonspecific protein–protein interactions were blocked
using 5% nonfat dry milk in PBS (pH = 7.4) contain-
ing 0.1% Tween 20 (Sigma, St Louis, MO, USA). The
membrane was incubated for 1 h at room tempera-
ture in primary antibodies: rabbit anti-SjGCP (Shanghai
Veterinary Research Institute, Shanghai, China) and anti-
alpha tubulin (Beijing Zhongshan Biotechnology, Beijing,
China) diluted 1 : 100 in blocking buffer, and washed
five times for 5 min each in 0.1% Tween-20 PBS. The
secondary antibodies (Kexin Bioscience, Beijing, China)
were horseradish peroxidase conjugated goat anti-[rabbit
immunoglobulin (Ig)G]. They were diluted to 1 : 1000
in PBS, and incubated with the membrane for 1 h. The
membrane was developed with 0.05% diaminobenzoic
acid.

Immunofluorescence patterns in
gynaecophoral canal

At 7 days post-siRNA treatment, male schistosomes were
analysed for immunofluorescence. Briefly, parasites were
first fixed in ice-cold acetone for 5 min, dried, washed
thrice with PBS (pH = 7.4) and incubated for 30 min
in PBS containing 1% goat serum for 30 min. Parasites
were then incubated in rabbit anti-SjGCP antibodies
at 1 : 10 dilution for 1 h at room temperature and
washed thrice in PBS for 10 min. A 1 : 300 dilution of
fluorescence-conjugated goat anti-rabbit IgG was then
added and incubated for 30 min. After multiple washings
as described above, the parasites were mounted on slides
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that were covered with 90% glycerol, PBS and 2%
1,4- diazabicyclo (2,2,2) octane and examined by
fluorescence microscopy.

Effect of SjGCP silencing on
male–female pairing

At 7 days post-siRNA treatment, schistosomes were
analysed for the RNAi effect on pairing by microscopical
observation of the paired parasites. To eliminate other
factors that have influenced on pairing, pairing was
retested in three independent experiments.

Development of schistosomiasis
disease model

Four- to 6-week-old male Balb/c mice (mean weight
25 ± 2 g) were purchased from the Shanghai Center
for Experimental Animals and randomly divided into
three groups: 19 days, 28 days and 32 days groups. Each
group was subdivided into control, irrelevant siRNA
treatment and SjGCP s1 siRNA treatment groups. Each
mouse was challenged with 100 ± 10 normal Schistosoma
japonicum cercarie obtained from snails by abdominal skin
penetration.

SjGCP s1 siRNA treatment in infected
mice with S. japonicum

Starting at 11 days post-infection, each mouse in the
control, irrelevant siRNA and SjGCP s1 siRNA subgroups
of three groups (19, 28 and 32 days) was injected via
the tail vein with 0.1 ml of PBS, 400 µg/ml of irreverent
siRNA in PBS and 400 µg/ml of SjGCP s1 siRNA in PBS,
respectively. Mice in the 19 days group were injected at
11, 12, 13, 14, 15, 16, 17 and 18 days post-infection. At
14 and 15 days, the doses were doubled. Similarly, mice
in the 28 and 32 days groups were injected the same dose
at 11, 14, 17, 20, 23 and 26 days post-infection.

Evaluation of SjGCP silencing in
infected mice with S. japonicum

At 19, 28 or 32 days post-infection, the parasites in
each mouse of three groups were gently perfused using
sterile PBS and the number of single and paired parasites
was microscopically counted. Parasites isolated from the
19 days group were processed for semi-Q RT-PCR and
immunofluorescence analysis. However, parasites from
the 32 days group were processed for real-time RT-PCR
and western blotting using the methods described above.
The percentages of reduction or pairing inhibition were
calculated by the formula:

Y = 100 − (2∗a/(b + c)∗100)

Where Y is percentages of reduction (pairing inhibi-
tion); a is average number of worms (percent pairing)
in siRNA treated groups; b is average number of worms
(percent pairing) in untreated groups; c is average num-
ber of worms (percent pairing) in irrelevant siRNA treated
groups.

Statistical analysis

Statistical analysis of data was performed to compare
the differences among each group (SjGCP siRNA versus
untreated and SjGCP siRNA versus irrelevant) using
Student’s t-test.

Results

siRNAs transfection efficiency

siRNA transfection efficiency in parasites was determined
by soaking the schistosomes with fluorescent siRNAs. As
shown in Figure 1, at 3 h post-treatment, there were
strong fluorescence signals in the parasites, particularly
in oral and ventral acetabular glands (Figure 1c).

Effect of in vitro RNAi on SjGCP at the
transcript level

As shown in Figure 2, SjGCP siRNA duplexes showed
varying degrees of SjGCP silencing efficiency, in the
range 5–84% (Figure 2). s1 siRNA produced a 20%
and 84% reduction and s3 siRNA produced a 34% and
84% reduction at 50 nM and 200 nM, respectively, at
3 days post-treatment. By contrast, the effect of s2 siRNA
was dose-independent and produced a 74% reduction at
the transcript level (Figures 2a and 2b). Similarly, SjGCP
reduction at 7 days post-siRNA treatment was in the range
5–67% at 50 nM and 200 nM siRNA concentrations,
respectively (Figure 2c and 2d). However, the irrelevant
siRNA (SARS siRNA) treatment did not significantly alter
the levels of SjGCP transcript. Real-time RT-PCR further
confirmed that s1 siRNA led to a 38–72% SjGCP reduction
at the transcript level (Figure 2e). The best silencing
effect was obtained with s1 siRNA duplex at 7 days post-
treatment.

Effect of in vitro siRNA silencing on
SjGCP at the protein level

Because siRNA is presumed to act directly on the transcript
of targeted gene, the effect of siRNA silencing on SjGCP at
the protein level was also examined by western blotting.
As shown in Figure 3a, SjGCP protein was significantly
inhibited in parasites at 3 days post-siRNA treatment.
We also evaluated SjGCP siRNA silencing at 7 days post-
siRNA treatment at the protein level, and, unlike SjGCP
inhibition at the transcript level, it was not significantly
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Figure 1. Soaking the parasite with fluorescent siRNA. Parasites were cultured for 3 h in culture medium containing unlabeled
siRNA and fluoresceine-labeled siRNA at a final concentration of 200 nM. Whole-mount parasites treated with unlabeled siRNA (a,
b) and fluoresceine-labeled (c, d) were examined using a Zeiss confocal microscope. The parasite treated with unlabeled siRNA
(a) was first used to adjust the parameters to remove autofluorescence. Os, oral sucker; Vs, ventral sucker

different between different SjGCP siRNA treatments (data
not shown).

Immunofluorescence patterns in
gynaecophoral canal in vitro culture
parasites

Immunofluorescence, which is a sensitive technique for
detecting protein expression, was used to examine the
level of SjGCP expression in SjGCP siRNA-treated and
control parasites at 7 days post-treatment. As shown in
Figure 3b, compared to control or parasites treated with
irrelevant siRNA, SjGCP siRNA treatment resulted in a
decrease of the fluorescence signal in the segment of the
gynaecophoral canal. Overall, s1 siRNA demonstrated the
best silencing effect among three SjGCP siRNAs.

Effect of SjGCP silencing at transcript
and protein levels in parasites
collected from mice infected with
S. japonicum and then treated with
SjGCP s1 siRNA

As shown in Figure 4, at 8 days post-s1 siRNA injec-
tion (19 days group) there was an approximately 90%
reduction in the transcript level as determined by semi-Q
RT-PCR analysis (Figure 4a). Similarly, immunofluores-
cence analysis also showed significant suppression of

SjGCP protein in this group (Figure 4b). The SjGCP silenc-
ing effect of s1 siRNA on parasites isolated from the
32 days group mice is shown in Figures 4c and 4d, as
determined by real-time RT-PCR and western blotting,
respectively. The injection of 2′-O-methyl sugar modified
SjGCP s1 siRNA led a significant reduction in both SjGCP
transcript (64%) and protein levels.

Effect of SjGCP silencing on pairing
in vitro culture and on parasite burden
and pairing in infected mice

The effect of SjGCP silencing on parasite paring in vitro is
shown in Table 2. A significant reduction in male–female
pairing was observed by SjGCP siRNA treatment.
However, such inhibition was variable for different siRNAs
or their concentration (Table 2). A complete abolition of
pairing was observed in parasites treated with a high
concentration (200 nM) of s1 and s2 siRNA treatment at
7 days post-treatment. Moreover, there was no other clear
phenotypic alternation in cultured parasites at 7 days
post-treatment. Comparable results were also obtained in
two additional independent experiments.

The effect on pairing and parasite burden of the
systemic administration of SjGCP s1 siRNA in mice
infected with S. japonicum is shown in Table 3. Consistent
with the SjGCP siRNA-induced reduction in parasite SjGCP
at transcript and protein levels, s1 siRNA treatment of the
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Figure 2. Effect of in vitro RNAi on SjGCP at the transcript level. (a) Semi-Q RT-PCR analysis at 3 days post-treatment. (b) Image
from (a) analyzed by Smartview software. Each value in the column is the ratio of the optical density of SjGCP and beta tubulin.
(c) Semi-Q RT-PCR analysis of at 7 days post-treatment. (d) Image from (c) analyzed by Smartview software. (e) Real-time RT-PCR
analysis of SjGCP s1 siRNA at 3 and 7 days post-treatment. Data are expressed as the mean ± SD of triplicate experiments

infected mice resulted in a 52% and 27% reduction in
pairing and parasite burden, respectively, in the 19 days
groups. The use of 2′-O-methyl sugar-modified s1 siRNA
led to a 74%, 38% and 7.2% reduction in pairing at 19, 28
and 32 days post-infection, respectively. By contrast, the
parasite burden in the mice was reduced by 20%, 35% and
36%, respectively, at 19, 28 and 32 days post-infection by
this siRNA treatment. Moreover, the mice survival rates
were unaffected (data not shown).

Discussion

In the present study, we selected three SjGCP siRNAs
(s1, s2 and s3) based on the position of the SjGCP

transcript. They silenced SjGCP expression at the
transcript and protein levels in schistosomes. Pairing
of s1 siRNA in the middle of SjGCP mRNA away from
potential mRNA binding proteins sites could represent
a possible reason for its relatively superior silencing
efficacy.

We used a simple soaking method for siRNA trans-
fection in the present study because it does not cause
much stress and physical damage to the parasites. We
also attempted to transfect siRNA into the parasites
after complex formation with Lipofectamine (Invitrogen).
However, the reagent was toxic to the cultured para-
sites and subsequently led to parasite death (data not
shown), which was also noted by Krautz-Peterson et al.
[34]. Soaking the parasites with fluorescein-labeled siRNA
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Figure 3. Effect of RNAi on SjGCP at the protein level. (a) Western blot analysis at 3 days post-treatment. (b) Immunofluorescence
patterns in the male gynaecophoral canal at 7 days post-treatment. The arrow shows the side of the gynaecophoral canal in
schistosomes; data are the representative results of 20 male worms examined in each treatment

for 3 h indicated that there were strong fluorescence
signals in the whole parasites, particularly in oral and
ventral acetabular glands (Figure 1). This observation is
consistent with the results obtained by Krautz-Peterson
et al. [34], who demonstrated that siRNA in young schis-
tosomes appeared to enter primarily into the pre- and
post-acetabular glands.

Although a significant SjGCP suppression was observed,
the silencing effect was better for short-term transfection
(3 days versus 7 days). This may be due to: (i) the
unstability of naked siRNA as noted by Krautz-Peterson
et al. [34] and (ii) the fact that target gene mRNA
levels are higher to begin with [35]. The appearance
of some SjGCP protein in immunofluorescence and
western blotting studies probably suggests incomplete
SjGCP mRNA silencing, such that the unsilenced portion
translated into protein. Because the SjGCP antibodies
obtained from rabbit by immunizing the full length
recombinant SjGCP are polyantibodies, it was not

surprising to observe some weak noise in the fluorescence
signal in an area other than the gynaecophoral canal
(e.g. the protruding part of the schistosomes). This could
also be due to direct exposure of this part to fluorescent
light.

It has been reported that pairing between male and
female worm in S. japonicum usually taked place after
14 days post-infection in the final host [36]. Thus, there
might be incomplete pairing at 7 days post-treatment
in vitro. This could one of the possible reasons why less
pair numbers were obtained than expected theoretically.
This might also be due to the difference in the habitat for
parasite in culture and in the live host. Furthermore, the
type and concentration of nutrients in media, culturing
environment and the parasite density might have had
some influence in pairing in vitro. To eliminate the
influence of such intangible factors and to corroborate
the in vitro result, siRNAs were administered in the mice
infected with S. japonicum. Pereira et al. [37] also used a
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Figure 4. RNAi effect of SjGCP s1 siRNA at the transcript and protein levels in parasites isolated from mice infected with S. japonicum
that were administered s1 siRNA. (a) Semi-Q RT-PCR analysis at 19 days post-infection. (b) Immunofluorescence patterns in the
male gynaecophoral canal at 19 days post-infection, where the arrow shows the side of the gynaecophoral canal of schistosomes;
data are the representative results obtained from ten male worms examined in each treatment. (c) Real-time RT-PCR analysis
at 32 days post-infection; data are expressed as the mean ± SD of triplicate experiments. (d) Western blot analysis at 32 days
post-infection

similar method to deliver siRNA in the infected mice with
Schistosoma mansoni to silence hypoxanthine-guanine
phosphoribosyltransferase. At 6 days post-treatment, a
significant reduction in target mRNA was also observed
and the total number of parasites was reduced by
approximately 27% [37]. In the present study, upon
systemic administration of siRNA in the infected mice with
S. japonicum, reductions in parasite pairing and burden
were observed. Moreover, relatively better inhibition was
observed in the 19 days group by injecting 2′-O-methyl
modified siRNAs compared to unmodified siRNAs. This
could be due to 2′-O-methyl modified siRNAs being
more stable and resistant to nuclear degradation [38].

We administered a double dose at 14 and 15 days
post-infection in the 19 days groups because parasites
usually initiate male–female pairing at that period of
time. After applying a smaller total dose of 2′-O-methyl
modified siRNAs, considerable reductions were also
observed in the 28 days and 32 days groups. It remains
to be determined in future studies how much siRNA was
taken up in the parasite. We also plan to determine the
effect of SjGCP silencing and siRNA dosage for achieving
the best inhibition of male–female pairing in infected
mice.

To date, the most acceptable hypothesis concerning
the biological functions of pairing is the separation of
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Table 2. Effect of in vitro SjGCP inhibition on parasite pairing at
7 days post-siRNA treatment

Group Subgroup

Number of
parasites

(mean
± SD)

Number of
pairs

(mean
± SD)

Percent
inhibitiona

Control∗ Untreated 108 ± 10 12 ± 4 0
Irrelevant, 50 nM 99 ± 15 10 ± 3 0
Irrelevant, 200 nM 94 ± 18 8 ± 3 0

Test SjGCP s1, 50 nM 105 ± 11 4 ± 2 60
SjGCP s1, 200 nM 86 ± 17 0 100
SjGCP s2, 50 nM 101 ± 8 6 ± 4 40
SjGCP s2, 200 nM 79 ± 20 0 100
SjGCP s3, 50 nM 110 ± 5 8 ± 4 20
SjGCP s3, 200 nM 104 ± 9 4 ± 2 60

∗For statistical average of the worm number/number of pairing in
untreated, irrelevant 50 nM and irrelevant 200 nM was used as the control
values (consideration as 100% uninhibition). aCalculated by multiplying
(×100) the ratio of the average number of pairing in SjGCP siRNA-treated
groups to the control (statistical mean of the number of pairing in
untreated, irrelevant 50 nM and irrelevant 200 nM siRNA-treated) groups.
The value obtained was subtracted from 100. Data are expressed as the
mean ± SD of three independent experiments.

labour in sexually dimorphic schistosomes. The male
schistosome ensures the survival of females by providing
physical transportation and musculature to aid feeding
and other maturation factors. SjGCP contains multiple
short, conserved repeat regions with a sequence similar
to the developmentally regulated neural cell adhesion
molecule fisciclin I [28,35], suggesting that SjGCP may
have implications for the development of schistosome. In
the present study, we demonstrated that siRNA-mediated
SjGCP silencing has an influence on early male–female
pairing and on parasite burden in mice infected with
S. japonicum. Our results show that SjGCP silencing led
to a significant inhibition of parasite pairing (52% for
unmodified siRNA and 74% for 2′-O-methyl modified
siRNAs) in mice at 19 days post-infection. Although SjGCP
has been significantly suppressed both at transcript and
protein levels (Figures 4c and 4d), there was only a 7.2%
pairing inhibition at 32 days post-infection. Furthermore,
the reduction of parasite burden increased to 36%

instead. The significant reduction in parasite burden
was also probably due to the fact that an unpairing
parasite could not survive as a single adult parasite in
a final host. Our results suggested that SjGCP likely
plays multiple roles in the schistosome. SjGCP is likely
to be involved in early male–female pairing. SjGCP also
likely plays an important role in parasite development.
The silencing of SjGCP could postpone parasite pairing
and affect subsequent development. It will be interesting
to further characterize the effect of SjGCP silencing
on the development of the reproductive system, sexual
maturation and/or egg production in schistosomes in
future studies.

In summary, siRNAs targeting SjGCP silenced SjGCP
at the transcript level as well as the protein level,
eventually reducing parasite pairing and parasite burden
in mice infected with S. japonicum. Our preliminary
results demonstrate that the SjGCP plays important
roles in parasite pairing and subsequent development
in S. japonicum, and that its silencing might have
potential as a therapeutic approach for controlling
schistosomiasis.
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Table 3. Effect of SjGCP s1 siRNA-induced SjGCP inhibition on burden parasites and parasite pairing at 19, 28 and 32 days
post-infection in mice challenged with S. japonicum, followed by injection of siRNAs

Worm number Pairing

Group Subgroup

Number of
parasites

(mean ± SD) % Reduction

Number of
pairs

(mean ± SD) % Pairing % Inhibition

19 days Untreated (n = 7) 37 ± 20 0 14 ± 6.8 76.8 ± 9.4 0
Irrelevant (n = 7) 34 ± 15 0 12 ± 4 74.3 ± 14.3 0
SjGCP s1 (n = 7) 30 ± 6 27 5 ± 2 36.3 ± 11.4 52 p < 0.05
SjGCP cm s1 (n = 5) 29 ± 5 20 3 ± 1 19.6 ± 5.3 74 p < 0.05

28 days Untreated (n = 8) 46 ± 3 0 20 ± 5 89.4 ± 6.9 0
Irrelevant (n = 8) 63 ± 5 0 28 ± 5 88.9 ± 6.9 0
SjGCP cm s1 (n = 8) 38 ± 6 35 p < 0.05 13 ± 3 55.47 ± 15.6 38 p < 0.05

32 days Untreated (n = 8) 50 ± 7 0 24 ± 6 98.5 ± 3.3 0
Irrelevant (n = 8) 53 ± 11 0 26 ± 3 98.3 ± 2.4 0
SjGCP cm s1 (n = 8) 34 ± 9 36 p < 0.05 16 ± 4 91.6 ± 7.7 7.2 p > 0.05

n, number of mice per group; s1, unmodified s1 siRNA; cm s1, chemically modified s1 siRNA.
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