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Proteomic Analysis of Schistosoma japonicum
Schistosomulum Proteins that are Differentially
Expressed Among Hosts Differing in Their
Susceptibility to the Infection*
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Schistosomiasis is a tropical, parasitic disease affecting
humans and several animal species. The aim of this study
was to identify proteins involved in the growth and sur-
vival of the parasitic forms inside a host. Schistosomula of
Schistosoma japonicum were isolated from three different
hosts: the susceptible BALB/c mice; the Wistar rats,
which have a considerably lower susceptibility; and the
resistant reed vole, Microtus fortis. Soluble proteins of the
schistosomula collected from the above three hosts 10
days postinfection were subjected to two-dimensional
difference gel electrophoresis. Comparative proteomic
analyses revealed that 39, 21, and 25 protein spots were
significantly differentially expressed between schistoso-
mula from mice and rats, mice and reed voles, or rats and
reed voles, respectively (ANCOVA, p < 0.05). Further, the
protein spots were identified by liquid chromatography-
tandem MS. Bioinformatics analysis showed that the dif-
ferentially expressed proteins were essentially those in-
volved in the metabolism of proteins, ribonucleotides, or
carbohydrates, or in stress response or cellular move-
ment. This study represents the first attempt at profiling S.
japonicum living in different states and provides a basis
for a better understanding of the molecular mechanisms
in the development and survival of S. japonicum in differ-
ent host environments. Molecular & Cellular Proteomics
10: 10.1074/mcp.M110.006098, 1-11, 2011.

Schistosomiasis is one of world’s most prevalent tropical
diseases caused by parasitic blood flukes. It is estimated that
the disease afflicts more than 200 million individuals in 74
developing countries, with 200 thousand deaths per year and
more than 600 million people facing a risk of infection (1, 2).
Currently, the main strategy for schistosomiasis control relies

From the $Shanghai Veterinary Research Institute, Chinese Acad-
emy of Agricultural Sciences, Key Laboratory of Animal Parasitology,
Ministry of Agriculture of China, Shanghai 200241, P.R. China; §Col-
lege of Veterinary Medicine, Nanjing Agricultural University, Nanjing,
Jiangsu, 210095, P.R. China

Received November 5, 2010, and in revised form, March 22, 2011

Published, MCP Papers in Press, May 18, 2011, DOI 10.1074/
mcp.M110.006098

on praziquantel-based morbidity control. However, chemo-
therapy does not prevent re-infection. Moreover, drug resis-
tance has been noted as some isolates of Schistosoma man-
soni showing resistance to high doses of praziquantel were
found in Egypt (3). In addition, for individuals with a high worm
burden, transition to severe and irreversible pathology cannot
be prevented by chemotherapy at this late stage (4). Thus, a
vaccine or a new drug against schistosomiasis is desirable as
a strategic tool for the control of this disease (5), but none are
currently available for practical use (6).

Proteomic analysis is a powerful tool to screen samples
derived from pathogens and identify proteins that are possibly
involved in pathogenesis. This technique had been applied to
identification of schistosome proteins from complex samples
or to study differential expression of schistosome proteins
(7-9). This approach has uncovered an interesting and a wide
array of schistosome antigens. For example, proteins ex-
pressed in different life cycle stages (8) and genders (7),
tegument and secretion proteins etc. (10-12) have been iden-
tified. All the previous investigations focused on worms from
rabbits, mice, or other susceptible hosts. Here we present a
comparative analysis of protein expression in worms isolated
from three different kinds of hosts: susceptible, unsuscep-
tible, and resistant. The results of this analysis will be helpful
in identifying the molecules which may be essential to the
survival and development of the schistosomes, and may
therefore be new candidates for a vaccine or drug targets for
the control of schistosomiasis.

It was reported that in China S. japonicum can infect more
than 40 kinds of mammals including cattle, sheep, goat, rab-
bit, and mice, which are susceptible to the infection, and
some others such as water buffalo, pig, and rat, which are less
susceptible as indicated by the observations that worms ex-
hibit a low developmental rate and a smaller worm size in
these hosts. The reed vole or Microtus fortis, is the only
mammal reported so far in which the schistosome cannot
develop and thus do not have any significant pathological
effects (13-16). As reported earlier, growth and survival of the
worms was extremely poor in M. fortis 15 days after a chal-
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lenge with cercariae (14). This may be that M. fortis developed
a stronger immune response and more severe pathological
lesion in response to the schistosomes during the early phase
of the infection (17). Different hosts provide a distinctive en-
vironment for the schistosome, which impacts the survival
and development of the parasite. Protein expression variation
in schistosome would be influenced directly by the develop-
ment of worms in different hosts, and some of the proteins
that are differentially expressed in worms from different hosts
may be key molecules required for the survival of the worms,
and the establishment of the parasite. In this study, schisto-
somula of S. japonicum were recovered 10 days postinfection
from the susceptible host, mouse, or the unsusceptible host
rat or the nonpermissive host M. fortis. Soluble proteins ex-
tracted from the schistosomula were compared by the robust
and quantitative two-dimensional-differential gel electropho-
resis (2D-DIGE)" technique. Proteins that were highly and
differentially expressed were selected for identification by
mass spectrometry combined with bioinformatics. The pur-
pose of this study was to identify proteins that may perform
functions that may be important for the survival and develop-
ment of the schistosome. A comparative proteomic analysis
of schistosomula from rodent hosts differing in their suscep-
tibility to infection is likely to provide valuable information for
screening potential vaccine candidates or new drug targets
for the control of the disease.

MATERIALS AND METHODS

Worm Collection—BALB/c mice (body weight, ~25g each) and
WISTAR rats (body weight, ~150g each) were purchased from
Shanghai laboratory animal center at the Chinese Academy of Sci-
ences (Shanghai). Microtus fortis (body weight, ~60g each) were
purchased from Shanghai Xipu’er-bikai Experimental Animal Co., Ltd
(Shanghai). They were raised in a sterilized room and feed sterilized
food and water. The study protocol was approved by the Animal Care
and Use Committee of the Shanghai Veterinary Research Institute,
Chinese Academy of Agricultural Sciences.

The S. japonicum (Chinese strain) life-forms were maintained in
Oncomelania hupensis snails and New Zealand rabbits at our Insti-
tute. Cercariae were collected by exposing infected snails to light to
induce shedding. Cercarial numbers and viability were determined by
direct observation under a light microscope.

BALB/c mice, Wistar rats and M. fortis were infected with 200,
2000, or 3000 cercariae, respectively. Schistosomula were obtained
by perfusion of infected mice, rats, and M. fortis 10 days postchal-
lenge. The worms were manually washed in phosphate buffered
saline at 37 °C in order to remove any residual host proteins. The
worms obtained from Wistar rats, BALB/c mice and M. fortis were
designated as A, B, and C, respectively. After collection they were
snap frozen and stored in liquid nitrogen until use.

Protein Extraction—Lysis buffer (pH 8.5) containing 7 M urea, 2 M
thiourea, 65 mm Tris, 2% dithiotreitol (DTT), 4% 3-[(3-cholamidopro-

" The abbreviations used are: 2D-DIGE, two-dimensional differen-
tial del electrophoresis; DTT, dithiotreitol; CHAPS, 3-[(3-cholamido-
propyl)dimethylammonio]propanesulfonate; MALDI, matrix-assisted
laser desorption ionization; TOM, translocase of the outer mitochon-
drial membrane; HSP, heat shock protein.

TABLE |
Experimental design for protein labeling. Proteins of schistosomula
recovered from Wistar rats (A), or BALB/c mice (B), or Microtus fortis
(C) after 10 days of infection. IS, Internal Standard

Gel 1 Gel 2 Gel 3 Gel 4 Gel 5 Gel 6
Cy2 IS IS IS IS IS IS
Cy3 A B C B C A
Cy5 B C A A B C

pyl)dimethylammonio]propanesulfonate (CHAPS), 0.2% IPG buffer
(GE Amersham Biosciences, now GE Healthcare, Chalfont St. Giles,
Buckinghamshire, UK) and 0.1% v/v protease inhibitor mixture
(Merck, Darmstadt, Germany) was added into the tubes containing
frozen schistosomula. The worms were ground using Sample Grind-
ing Kit (GE Healthcare). Cell disruption was achieved by sonication at
80 W for 10 s X 5 with intervals of 15 s, followed by the addition of
lysis buffer to a final volume of 1 ml. Samples were maintained on ice
during these procedures. The mixture was then centrifuged at 12,000
rom for 40 min at 4 °C to remove insoluble material. The protein
content in the supernatant was quantified by the Bradford method
using Bio-Rad protein assay reagent. Samples of aliquots were stored
at —80 °C until use in proteomic analysis.

Protein Labeling with DIGE Dyes—The three protein samples were
labeled using fluorescent CyDyes™ (Cy2, Cy3, and Cy5) developed
for DIGE (GE Healthcare). The dyes were designed to ensure that a
given protein originating from different samples would have the same
relative mobility regardless of the dye used to tag them. The rationale
for using a pooled internal standard with DIGE to control for gel-to-gel
variation has been described in detail elsewhere (18, 19).

The experimental design using the three-dye approach is illustrated
in Table I. Fifty micrograms of an internal standard (IS) containing an
equal amount of A, B, and C group proteins were labeled with 400
pmol Cy2. Fifty micrograms each of A, B, and C group protein
samples were labeled with 400 pmol Cy3 or Cy5. Dye swap among A,
B, and C protein samples was carried out to avoid artifacts due to
preferential labeling.

Protein samples were maintained on ice and fluorescently labeled
in the dark for 30 min. The reaction was then quenched by incubating
with 1 ul of 10 mm L-lysine (GE Amersham Biosciences) on ice in the
dark for 15min.

2D-DIGE—For each gel, Cy2-, Cy3-, or Cy5- labeled proteins (50
g each) were pooled and an equal volume of rehydration buffer (8 m
urea, 4% CHAPS, 2% DTT and 2% IPG buffer pH 3-10) was added
so that the final concentrations of DTT and IPG buffer was 1%. The
pooled protein samples were subjected to isoelectric focusing carried
out on nonlinear IPG strips, 13 cm long, pH 3-10 (GE Healthcare),
rehydrated at 30 V for 12 h at room temperature. isoelectric focusing
was conducted at 500 V for 1 h, followed by 1000 V for 1 h, then 8000
V 10 h to reach a total of ~60-80 Kvh using the Ettan Il IPG-phor
apparatus (GE Healthcare).

After the IEF run was completed, strips were equilibrated under
gentle shaking in two steps of 10 min each, first in equilibration buffer
1 (1% DTT, 50 mm Tris-HCI, pH 6.8, 6 M Urea, 30% Glycerol, 2% SDS
bromphenol blue) and then in equilibration buffer Il (same as equili-
bration buffer |, except that DTT was increased to 2.5%,). Equilibrated
strips were loaded onto a 12.5%, pH 8.8, 13 cm polyacrylamide gel
with a1 cm, 4%, pH 6.8 stacker gel. The second-dimension gels were
cast between low fluorescent Pyrex glass plates (GE Healthcare) to
minimize background fluorescence during scanning. The strips were
overlaid with 1% agarose in SDS running buffer containing 5 mg of
bromphenol blue. The gels were run at 15 mA for 15 min and then at
30 mA at 20 °C in dark until the bromphenol blue dye front had
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TABLE Il
Primer sequences and amplicon lengths of RT-PCR products of target genes. Transcript levels were normalized relative to those of NADH
dehydrogenase
Spot ID Target genes Primers Amplicon length (bp)
435 putative protein disulfide isomerase-associated 3 FP: 5" GCTCCTTGGTGTGGTCATTG 3’ 198
precursor RP: 5" TTGGTAAAGCATGGGTGAAGAC 3’
522 ATP synthase, H" transporting, mitochondrial F1 FP: 5" GGACAAATGAATGAACCACCAG 3’ 182
complex, beta polypeptide RP: 5 CCGACAGCACTAGGAATACG 3’
578 Mitochondrial import receptor subunit TOM34 FP: 5" GCCGTCTCATGCCATAGC 3’ 163
RP: 5" AGCATCGTCTGTGTAGTCTAAC 3’
790 phosphoglycerate kinase 1 FP: 5" GCCTTTGGAACAGCACATC 3’ 177
RP: 5" CAACTGGATCTTATCGCTAACC 3’
1212 proteasome subunit beta type 4 FP: 5" ACTCATGTGGACAACCTTC 3’ 182
RP: 5" ACACCAAGCATATTACAATACC 3’
1268 Thioredoxin peroxidase FP: 5 GCTGGTGGATTAGGACAAATG 3’ 200
RP: 5" AGAAGACGAATCGCCTCATC 3’
NADH dehydrogenase FP: 5" ATCCAAGTTGACGGTGTTC 3’ 174

RP:

5" GCAGCTATCATTTCATCTTCAG 3’

migrated out of the gels. A running buffer of 25 mm Tris, pH 8.3, 192
mm glycine, and 0.1% SDS was used.

Image Acquisition, Analysis, and Processing—The gels were
scanned using a Typhoon 9400 Variable Mode Imager (Amersham
Biosciences). Excitation and emission wavelengths for Cy2, Cy3, and
Cy5 were 488/520, 532/580, and 633/670 nm, respectively. Gels were
scanned at 100 um resolution and the photo multiplier tube voltage
was set to values ranging between 500 and 700 V to ensure maxima
pixel intensity between 40,000 and 60,000 pixels for the three dyes.
Images were cropped using Image-Quant™ version 5.2 to remove
areas extraneous to the gel image.

Image gel analysis was carried out using the DeCyder software
(Version 6.5, GE Healthcare). The experimental setup and relationship
between samples were assigned using the DeCyder software. The
protein spots on gels were codetected automatically as 2D-DIGE
image pairs, which intrinsically link a sample to its in-gel standard.
Matching between gels was performed using the in-gel standard from
each image pair. The presence of a Cy2-labeled pooled internal
standard on every gel allowed accurate relative quantitation of protein
spot features across different gels. The estimated number of spots for
each codetection procedure was set to 2500. The gel with the highest
spot count was designated the master gel. A gel-to-gel matching of the
standard spot maps from each gel, followed by calculation of normal-
ized spot volumes and protein abundance and statistical analysis of
protein abundance change between samples was performed using the
DeCyder Differential In-gel Analysis and DeCyder Biological Variation
Analysis software module, setting Student’s t test to p < 0.05.

Two-dimensional Gel Excision, Tryptic Digestion, and Desalting—
Protein extracts were separated on preparative gels and proteins of
interest were recovered from the gels for identification. Proteins (800
ng) from A, B, or C samples were resolved on separate preparative
polyacrylamide gels and were visualized by staining with Coomassie
brilliant blue (Bio-Rad, Hercules, CA). All the differentially expressed
spots were selected and excised manually from the three preparative
gels. The excised gel pieces carrying the proteins of interest were
placed in a tube, destained for 20 min in 100mmol/L NH4HCO3/30%
acetonitrile and then lyophilized. All the lyophilized samples were
digested overnight with 12.5 ng/ul trypsin in 0.1 m NH,HCO, at
37 °C. The tryptic peptides were extracted three times with 50%
acetonitrile, 0.1% trifluoroacetic acid and dried completely by cen-
trifugal lyophilization.

Matrix-assisted Laser Desorption lonization (MALDI)-Time-of-Flight
(TOF) MS Analysis, Database Searches, and Bioinformatics Analysis —
The tryptic peptide samples were sent to Shanghai GeneCore Bio-

Technologies Co. Ltd. for MALDI-TOF-MS peptide mass fingerprint
analysis. Peptide mass fingerprint dates were submitted to MASCOT
Sequence Query server (http://www.matrixscience.com) for identifi-
cation against nonredundant NCBI database (http://www.ncbi.nim.
nih.gov/BLAST) and the S. japonicum sequence database (http://
lifecenter.sgst.cn/main/index.jsp). Identification required a MASCOT
confidence interval of 95%. The other search parameters were: cleav-
age enzyme, trypsin; fixed modification, carbamidomethyl (C); vari-
able modifications, oxidation (M); max missed cleavage, 1. Peptide
tolerance of 100 ppm; fragment mass tolerance of = 0.5 Da; and a
peptide charge of 1+ were considered significant. The criteria used to
accept protein identifications were based on the data of peptide mass
fingerprint, including the extent of sequence coverage, number of
peptides matched and probability score. Only high-scoring proteins
were accepted. Gene ontology (GO) annotations for identified pro-
teins based on BLAST results were performed using Blast2GO
(www.blast2go.de) and AmiGO (http://amigo.geneontology.org/
cgi-bin/amigo/go.cgi). The Blast2GO software was also used to com-
plement multiple identified proteins within the Kyoto Encyclopedia of
Genes and Genomes metabolic pathway maps (www.genome.
jp/kegg/).

Quantitative Real-time PCR Verification—Total RNA was isolated
from 10 day schistosomula obtained by perfusion of infected mice,
rats, or M. fortis. All RNA samples were first treated with RNase-free
DNase | (TaKaRa, Japan) to remove contaminating genomic DNA and
then purified using the RNeasy mini Kit (Qiagen, Germany) according
to the manufacturer’s instructions. The samples were quantitated by
spectrophotometry using Biophotometer (Eppendorf, Germany). Ten
micrograms of purified mMRNA of 10 day schistosomula from the three
different hosts were used as a template in a reverse-transcription (RT)
reaction performed with random hexamer primers and Superscript |
reverse transcriptase (Invitrogen) according to standard protocols.
The resulting cDNAs were used for quantitative PCR.

Quantitative real time PCR was conducted on triplicate samples
using SYBR Green tag (Takara, Japan) in a Rotor-Gene 3000A Dual
Channel Multiplexing System (Corbett Research, Australia). Primers for
gPCR were designed using Real-Time PCR primer design tool (Beacon
Designer 7) and the settings were adjusted to the highest possible
stringency to generate 100-200 bp amplicons as recommended (Table
Il). Transcript levels were normalized against the corresponding tran-
script levels of the gene encoding NADH dehydrogenase in the 10 day
schistosomula from the three different hosts.

Reaction conditions and cycling protocols were followed as de-
scribed in the SYBR green tag kit to add the fluorescent tag during
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FiGc. 1. Separation of total proteins extracted from 10 d schis-
tosomula of S. japonicum on two-dimensional electrophoresis
gels over the pH range 3-10. A, proteins extracted from 10 day

every final extension step. Negative (no template) controls were in-
cluded in each PCR run. Five positive controls of known concentra-
tion were included in every run to confirm consistent amplification.
Quantitation of relative differences in expression was calculated using
the Rotor-Gene version 6.0.38 software (Corbett Research, Australia)
(20, 21).

RESULTS

2D-DIGE Analysis of Differentially Expressed Proteins—
Schistosomula were isolated from three different hosts after
10 days of infection with S. japonicum cercariae. Soluble
proteins extracted from the schistosomula were compared by
the 2D-DIGE technique. A total of 1721 spots were matched
across four analytical gels and one preparative gel (Fig. 1A).
The analysis of 2D-DIGE revealed 54 spots that showed a
statistically significant (¢ test, p < 0.01) change in intensity
of > 1.2. Thirty-nine protein spots were found to be differen-
tially expressed between the 10 day schistosomula from mice
or rats, of which 27 were up-regulated and 12 were down-
regulated in schistosomula from mice (Fig. 1B). Twenty-one
protein spots were found to be differentially expressed be-
tween 10 day schistosomula from mice or M. fortis, of which
13 were up-regulated and eight were down-regulated in
schistosomula from mice (Fig. 1C). Six of the above proteins
appeared to be similarly regulated in rats or reed voles com-
pared with mice.

Identification of Differentially Expressed Proteins—The pro-
teins selected as differentially expressed were separated on a
preparative gel and visualized by staining with Coomassie
blue. Gel pieces containing the proteins of interest were ex-
cised and subjected to digestion with trypsin. Thus, 44 protein
spots were considered suitable for downstream analysis by
MALDI MS/MS, based on the amount of protein, matching
across gels, and the presence of the protein spot on the
preparative gels. Out of these, 41 protein spots which repre-
sented 33 proteins were successfully identified by MS and are
listed in Tables Ill and IV.

Quantitative Real-time PCR Analysis of Differentially Ex-
pressed Proteins—Six genes corresponding to the protein
spots designated 435, 522, 578, 790, 1212, and 1268 were
chosen for quantitative real-time PCR (gPCR) analysis to
quantify their transcript levels (Fig. 2). Two of the schistoso-
mula peptides appeared to be down-regulated in both rats
and reed voles compared with mice, namely 578 and 1212,
which had been identified as the mitochondrial import recep-
tor subunit TOM34 and proteasome subunit beta type 4,
respectively (Tables Ill and V). In contrast, other spots were
down-regulated in rats alone (790); or up-regulated in rats
(435 and 1268) or in reed voles (522). The gPCR results were

schistosomula were separated on preparative gel visualized by Coo-
massie brilliant blue staining. B, proteins differentially expressed in
schistosomula recovered from rats compared with those from mice.
C, proteins differentially expressed in schistosomula recovered from
M. fortis compared with those from mice.
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Fic. 2. Confirmation of transcriptional regulation of differentially expressed proteins by real-time RT-PCR. Transcript levels corre-
sponding to six (spot IDs: 435, 522, 790, 1268, 1212, and 578) out of the 33 differentially expressed proteins in schistosomula isolated from
mice, rats or reed voles (M. fortis) are presented relative to those corresponding to NADH dehydrogenase in the same host.

consistent with those of the DIGE studies, and suggested that
these proteins identified as differentially expressed were reg-
ulated at transcriptional level.

Gene Ontology Annotation—To better understand the bio-
logical functions of the 33 differentially expressed proteins,
Gene Ontology Annotation was performed. The annotated S.
japonicum proteins from the NCBI nonredundant database
were analyzed by the Blast2GO and AmiGO servers initially.
Each identified known protein was classified according to its
GO functional annotation. These differentially expressed pro-
teins were essentially those involved in metabolism of pro-
teins, ribonucleotides or carbohydrates, or in stress response
or cytoskeleton/movement (Fig. 3). Mitochondrial import re-
ceptor subunit TOM34 protein, proteasome subunits, eno-
lase, heterogeneous nuclear ribonucleoprotein K, and actin
5C protein were highly expressed in the susceptible host,

mice compared with the unsusceptible host, rats or the re-
sistant host, M. fortis. In contrast, cysteine protease inhibitor,
aldolase, and heat shock 70 kDa protein were relatively
highly expressed in rats or M. fortis compared with mice.
Most of the differentially expressed proteins were involved
in important biological functions. The analysis also revealed
that the proteins of 10 day schistosomula that were differ-
entially expressed between rats and mice were mainly re-
lated to protein (40%) or carbohydrate metabolism (26%),
while those differentially expressed between M. fortis and
mice were mainly related to protein (53%) or ribonucleotide
metabolism (23%).

DISCUSSION

Schistosomulum is a critical stage for the development and
maturation of schistosome. The parasites in this stage un-
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regulation of gene
expression

Fic. 3. Pie charts showing the gene
ontology (GO) distribution of differen-
tially expressed proteins of schistoso-
mula from three host species, ac-
cording to major biological process
categories. A, proteins differentially ex- B
pressed in schistosomula recovered
from rats compared with those from
mice. B, proteins differentially expressed
in schistosomula recovered from M. for-
tis compared with those from mice.

dergo a number of morphological changes and physiological
adaptations in their mammalian definitive hosts, and finally
develop into mature adult worms. Several research groups
have focused on the schistosomulum transcriptome or pro-
teome with the purpose of identifying key molecules that are
differentially expressed at this stage and which may therefore
be essential for the survival and development of schistosome
(8, 22-25). These studies have provided valuable information
for screening vaccine candidates and new drug targets.

In recent years, the proteomic approach has been success-
fully applied to schistosome protein analysis (26), and has
proved to be a powerful technique for the detection and
identification of proteins specific to the schistosome stage of
the parasite. In this study, we report for the first time a
comparative proteomic analysis of proteins of 10 day schis-
tosomula isolated from three different types of hosts: the
susceptible host, BALB/c mice, unsusceptible host, Wistar
rats, and resistant host, M. fortis. The proteins that were
differentially expressed among the schistosomula from these
hosts were selected for further identification by MALDI-MS/
MS. GO analysis and other bioinformatic techniques were
applied to predict the possible function of differentially ex-
pressed proteins. The analyses revealed that some of these
proteins might possess important biologic functions affecting
the living status of the schistosome and many were essential
for the survival of schistosome. The distinctive expression of
some of these molecules possibly influence the survival of the
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worms, such that they grow well in BALB/c mice, poorly in
Wistar rats, or die within 2 weeks in M. fortis.

Proteomic maps showed that there were 39 schistosomu-
lum proteins differentially expressed between mice and rats,
and 21 between mice and M. fortis. GO analysis revealed that
most of the differentially expressed proteins were mainly in-
volved in five categories of cellular processes as discussed
below.

The first category consists of proteins involved in metabolic
processes. Successful development of schistosome in the final
host requires a series of structural, biochemical, and physiolog-
ical changes. These changes depend to a large degree on the
synthesis and degradation of proteins, and are critical to the
development and maturation of the schistosome.

Extensive studies with lower eukaryotes have led to the
identification of many components of the protein import ma-
chinery, including proteins termed as translocases of the
outer mitochondrial membrane (TOM proteins) (27). TOM34 is
a cytosolic protein with chaperone-like activity that helps
import certain preproteins to the mitochondria by keeping
them in an unfolded, import-compatible state. TOM34 was
found to be up-regulated frequently in colorectal tumors, sug-
gesting that it has a role in the growth of cancer cell (28).
Exogenous addition of the soluble domain of TOM34 and
antibodies against this protein strongly inhibit in vitro mito-
chondrial import of several preproteins (29). In our study,
Tom34 was down-regulated in schistosomula from both rats

10.1074/mcp.M110.006098-8
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and M. fortis compared with mice. The down-regulation of
TOM34 may result from an inability of the schistosome to
grow and develop normally in unsusceptible hosts, rats and
resistant hosts, M. forti, thereby affecting mitochondrial im-
port of preproteins in the worms.

In eukaryotic cells, the turnover of intracellular proteins is
mediated primarily by the ubiquitin-proteasome system (30).
The 26S proteasome is a complex of ubiquitin-proteasome
proteolytic pathway responsible for degradation of proteins
that are naturally unfolded, mutated, or oxygen-damaged (31,
32). Many studies have indicated that the proteasome may
play an important role in the development and survival of
schistosome (33). In this study, the 26S proteasome subunit
beta type 4 was found to be down-regulated in schistosomula
from rats and M. fortis, and subunit ATPase 3 was also found
to be down-regulated in schistosomula from M. fortis, com-
pared with mice. Though down-regulation of subunit beta
type 4 and subunit ATPase 3 seems unrelated to the protease
activity provided by subunit beta types 1, 2, and 5 (30), we
deduce that the expression of these active subunits are also
likely down-regulated although were not identified in the pres-
ent work. The down-regulation of the 26S proteasome might
affect the development of schistosomes through influencing
the cell cycle progression, transcriptional control, and other
critical cellular processes in the worms (34).

The second category of differentially expressed proteins
comprises of those related to carbohydrate metabolism. Like
all parasitic helminths, the schistosomula as well as adult
schistosomes depend largely on anaerobic energy metabo-
lism for their growth and development (35). Schistosomes
absorb copious amounts of host sugar, consuming glucose
equivalent to their dry weight, every five hours (36). They seem
to employ several enzymes in carbohydrate metabolism, and
glycolysis leading to lactic acid production is an important
energy pathway for schistosomes (35). Therefore, glycolytic
enzymes are essential and important for the survival of the
parasite. The results of this study revealed that pyruvate ki-
nase (Pkm2) and pyruvate dehydrogenase family proteins
were up-regulated, while enolase and phosphoglycerate ki-
nase family molecules were down-regulated in 10 day schis-
tosomula from rats. The up-regulation of pyruvate kinase and
pyruvate dehydrogenase could enhance phosphoenolpyru-
vate conversion to pyruvate, and then to 2-hydroxyethyl-
ThPP, lactate or other products. The down-regulation of
phosphoglycerate kinase and enolase is deduced to suppress
the 1.3-2-phosphoglycerate converting to phosphoenolpyru-
vate. The results suggested that the change of these gene
expressions may effect the parasite survival and development
by affecting the homeostasis of carbohydrate metabolism in
the worms.

The third category corresponds to the molecules associ-
ated with the ribonucleotide metabolic processes and tran-
scription and translation machinery. Heterogeneous nuclear
ribonucleoprotein (hnnRNP), one of the most important RNA-

binding proteins, binds to mMRNA precursors concomitant with
transcription and forms ribonucleoprotein complexes essen-
tial for post-transcriptional events (37). ATP-dependent RNA
helicases are implicated in all aspects of cellular RNA metab-
olism and promote unwinding of RNA during splicing and
translation. Nucleoside diphosphate kinase (NDK) generates
nucleoside triphosphates from respective diphosphates other
than ATP. In the present study, heterogeneous nuclear ribo-
nucleoprotein K and DEAD box ATP-dependent RNA heli-
cases were down-regulated in schistosomula from rats com-
pared with those from mice; while hnRNP A1 and NDK were
down-regulated in schistosomula from M. fortis compared
with those from mice. The down-regulation of these mole-
cules in schistosomula in rats and M. fortis could adversely
affect the ribonucleotide metabolism, transcription and trans-
lation processes of the worms in these two hosts, resulting in
poor growth and survival or death.

The fourth category of differentially expressed proteins con-
sists of stress-associated proteins. Stress responses in all
organisms play an important role during cellular development.
This is particularly true for a schistosome during the introduc-
tion of schistosomula into the immune-hostile environment of
the mammalian host (22). In humans, heat-shock proteins are
over-expressed when schistosomes are exposed to signifi-
cant levels of stress (38). In the present study, HSPs, similar to
HSP70 and HSP10 were up-regulated in schistosomula from
rats. HSP70 protein is considered as the predominant HSP
family and plays the key regulatory role in parasite develop-
ment and pathogenesis (39). High expression of HSP70 in
schistosomes might be associated with the acquisition of heat
tolerance, or perhaps tolerance to other environmental
stresses related to the host immune response (22). In lung
schistosome and 24 h mechanically transformed schistoso-
mula, HSP70 protein is overexpressed compared with that in
adult schistosomes (24).

Rat probably provides a less suitable micro-environment for
the schistosomes and is hence an unsusceptible host. There-
fore, the up-regulation of HSP70 protein in 10 day schistoso-
mula from rats is a reasonable and expected response. In
recent research, the chaperone-like activity and the thermo-
tolerance of recombinant SjHSP70 was demonstrated, and a
recombinant SjHSP70 was able to elicit Th1-type bias im-
mune response and induce partial immuno-protection against
S. japonicum in mice as well (40). HSP10, also known as a
relatively small stress protein, usually works in conjunction
with a HSP60. The HSP10-HSP60 complex regulates the
transport of proteins across the mitochondrial membrane (41,
42). HSP70 also assists a large variety of proteins in folding
and or in the degradation of unstable proteins in the cell (43).
Thus, both HSP70 and HSP10 take part not only in a stress
response process but also in protein folding and metabolic
processes (44).

The last category identified in our differential screening
consists of cytoskeletal proteins and those required for cel-
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lular movement. Actin belongs to a highly conserved family of
proteins found in all eukaryotes and is a critical component of
the muscle system (45, 46). It was shown to be present on the
surface of schistosomula, in the muscle, tegumental tubercles
and spines of male and female adult worms (47-50). The
movement of schistosomes is accomplished through well-
developed muscular arrangements that are mainly facilitated
by tubulin and actin molecules (51). The down-regulation of
actin in schistosomula from both rats and M. fortis possibly
change the relatively complex muscle organization within the
body wall and have detrimental effects on movement of the
schistosomes. We deduce that this process may influence
the growth and development of schistosomes by inhibiting
the muscular system movement and thus leading to an ab-
normal state resulting in the death of worms.

In the present study, we applied DIGE and MALDI MS/MS
techniques to identify differentially expressed proteins of 10
day schistosomula from mice, rats and M. fortis. GO analysis
revealed that some of the differentially expressed proteins
had important functions that likely impact the survival and
development of schistosomes. The identification of these
molecules provides a new basis for a better understanding of
the developmental mechanism in the schistosome and sug-
gests new vaccine candidates or drug targets for the control
of schistosomiasis.
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