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Abstract

Schistosoma bovis, a parasite of ruminants, can live for years in the bloodstream in spite 

of the immune response of its host. The parasite tegument covers the entire surface of the worm 

and plays a key role in the host-parasite relationship. The parasite molecules involved in host 

immune response evasion mechanisms must be expressed on the tegument surface and are 

potential targets for immune or drug intervention. The purpose of the present work was to 

identify the tegumental proteomes of male and female S. bovis worms, in particular the proteins 

expressed on the outermost layers of the tegument structure. Adult worms of each sex were 

treated separately with trypsin in order to digest their tegumental proteins, after which the 

peptides released were analysed by LC-MS/MS for identification. This experimental approach 

afforded valuable information about the protein composition of the tegument of adult S. bovis

worms. A range of tegumental proteins was identified, most of which had not been identified 

previously in this species. Although an absolute purification of the proteins expressed on the

outermost layers of the tegument structure was not achieved, it is likely that present among the 

proteins identified are some of the molecules most closely associated with the tegument surface. 

Our study also suggests that there may be differences in the protein composition of the tegument 

of male and female schistosomes. Finally, the presence of actin and GAPDH on the surface of 

male and female worms and the presence of enolase exclusively on the surface of male worms 

were verified by confocal microscopy.
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1. Introduction

Blood flukes of the genus Schistosoma cause human and domestic animal disease in 

tropical and subtropical areas. There are three major species that infect humans -S. mansoni, S. 

japonicum and S. haematobium- and at least 10 species that infect domestic ruminants. Among 

these latter species, S. mattheei and S. bovis are those most studied owing to their veterinary 

significance [1, 2]. Studies on S. bovis are interesting from the perspectives of both veterinary 

and human medicine, since this species represents the genetic and immunological analogue of

the human pathogen S. haematobium [3].

Like human schistosomes, adult S. bovis worms can survive for a long time in the 

vascular system of the immune-competent host despite the specific immunological response of 

the latter [4]. Such a long survival time is possible because schistosomes have evolved diverse 

mechanisms to evade host immune responses, many of which are dependent on the properties of 

the parasite tegument [5]. The tegument of adult schistosomes is a unique outer-surface 

structure and consists of a cytoplasmic syncytium attached to underlying cell bodies by narrow 

cytoplasmic connections. The nuclei, ribosomes, endoplasmic reticulum, mitochondria and 

Golgi apparatus are located in these cell bodies, and their vesicular products -the so-called 

discoid bodies and multilaminate vesicles- are transported to the tegument syncytium via the 

connections. The apical surface of the tegument is made of normal plasma membrane overlain 

by a membrane-like secretion, which has been termed membranocalyx, by analogy with the 

glycocalyx of eukaryotic cells [6, 7].

This tegument covers the entire surface of the worm, constitutes a major interface 

between the parasite and its host, and is critically involved in the complex host-parasite 

relationship, which comprises nutrient uptake, excretion, osmoregulation, sensory reception, 

signal transduction, and interaction with the host immune and haemostatic systems [8-10]. Thus, 

the identification and characterization of schistosome tegumental molecules is essential for a 

better understanding of the host-parasite relationship and for defining novel immunological, 

pharmacological and diagnostic targets [6, 11].
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Major advances in the identification of proteins from the schistosome tegument have 

been made in recent studies, in which tegument-enriched preparations of adult S. mansoni

worms were subjected to proteomic analyses [12-15]. In the first of these studies, van Balkom et 

al. [12] detached the tegument from the underlying worm body. The proteins in the whole 

tegument and the body fractions were separated by electrophoresis and liquid chromatography 

and were identified by tandem mass spectrometry (LC-MS/MS). In this way, the authors were 

able to identify 740 proteins, among which 43 were tegument-specific, and many of them 

showed no homology with any non-schistosomal protein, demonstrating that the schistosomal 

outer-surface comprises specific, unique proteins.

In a later work aimed at determining the protein composition of the tegumental surface 

[13], the detached tegument was first enriched in surface membranes by sucrose gradient 

centrifugation and then subjected to a differential extraction procedure. All fractions were 

analysed by mass spectrometry, and many of their components were identified and classified in 

cytosolic, cytoskeletal, membrane, and secreted categories. However, this work did not verify 

the localization of individual components within the surface complex [6, 14].

Since the accessibility of a protein in the tegument is an important issue when selecting 

target molecules for vaccines and drugs, it is critical to bear in mind that not all proteins inside 

the tegument are exposed to host tissues [16]. To ascertain the identification and localization of 

the proteins exposed on the surface of the S. mansoni tegument, Braschi and Wilson [14] carried 

out a proteomic study in which they labelled the most exposed surface proteins of live adult 

schistosome worms by using two impermeant biotinylation reagents of different sizes. The 

labelled proteins were recovered by streptavidin affinity and were identified by tandem mass 

spectrometry. The study revealed 28 proteins; 13 of them labelled by the long-form reagent 

(four derived from the host), and the same 13 plus a further 15 labelled by the short-form 

reagent. This study demonstrated the relative accessibility of tegument components, those 

tagged exclusively by the short-form reagent having a more concealed localization within the 

membrane complex.
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With the same aim, another two experimental approaches have been developed to enrich 

the membranocalyx from the plasma membrane and underlying tegument syncytium (in [15]). 

In the first approach, cationised ferritin was used to induce a rapid sloughing of the 

membranocalyx, and in the second one the surface tegumental proteins were labelled with rat 

anti-mouse erythrocyte ghost antibodies and then captured with goat anti-rat antibody-coated 

beads. In both approaches, the protein contents of the samples were analysed by LC-MS/MS. 

Although absolute purification of the membranocalyx was not achieved, both approaches served 

to enrich the peripheral-most proteins of the tegument, and the identities obtained probably 

represent the molecules most closely associated with the membranocalyx [15].

The foregoing studies have thus provided a wealth of data on the protein constituents of 

the S. mansoni tegument and their relative localization within this surface complex. 

Regarding S. bovis, the information available concerning its tegumental proteins is 

much sparser than for S. mansoni and was obtained in two studies performed on a tegument 

extract prepared by solubilisation with Triton X-100. Proteomic analysis of this extract 

identified 21 tegumental proteins, although no studies were made to assess their relative 

localization in the tegument structure [10, 17].

The aim of the present work was the identification of the tegumental proteomes of male 

and female S. bovis worms, in particular of the proteins expressed on the outermost layers of the 

tegument structure. To achieve this goal, whole adult worms of each sex were treated separately 

with trypsin in order to digest their tegumental proteins, after which the peptides released were 

analysed by LC-MS/MS for identification. A number of proteins from the tegument of the male 

and/or female worms are reported. In addition, the tegumental expression of some of the 

proteins identified was verified by confocal microscopy.

2. Materials and methods

2.1. Parasite material
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A strain of S. bovis from Salamanca (Spain) was maintained in the laboratory in its 

natural hosts: Planorbarius metidjensis snails and sheep. In order to obtain cercariae, each snail 

was infected with five miracidia from eggs obtained from experimentally infected sheep faeces. 

The sheep were infected percutaneously with 2,000 S. bovis cercariae by submerging a fore-

limb for 30 min in a suspension of these cercariae. At 4 months post-infection, the sheep were 

sedated with ketamine (10 mg/kg) and then sacrificed by bleeding through the jugular vein. 

Adult S. bovis worms were recovered by dissection of the mesenteric vessels from the entire 

gut. 

Schistosomes were rinsed in warm phosphate buffered saline (PBS) and their integrity 

was examined microscopically. Only intact parasites were used for the subsequent analyses; 

namely, trypsin digestion, immunofluorescence analysis, and the preparation of tegument 

protein extracts (see below).  

2.2. Trypsin digestion of whole male and female worms. 

Freshly obtained adult S. bovis worms were incubated in PBS at 37 ºC for 30 minutes 

with gentle shaking. In this way the couples separate spontaneously, allowing selective 

collection of individuals of each sex with minimal manipulation and risk of damage. Following 

this, batches of male and female adult worms were fixed in 70% methanol and processed 

separately.

Three similar batches of male worms (10 individuals per batch) were analysed in 

different assays. The trypsin digestion protocol used in each assay differed in the digestion time 

(4 hours or 30 minutes), and/or in the time point at which the reduction and alkylation of 

cysteine residues -to disrupt and prevent the restoration of disulfide bonds- were carried out, 

which were done either on the intact worms, before trypsin digestion, or on the peptides 

released after digestion. From the harshest to the softest digestion protocols, the different assays 

were carried out as follows.

Assay 1 (reduction/alkylation and 4 hours of digestion). Male worms were washed 3 

times, 1 minute per wash, with 50 mM NH4HCO3. The worms were reduced with 10 mM 
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dithiothreitol (DTT) in 50 mM NH4HCO3 in a microwave oven for 3 min at 560 watt, and 

alkylated with 55 mM iodoacetamide in 50 mM NH4HCO3 for 30 min at room temperature in 

the dark. Following this, the worms were incubated with 5 ng/l of sequencing grade trypsin 

(Promega) in NH4HCO3 at 37 ªC for 4 hours. The reaction was stopped with 5 l of 10% 

trifluoroacetic acid (TFA) and the supernatant containing the released peptides was recovered 

and preserved at -20 ºC. 

Assay 2 (4 hours of digestion and reduction/alkylation). Male worms were washed 3 

times, 1 minute per wash, with 50 mM NH4HCO3 and incubated with 5 ng/l of sequencing 

grade trypsin (Promega) in NH4HCO3 at 37 ºC for 4 hours. The supernatant containing the 

released peptides was then subjected to DTT and iodoacetamide treatment under the same 

conditions as in assay 1. The reaction was stopped with 10% TFA and the supernatants were 

preserved at -20 ºC.

Assay 3 (30 minutes of digestion and reduction/alkylation) was identical to assay 2, but 

applying a shorter (30 min) trypsin digestion time. 

Regarding female worms, only one batch of 20 specimens was analysed. The digestion 

protocol used was the same as assay 3 for the male worms.

After the different treatments, the integrity of both male and female worms was assessed 

macroscopically and microscopically.

2.3. Liquid chromatography and tandem mass spectrometry (LC-MS/MS)

The resulting peptides from the above-mentioned assays (3 batches of males and one 

batch of females) were desalted with uZT C18 (Millipore), according to the manufacturer’s 

protocol. The digestion mixtures were dried in a vacuum centrifuge and resuspended in 6 µl of 

0.1% TFA. Five microlitres of the resulting suspension were delivered to a trap column (LC 

Packings Amsterdam, C18 PepMap100, 5m, 300 m x 5 mm) using capillary HPLC  

(Switchos, LC Packings) via an isocratic flow of mobile phase (0.1 % TFA in water) at a rate of 

30 l/min for 3 minutes. The flow rate was then switched to  200 nl/min, and the peptides were 
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flushed into the analytical column (LC Packings C18 PepMap100, 3 , 100 Å, 75 m x 15 cm) 

and eluted via a mobile phase gradient: 15-50% B (A: 0.1% formic acid in water, B: 0.1% 

formic acid in 95% acetonitrile) over 150 min. Fractions of 20 sec. were collected in a Blank 

MALDI plate (Applied Biosystems) with an α-cyano-4-hydroxycinnamic acid  matrix (2.5 

mg/ml in 50% acetonitrile, 0.1% TFA) at 0.8 l/min over 192 min.

The resulting fractions were analysed in a 4700 Proteomics Analyzer (Applied 

Biosystems) in positive-reflector mode (2000 shots every position). For the MS/MS analyses, 

five of the most intense precursors according to the threshold criteria - minimum signal-to-noise 

10; minimum cluster area, 500; maximum precursor gap, 200 ppm; maximum fraction gap, 4)-

were selected for each position. MS/MS data were acquired using the default 1kV MS/MS 

method. The MS/MS information was sent to Mascot via the GPS Explorer software (Applied 

Biosystems).

A database search was performed on the Swiss-Prot and NCBInr databases using the 

Mascot search engine (Matrix-Science). Searches were done with tryptic specificity, allowing 

one missed cleavage and a tolerance in the mass measurement of 100 ppm in MS mode and 0.8 

Da for MS/MS ions. The carbamidomethylation of Cys was used as a fixed modification and the 

oxidation of Met and deamidation of Asn and Gln as variable modifications for all the samples.

Protein identification with confidence scores of >95% were considered significant. 

When the score was close to the limit a manual inspection of the MS/MS spectra was done in 

order to accept the identification.

For the proteins identified, their subcellular localization was predicted using the 

Proteome Analyst Specialized Subcellular Location Server v2.5 

(http://www.cs.ualberta.ca/~bioinfo/PA/Sub) [18].

The molecular function and biological process were assigned to the proteins identified 

according to the gene ontology database (http://www.geneontology.org) and the Swiss-

Prot/UniProt database (http://beta.uniprot.org).
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2.4. Two-dimensional electrophoresis (2-DE), and two-dimensional Western blot (2-D WB) of 

tegument extract using anti-actin, anti-enolase, and anti-GAPDH antibodies.

An extract of tegument proteins (TG) from adult S. bovis worms was analysed by 2-DE 

and 2-D WB using commercial anti-actin, anti-enolase, and anti-GAPDH (glyceraldehyde-3 

phosphate dehydrogenase) antibodies. The spots revealed by these antibodies on the 2D blots 

were cut from 2D gels and analysed by mass spectrometry for identification. The objective of 

this analysis was to check that these antibodies specifically recognized their targets in the S. 

bovis tegument, thus allowing their use as probes in later immunofluorescence studies (see 

below).

The TG extract was prepared by treatment of adult S. bovis worms with 1% Triton X-

100, following the protocol described by Ramajo-Hernández et al. [10]. Isoelectric focusing 

(IEF) of TG samples was performed in 7-cm immobilised pH gradient strips (Bio-Rad) with 

linear pH ranges of 5-8 and 7-10 because -as observed by Pérez-Sánchez et al. [17]- these pH 

ranges provide good resolution of the tegumental isoforms of actin and enolase in the 5-8 pH 

range, and of GAPDH in the 7-10 pH range. IEF was run for a total of 20,000 Vh. After IEF, the 

strips were reduced in equilibration buffer (6 M urea, 0.05 M Tris, pH 8.8, 2% SDS and 20% 

glycerol) containing 2% DTT for 15 min and were then alkylated in equilibration buffer 

containing 2.5% iodoacetamide for 10 min. The second dimension was performed in 12% 

polyacrylamide gels, which were then stained with a mass spectrometry-compatible silver stain 

[19] and scanned using an Image Scanner (GE Healthcare). Similar 2D gels were 

electrotransferred to nitrocellulose membranes at 400 mA for 90 min. The membranes were 

blocked with 2% BSA in PBS for 1 h at 37º C, rinsed 3 times with washing buffer (PBS 

containing 0.05% Tween 20; PBST), and incubated overnight at 4 ºC with rabbit polyclonal 

antibodies against GAPDH (NB300-327, Novus Biologicals), actin (A2668, Sigma) or enolase 

(sc-15343, Santa Cruz Biotechnology) diluted at 1/1,000, 1/100 and 1/200 respectively, in 

PBST-1% BSA. After three new washes, the blots were incubated for 1 h at 37 ºC with 

peroxidase-conjugated anti-rabbit IgG diluted 1/1000 in PBST-1% BSA. The 2D blots were 
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revealed with the Immun-Star HRP Chemiluminescent Kit (Bio-Rad) and their images were 

acquired with the Fluor-S Multimager system (Bio-Rad). 

Analysis of the 2D gels and 2D blots was accomplished using the ImageMaster 2D 

Platinum Software v5.0 (GE Healthcare). The spots in the 2D blots were matched to their 

homologues in the 2D gels, which were cut from the gels and analysed by mass spectrometry 

for identification.

2.5. Mass spectrometry (MALDI-TOF-TOF) and spot identification.

Protein spots were excised manually and then digested automatically using a Proteineer 

DP protein digestion station (Bruker-Daltonics). The digestion protocol used was that of 

Schevchenko et al. [20]. For peptide mass fingerprinting and the acquisition of LIFT TOF/TOF 

spectra [21], an aliquot of -cyano-4-hydroxycinnamic acid in 33% aqueous acetonitrile and 

0.1% trifluoroacetic acid was mixed with an aliquot of the above digestion solution and the 

mixture was deposited onto an AnchorChip MALDI probe (Bruker-Daltonics).

Peptide mass fingerprint spectra were measured on a Bruker Ultraflex TOF/TOF 

MALDI mass spectrometer (Bruker-Daltonics) [21] in positive-ion reflector mode. Mass 

measurements were performed automatically using fuzzy logic-based software or manually. 

Each spectrum was calibrated internally with mass signals of trypsin autolysis ions to reach a 

typical mass measurement accuracy of ± 25 ppm. The measured tryptic peptide masses were 

transferred by means of the MS BioTools program (Bruker-Daltonics) as inputs to search the 

NCBInr database using the Mascot software (Matrix Science). When necessary, MS/MS data 

from the LIFT TOF/TOF spectra were combined with PMF data for database searches with a 

parent ion mass tolerance of 20 – 40 ppm and a fragment ion mass accuracy of 0.25 – 0.50 Da.

2.6. Immunofluorescence labelling of actin, enolase, and GAPDH on the surface of the S. bovis 

worms.

Intact adult worms were fixed in 10% buffered formalin solution for 24 hours. The 

parasites were blocked in a solution of 3% BSA in PBS and then incubated with rabbit 
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polyclonal antibodies against GAPDH, actin, or enolase (mentioned above) diluted in 1% BSA-

PBS at 1/100, 1/50 and 1/20, respectively, for 2 hours at room temperature. After four washes 

with PBS, the parasites were incubated overnight at 4ºC in the dark with fluorescein 

isothiocyanate (FITC)-conjugated anti-rabbit IgG (F9887, Sigma) diluted 1/200 in 1% BSA-

PBS. They were then washed four times with PBS and examined immediately by confocal 

microscopy with a Leica TCS NT microscope, using an Argon 488 laser and Long Pass 515 

filter. The worms were analysed with a 10x Plan Fluotar 0.3 NA dry objective and 5 m step 

sizes. 

Simultaneously, control experiments were carried out in which the rabbit polyclonal 

antibodies against GAPDH, actin, and enolase or the anti-rabbit-FITC antibody were omitted. 

3. Results

3.1. Appearance and integrity of the worms after trypsin digestion

The aspects of male worms from assays 1 and 2 were identical. These worms had a soft 

and flaccid appearance, and they were more transparent than untreated worms, suggesting poor 

conservation of tegument integrity and an excessive penetration of trypsin.

By contrast, the male worms from assay 3 had a normal appearance. No differences 

between these and the untreated worms were observed after macroscopic and microscopic 

examination. This suggests that the less aggressive protocol 3 better preserves worm integrity. 

Accordingly, the female worms were only analysed using protocol 3. After the treatment, the 

macroscopic and microscopic examination of female worms revealed a normal appearance.

3.2. Proteins identified in the tegument of male worms

The peptides released from male worms in assays 1, 2 and 3 matched a range of 

proteins, shown in Tables 1, 2 and 3, respectively. The peptides released in assays 1, 2 and 3 

produced significant matches with 77, 46 and 41 proteins, respectively. Thus, the number of 
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proteins identified decreased in parallel with the decreasing harshness of the digestion protocol. 

The proteins identified were categorised by their molecular function according to information 

obtained from the Gene Ontology database (GO; see Tables 1, 2 and 3). Also included in the 

tables is the biological process assigned to each protein in that database.

Regarding protein function, the results of the three assays allowed the identification of 

proteins categorized as binding, catalytic, chaperone, motor, or having structural activity, 

together with another group of proteins of unknown function. Additionally, in assay 1 four 

proteins with transporter activity were identified.

Among the molecules identified as binding proteins, most of them were protein-, lipid-, 

and ion-binding proteins. Assays 1 and 2 also resulted in the identification of a nucleotide-

binding protein (elongation factor 1-a) and a DNA-binding protein (a putative regulatory 

protein). According to the GO database, the 22.6 kDa tegument-associated antigen (identified in 

assays 1 and 3) would be a calcium-binding protein. However, we included this protein in the 

group of “unknown function” because its function remains controversial [22].

In all three assays, the proteins categorized as having catalytic activity corresponded to 

a variety of biological processes, although most of them were glycolytic enzymes. Chaperones 

were heat-shock proteins of 70, 83, 86 and 90 kDa. The motor proteins identified in the three 

assays were myosin heavy chain, paramyosin and tropomyosin. Additionally, a dynein light 

chain in assay 1, a dynein heavy chain in assay 2, and a myosin light chain in assay 3 were 

identified. The structural proteins identified were actins, and alpha and beta tubulins. Assay 2 

also identified a major sperm protein.

Table 4 summarizes the 54, 31 and 28 protein species identified in assays 1, 2 and 3, 

respectively. Taken together, and in agreement with the subcellular localization predicted by 

Proteome Analyst, the proteins were classified as cytoskeletal, cytosolic, mitochondrial, nuclear, 

and plasma membrane proteins. Among them, those most abundantly identified in the three 

assays were cytosolic proteins. Proteome Analyst also predicted a cytosolic location for Antigen 

SM20; however, this protein was included in Table 4 as a tegument membrane protein, in 

agreement with the Swiss-Prot/TrEMBL database.
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In addition, there were four proteins whose subcellular location Proteome Analyst did 

not predict, although one of them -the so called surface protein- is known to be located on the 

tegument surface attached by a glycosylphosphatidylinositol (GPI) anchor [23]. Comparative 

analysis of the proteins identified in the three assays (Table 4 and Fig. 1) revealed that: (i) in 

assays 1 and 2, the proteins identified belonged to the five above-mentioned subcellular 

locations, (ii) in assay 3, no mitochondrial or nuclear proteins were identified, (iii) the number 

of cytoskeletal proteins identified was similar in all three assays and, (iv) the number of 

cytosolic proteins was much higher in assay 1 than in assays 2 and 3.

3.3. Proteins identified in the tegument of female worms

The peptides released by trypsin digestion of female worms matched the 27 proteins 

shown in Table 5. The molecular function and the biological process assigned to each protein 

are also shown in Table 5. According to their molecular functions, the proteins identified were 

categorized as having binding, catalytic, chaperones, motor, structural activity, or as being of 

unknown function.

The proteins identified as binding proteins represented nucleotide- and nucleic acid-

binding molecules. 

Regarding proteins with catalytic activity, only the glycolytic enzyme GAPDH was 

found. The chaperones identified were the heat-shock proteins of 60, 70, 86 kDa and a 

chaperone protein htpG. Only a myosin heavy chain and an unknown protein similar to the 

myosin heavy chain were identified as motor proteins in this assay. Concerning structural 

proteins, several actins, an actin-like protein, and a beta-tubulin were identified. The 22.6 kDa

tegument-associated antigen, also identified in the female worms, was included in the group of 

proteins of unknown function, similarly to the case of the male worms.

Table 4 summarizes and classifies the protein species identified in female worms 

according to their subcellular localization predicted by Proteome Analyst.
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3.4. Proteins of the S. bovis tegument recognised on 2D immunoblots by the anti-actin, anti-

enolase, and anti-GAPDH antibodies.

Fig. 2 shows the proteomic map of the TG extract (Fig. 2A) and the corresponding 2D 

Western blots with anti-actin (Fig. 2B), anti-enolase (Fig. 2C) and anti-GAPDH antibodies (Fig. 

2D). The spots revealed in the Western blots are numbered and located in the corresponding 2D 

gels. Table 6 shows the proteins identified with MALDI-TOF-TOF in the 13 spots recognised 

by the antibodies. The anti-actin antibody revealed two actin isoforms (spots 1 and 2); the anti-

enolase antibody revealed 6 enolase isoforms (spots 3 to 8), and the anti-GAPDH antibody 

revealed 5 GAPDH isoforms (spots 9 to 13).

Thus, the anti-actin, anti-enolase and anti-GAPDH antibodies specifically recognized 

their targets in the tegument of S. bovis, thereby validating their use as probes in subsequent 

immunofluorescence studies (see below).

3.5. Immunofluorescence and confocal microscopy analyses 

Fig. 3 shows the projected confocal images and sections of adult S. bovis worms after 

labelling with anti-actin, anti-enolase, or anti-GAPDH. The fluorescent label patterns are

compatible with a surface expression for actin and GAPDH on both the male and female 

tegument and with a surface expression for enolase on the male, but not female, tegument. The 

confocal images also show that actin and GAPDH seem to be more abundantly expressed than 

enolase on the tegument surfaces.

In the control experiments, in which incubation with the specific antibodies or with the 

FITC-anti-rabbit antibody was omitted, no fluorescence signal was observed (data not shown).

4. Discussion.

The tegument of adult schistosomes is the main interface between the parasites and their 

hosts. Accordingly, knowledge of the identity and functions of its components, and especially of 
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those expressed on the tegument surface, is of capital importance for understanding host-

parasite relationships and for selecting target molecules for anti-schistosome vaccines and drugs 

[6].

As stated in the introduction, the purpose of the present work was to identify the 

tegumental proteomes of male and female S. bovis worms and, in particular, of the proteins 

expressed on the outermost layers of the tegument structure. With this aim, an experimental 

approach was used, consisting in the trypsin digestion of the outermost tegumental proteins of 

intact adult worms followed by analysis by LC-MS/MS of the peptides released.

Trypsin is a proteolytic enzyme commonly used in mass spectrometry methods. Since 

the molecular mass of trypsin (23.8 kDa) is sufficiently large to prevent its penetration through 

the pores of the schistosome membranocalyx, when parasites are intact its enzymatic activity is 

expected to be limited to the most external proteins of the tegument. It is therefore essential that 

the worms should be in perfect condition and hence they need to be manipulated with extreme 

care because, in spite of the robustness of adult schistosomes in vivo, their tegument is easily 

damaged by handling in vitro [15]. Consequently, in our approach worm handling was reduced 

as much as possible and, further, three protocols for the tryptic digestion were tested in male 

worms with a view to selecting the protocol that would best preserve worm integrity.

The protocols of assays 1 and 2 proved to be too aggressive because of the long 

digestion time (4 hours). Moreover, in assay 1 the worms were subjected to hot temperatures 

during the reduction/alkylation step, and in both assays a disintegration of the most external 

layers of the tegument was observed. Additionally, in both assays, among the proteins identified 

there were several corresponding to nuclear or mitochondrial expression (Table 4). This 

indicates that in assays 1 and 2 the trypsin penetrated deeply into the tegument and hence 

released peptides from proteins located not only in the outermost tegument layers but also in the 

inner layers, such as the tegument-associated cell bodies.

The protocol used in assay 3, with a shorter (30 min) digestion time, preserved worm 

integrity better. The appearance of the worms after treatment was similar to that of the untreated 

worms, and none of the released peptides matched the proteins of nuclear or mitochondrial 
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location. However, assay 3 resulted in the identification of a large number of cytosolic proteins 

(16 out of 28, Table 4), and according to Loukas et al. [16] it is to be expected that not all these 

proteins would be truly expressed on the tegument surface. Although the macroscopic and 

microscopic examination of the worms from assay 3 did not reveal any perceptible damage to 

their tegument, such a possibility cannot be completely ruled out. Additionally, during the 

fixation step, the 70% methanol could have extracted lipids from the surface membranes, 

permeabilising them and thus increasing the accessibility of sub-surface proteins to the trypsin.

Consequently, we speculate that trypsin might have penetrated sub-surface layers and released 

peptides from more internally located proteins. In accordance with this, Braschi and Wilson [14] 

have suggested that the detection of cytosolic and cytoskeletal proteins at the tegument surface 

may result from small disruptions in the outer-surface membranes, since the cytosolic proteins 

detected are very abundant and because the cytoskeletal proteins detected form part of the 

tegumental spines that are located just below the outer-surface membrane.

In any case, since protocol 3 was clearly the least aggressive it was the only one used in 

the analysis of female S. bovis worms. This analysis resulted in the identification of 27 proteins 

(Table 5). Some of them were different from those identified in the tegument of the male worms 

analysed using the same protocol (assay 3; see Table 4). One such difference was that among 

the proteins identified categorized as having binding activity, those of the females were

involved in DNA replication and protein biosynthesis (Table 5), whereas those of the males 

were involved in lipid transport and in protein- and ion-binding (Table 3). Another difference 

was that in the females only one glycolytic enzyme was identified (GAPDH, Table 5), whereas 

in males four glycolytic enzymes were detected (Table 3).

Differences in the tegument proteome between male and female S. japonicum worms 

have also been observed, although it was indicated that such differences might reflect 

experimental heterogeneity rather than biologically important variations [24]. Regarding S. 

bovis, the differential expression of several proteins between males and females might have

several causes: (i), a certain degree of experimental heterogeneity, as has been suggested for S. 

japonicum; (ii), quantitative differences in the expression level of the proteins in the worms of 
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each sex, such that the least abundant would be below the threshold for detection by MS, and 

(iii), true differences in the protein composition of the tegument of males and females, which

could be a reflection of the different biological roles played by each sex and/or of the different 

relationships of male and female worms with the host. Since female worms live in the 

gynaecophoric canal of males, their surface is less exposed to the host defensive system. It is 

possible that female worms might not need to develop the same evasion mechanisms as males, 

which live in the bloodstream in much more direct contact with the components of the host 

immune and haemostatic systems. In agreement with this notion, it has recently been observed 

that S. bovis male worms -but not females- have developed potential mechanisms to prevent the 

formation of blood clots on their surface [10].

Most of the proteins identified in S. bovis here have also been detected previously in the 

adult S. mansoni and S. japonicum tegument [6, 12, 13, 24]. Overall, we identified a set of 

proteins involved in cytosol energy metabolism, antioxidant enzymes, cytoskeleton and motor 

proteins and several chaperones involved in stress responses and protein folding. A significant 

number of the proteins identified by us in the tegument of adult S. bovis worms -actin, 

paramyosin, 22.6 kDa tegument–associated antigen, calpain, GAPDH, triosephosphate 

isomerase, calcium ATPase and surface protein- have been already reported to be present on the 

tegument surface of other schistosome species [6, 14].

In S. bovis we did not detect a range of proteins, such as host proteins, tetraspanins, 

nutrient transporters, inorganic ions and water, and some membrane enzymes, which have been 

reported on the tegument surface of S. mansoni in previous proteomic studies (rev. in [15]). The

inability to detect these proteins in the S. bovis tegument may reflect their absence, or more 

probably their lower relative abundance. In agreement with Braschi et al. [15], the failure to 

detect a previously characterized tegumental protein could be because its concentration in the 

preparation was below the threshold for detection by MS. Additionally, it should be mentioned 

that the gene/protein sequence data of S. bovis are very limited, and hence the MS/MS spectra 

were matched on the basis of homology with other species. This would significantly decrease 

the success rate for identification of the more unique proteins, and it would decrease the 
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representation of proteins of which only a few peptides were present in the tryptic digest. The 

highly homologous proteins and proteins that are more completely exposed to trypsin would be 

strongly over-represented. Depending on the sensitivity threshold, there may therefore be a large 

bias in the identified protein lists.

Regarding the immunofluorescence and confocal microscopy analyses, the images 

obtained (Fig. 3) indicate the presence of actin and GAPDH on the tegument surface of the male 

and female worms and the presence of enolase on the surface of the male, but not female 

tegument, thus verifying the data of the proteomic approach, at least for these three proteins.

Actin is a component of the tegument spines and has been identified in S. mansoni

spines by immunofluorescence labelling [25] and MS/MS analyses of the tegument surface [15]. 

Accordingly, the proteomic data from the present study indicate that actin is very abundant in 

the tegument of both male and female S. bovis worms, and the immunofluorescence assays

corroborated that actin was expressed on the tegumental surface of male and female worms.

GAPDH and enolase are glycolytic enzymes, usually cytosolic, and they lack 

transmembrane domains. However, they have also been identified on the surface of bacteria [26, 

27], fungi [28] and protozoa [29]. GAPDH has been reported to be associated with the 

schistosome surface. It has been demonstrated by immunofluorescence that it is expressed on 

the surface of the schistosomula [30, 31], and it has been identified in proteomic analyses of the 

tegument and tegumental membranes of adult worms [12, 13]. Nevertheless, its presence on the 

larval surface is controversial, and Braschi et al. [13] have suggested that the presence of 

GAPDH on the schistosomula surface is probably a special case related to the shedding of 

surface membranes after skin penetration. In the present study, the proteomic approach revealed 

the presence of GAPDH in the tegument of both sexes, and the confocal images indicated a 

surface expression for GAPDH in both male and female S. bovis worms.

Enolase is a multifunctional glycolytic protein that belongs to a novel class of surface 

proteins that do not possess the classical machinery for surface transport and yet are transported 

on the cell surface through an unknown mechanism [32]. Enolase has been identified in 

proteomic analyses of the tegument of adult S. mansoni worms; however, it has never been 



20

reported to be expressed on the tegument surface [12, 13, 15]. In the present work, the 

proteomic approach identified enolase in the tegument of male S. bovis worms but not in that of 

female worms, and the immunofluorescence analysis confirmed these results and disclosed that 

the male worms express enolase on their tegument surface.

In conclusion, the experimental approach used in this work affords valuable information 

on the protein composition of the tegument of adult S. bovis worms. A range of tegumental 

proteins was identified, most of which had not been identified previously in this species. 

Although an absolute purification of the proteins expressed on the outermost layers of the 

tegument structure was not achieved, it is likely that among the proteins identified in assay 3 of 

the males, and in the assay of the females, would be some of the molecules most closely 

associated with the tegument surface. The results of this study also suggest that there may be 

differences in the protein composition of the tegument of male and female schistosomes. The 

demonstration that these differences are true biological differences requires further 

investigation.
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Figure legends

Figure 1. Number and subcellular localization of proteins identified by LC-MS on the male 

worm tegument in assay 1 (white bars), 2 (dotted bars) and 3 (striped bars).

Figure 2. Silver-stained 2D gels of a tegument extract from adult Schistosoma bovis worms (A) 

and corresponding 2D Western blots showing the reactivity of this extract with anti-actin (B), 

anti-enolase (C), and anti-GAPDH (D) antibodies

Figure 3. Anti-actin, anti-enolase, and anti-GAPDH antibodies binding on the surface of adult S. 

bovis worms as shown by immunofluorescence staining and confocal microscopy. Row A,

projected images derived from sections generated by confocal microscopy; Row B, confocal 

microscope sections from the middle plane of each specimen; Row C, corresponding 

transmitted light images. f, female; m, male.



Table 1. Proteins from male Schistosoma bovis worms identified by LC-MS/MS in assay 1.

Database ID nº Species SCOREª Molecular function Biological process

14-3-3 epsilon Q9U491 Schistosoma mansoni 106 Protein binding -

14-3-3 protein homolog 1 Q26540 S. mansoni 190 Protein binding -

20 kDa calcium-binding protein (Antigen SM20) P15845 S. mansoni 122 Calcium ion binding -
Abnormal spindle-like microcephaly-associated protein 
homolog P62286 Canis familiaris 98 Protein binding

Cell cycle

Calponin homolog P91888 S. mansoni 141 Actin binding
Actomyosin structure, 

organization and biogenesis

Chromosome-associated protein E O95347 Homo sapiens 99 Protein binding Cell cycle

Elongation factor 1-alpha P28295 Absidia glauca 164 Nucleotide binding Protein biosynthesis

Fatty acid binding protein 15 Q6IX07 S. bovis 127 Lipid binding Transport

Hypothetical protein Q86EC1 S. japonicum 64 Protein binding -

Putative regulatory protein Q93H48 Streptomyces avermitilis 64 DNA binding Regulation of transcription

SJCHGC06614 protein (similar to calponin homolog) Q5DG57 S. japonicum 276 Actin binding
Actomyosin structure, 

organization and biogenesis

SJCHGC09287 protein (immunoglobulin-like) 5DI56 S. japonicum 159 Protein binding Cell adhesion

Ubiquitin P62990 Bos taurus 126 Protein binding Protein modification process

Adenylate kinase (ATP-AMP transphosphorylase) P25824 S. mansoni 61
Nucleotide and nucleic acid 

metabolic process

ATP:guanidino kinase SMC74 P16641 S. mansoni 188 -

Calpain P27730 S.mansoni 61 Proteolysis

Creatine kinase A7UAX5 S. mansoni 176 -

Enolase Q27877 S. mansoni 543 Glycolisis

Enolase P33676 S. japonicum 583 Glycolisis

Enolase 1 P30575 Candida albicans 60 Glycolisis

Fructose-bisphosphate aldolase P53442 S. mansoni 906 Glycolisis

Glutamyl-tRNA synthetase Q7TUT7 Prochlorococcus marinus 51 Protein biosynthesis

Glutathione S-transferase 26 kDa P15964 S.mansoni 86 Detoxification

Glutathione S-transferase 28 kDa P30113 S. bovis 530 Detoxification

Glyceraldehyde-3-phosphate dehydrogenase P20287 S. mansoni 496 Glycolisis

Glyceraldehyde-3-phosphate dehydrogenase Q95V10 Fasciola. hepatica 73 Glycolisis

Phosphoglycerate kinase P41759 S. mansoni 630 Glycolisis

Phosphoglycerate mutase Q8WT66 S. japonicum 90

Catalytic activity

Glycolisis

Table 1



Phosphorylase Q5BY06 S. japonicum 70 Carbohydrate metabolism 

Putative cytosol aminopeptidase P91803 S. mansoni 160 Proteolysis

Ribonuclease R) P44907 Haemophilus influenziae 49 RNA metabolic process

SJCHGC00471 protein (similar to enolase) Q5DI35 S. japonicum 583 Glycolisis

SJCHGC06305 protein (pyruvate kinase) Q5DAM7 S. japonicum 106 Glycolisis
SJCHGC09409 protein (similar to glycogen 
phosphorilase) Q5DFW7 S. japonicum 301

Carbohydrate metabolism

Thioredoxin peroxidase 2 Q9Y0D3 S. mansoni 121 Detoxification

Triosephosphate isomerase P48501 S. mansoni 334 Glycolisis

Unknown (similar to phosphofructokinase) Q5C1V8 S. japonicum 62 Glycolisis
Heat shock 70 kDa homolog protein (Major surface 
antigen) P08418 S. mansoni 627

Stress response

Heat shock cognate 70 Q2LC60 Xiphophorus hellerii 500 Stress response

Heat shock protein 83 O02192 Drosophila auraria 177 Stress response

Heat shock 70 kDa protein Q91291 Pleurodeles waltl 100 Stress response

Heat shock protein 86 Q26582 S. mansoni 244 Stress response
SJCHGC01423 protein (similar to activator of heat 
shock 90kDa protein) Q5DBK7 S. japonicum 62

Chaperone

Stress response

Dynein light chain 2, cytoplasmic O96860 D. melanogaster 108 Microtubule-based process

Myosin heavy chain Q02456 S. mansoni 2911 Muscle contraction

Myosin heavy chain, striated muscle P24733 Aequipecten irradians 166 Muscle contraction

Paramyosin P06198 S. mansoni 1081 Muscle contraction

Paramyosin (Antigen Sj97) Q05870 S. japonicum 815 Muscle contraction

Paramyosin (Fragment) Q9BMQ6 Opisthorchis felineus 117 Muscle contraction

SJCHGC01885 protein (similar to myosin heavy chain) Q5C296 S. japonicum 1600 Muscle contraction

Tropomyosin 1 (TM1) P42637 S. mansoni 568 Muscle contraction

Tropomyosin 2 (TMII) P42638 S. mansoni 238

Motor activity

Muscle contraction

Actin P90689 Brugia malayi 1072 -

Actin Q71TT8 S. japonicum 1123 -

Actin Q40981 Phalaenopsis sp. 217 -

Actin 5 Q4PKE5 Aedes aegypty 938 -

Actin, muscle-type (A2) Q25472 Molgula oculata 879 -

Actin-2 P53471 S. mansoni 1181 -

beta-tubulin Q5FYA5 S. haematobium 396 Microtubule-based process

Tubulin alpha chain P18258 Paracentrotus lividus 569

Structural protein

Microtubule-based process



Tubulin alpha-2 chain (Alpha-tubulin 2) Q13748 H. sapiens 574 Microtubule-based process

Tubulin beta chain (Beta tubulin) P11833 P. lividus 389 Microtubule-based process

Tubulin beta-1 chain (Beta-1 tubulin) Q17299 Caenorhabditis briggsae 169 Microtubule-based process

Tubulin beta-1 chain (Beta-1 tubulin) O17449 Manduca sexta 412 Microtubule-based process

ADP, ATP carrier protein 2 Q7PQV7 Anopheles gambiae 94 Small molecule transport

Calcium ATPase 2 O96527 S. mansoni 140 Calcium ion transport

Calcium pump Q7PPA5 Anopheles gambiae 55 Calcium  ion transport

Conserved hypothetical protein Q5K7W1 Cryptococcus neoformans 85

Transporter activity

Small molecule transport

A.1.12/9 antigen Q06279 S. mansoni 227 -

22.6kDa tegument-associated antigen Q5I5L5 S. haematobium 121 -

Hypothetical protein (similar to troponin) Q5DGG9 S. japonicum 408 -

Major egg antigen (p40) P12812 S. mansoni 177 -

Myophilin-like protein Q6IV29 Echinococcus granulosus 141 Unknown function -

SJCHGC02374 protein Q5DHK2 S. japonicum 214 Muscle development

SJCHGC05973 protein Q5DC05 S. japonicum 108 -

SJCHGC09647 protein (similar to innexin) Q5DA25 S. japonicum 124 -

Surface protein Q26607 S. mansoni 141 -

ª Score is -10*Log (P), where P is the probability that the observed match is a random event. Score > 40 indicate identity or extensive homology (p <0.05) in the SwissProt database 
and score > 51 indicate identity or extensive homology (p <0.05) in the NCBI data base



Table 2. Proteins from male Schistosoma bovis worms identified by LC-MS/MS in assay 2.

Database ID nº Species Scoreª Molecular function Biological process

14-3-3 protein homolog 1 Q26540 Schistosoma mansoni 57 Protein binding -

20 kDa calcium-binding protein (Antigen SM20) P15845 S. mansoni 105 Calcium binding -

Elongation factor 1-a Q964P2 S. japonicum 119 Nucleotide-binding Protein biosynthesis

Exocyst complex component SEC10 Q06245 Saccharomyces cerevisiae 55 Protein binding Exocytosis

Fatty acid binding protein 15 Q6IX07 S. bovis 135 Lipid binding Transport

Clone ZZD263 mRNA sequence Q86EK2 S. japonicum 62 Calcium ion-binding -

SJCHGC06614 protein (similar to calponin homolog) Q5DG57 S. japonicum 111
Actin binding

Actomyosin structure, 
organization and biogenesis

DNA ligase 4 Q90YB1 Gallus gallus 44 DNA replication

Enolase Q27877 S. mansoni 354 Glycolisis

Fructose-bisphosphate aldolase (EC 4.1.2.13) P53442 S. mansoni 409 Glycolisis

Glutathione S-transferase 28 kDa P30113 S. bovis 254 -

Glyceraldehyde-3-phosphate dehydrogenase P20287 S. mansoni 244 Glycolisis

Phosphoglycerate kinase P41759 S. mansoni 92 Glycolisis

Putative aldehyde dehydrogenase family 7 member A1 
homolog P46562 Caenorhabditis elegans 46

Aldehyde metabolism

Ribonuclease III Q3Z7Q8 Dehalococcoides ethenogenes 44 RNA metabolism

SJCHGC09409 protein (similar to glycogen phosphorilase) Q5DFW7 S. japonicum 146

Catalytic activity

Carbohydrate metabolism

Heat shock 70 kDa homolog protein  (Major surface antigen) P08418 S. mansoni 257 Stress response

Heat shock 70 kDa protein P16394 Bremia lactucae 165 Stress response

Heat shock 70 kDa protein Q91291 Pleurodeles waltl 51 Stress response

Heat shock protein 90 Q6XE36 Corallochytrium limacisporum 84

Chaperone 

Stress response

Dynein-1-beta heavy chain, flagellar inner arm I1 complex Q9MBF8 Chlamydomonas reinhardtii 75 Microtubule-based process

Myosin heavy chain - fluke Q02456 S. mansoni 951 Muscle contraction

Myosin heavy chain, striated muscle P24733 Argopecten irradians 98

Motor activity

Muscle contraction

Table 2



Paramyosin (Antigen Sj97) Q05870 S. japonicum 309 Muscle contraction

Tropomyosin Q26519 S. japonicum 147 Muscle contraction

Tropomyosin 2 (TMII) P42638 S. mansoni 164 Muscle contraction

SJCHGC01885 protein (similar to myosin heavy chain) Q5C296 S. japonicum 599 Muscle contraction

Actin P90689 Brugia malayi 601 -

Actin Q71TT8 S. japonicum 318 -

Actin, alpha anomalous P53483 Takifugu rubripes 143 -

Actin-2 P53471 S. mansoni 677 -

Major sperm protein 1 (MSP1) P13262 Onchocerca volvulus 119 -

Beta tubulin Q60454 Cricetulus griseus 125 Microtubule-based process

Tubulin alpha chain P14642 Plasmodium falciparum 84 Microtubule-based process

Tubulin alpha chain, testis-specific P18288 Oncorhynchus mykiss 197 Microtubule-based process

Tubulin beta-1 chain (Beta-1 tubulin) O17449 Manduca sexta 129

Structural protein

Microtubule-based process

A.1.12/9 antigen Q06279 S. mansoni 100 -

Clone ZZZ208 mRNA sequence (similar to innexin) Q86FA5 S. japonicum 84 -

Hypothetical protein (similar to troponin) Q5DGG9 S. japonicum 120 -

Major egg antigen (p40) P12812 S. mansoni 124 -

Mitochondrial outer membrane 45 kDa protein P16547 S. cerevisiae 51 -

SJCHGC00516 protein (similar to troponin ) Q5DDC3 S. japonicum 60

Unknown

-

ªScore is -10*Log (P), where P is the probability that the observed match is a random event. Score > 40 indicate identity or extensive homology (p <0.05) in the SwissProt data base
and scores > 51 indicate identity or extensive homology (p <0.05) in the NCBI data base.



Table 3. Proteins from male Schistosoma bovis worms identified by LC-MS/MS in assay 3.

Database ID nº Species Scoreª Molecular function Biological process

14-3-3 protein homolog 1 Q26540 Schistosoma. mansoni 75 Protein binding -

20 kDa calcium-binding protein (Antigen SM20) P15845 S. mansoni 52 Calcium bonding -

Clone ZZD263 mRNA sequence Q86EK2 S. japonicum 49 Calcium ion binding -

Fatty acid binding protein 15 Q6IX07 S. bovis 79 Lipin binding Transport

SJCHGC06614 protein (similar to calponin homolog) Q5DG57 S. japonicum 216
Actin binding

Actomyosin structure, 
organization and biogenesis

SJCHGC09287 protein  (immunoglobulin-like) Q5DI56 S. japonicum 64 Protein binding Cell adhesion

Calpain P27730 S. mansoni 47 Proteolysis

Enolase Q27877 S. mansoni 94 Glycolisis

Fructose-bisphosphate aldolase P53442 S. mansoni 193 Glycolisis

Glutathione S-transferase 28 kDa P30113 S. bovis 61 -

Glyceraldehyde-3-phosphate dehydrogenase P20287 S. mansoni 90 Glycolisis

Phosphoglycerate kinase P41759 S. mansoni 152 Glycolisis

SJCHGC09409 protein (similar to glycogen phosphorilase) Q5DFW7 S. japonicum 92 Carbohydrate metabolism

tRNA pseudouridine 5S synthase Q8CXQ2 Mycoplasma penetrans 58

Catalityc activity

RNA metabolic process
Heat shock 70 kDa homolog protein (Major surface 
antigen) P08418 S. mansoni 67

Stress response

Heat shock protein 86 Q26582 S. mansoni 105 Stress response

PREDICTED: similar to heat shock cognate 70 kDa protein XP_691392 Danio rerio 272 Stress response

Stress protein HSC70 Q8UWM8 Xiphophorus maculatus 239

Chaperone 

Stress response

Myosin heavy chain Q02456 S. mansoni 1252 Muscle contraction

Myosin heavy chain, striated muscle P24733 Aequipecten irradians 56 Muscle contraction

Myosin light chain Q9Y1U7 S. mansoni 102 Muscle contraction

Paramyosin P06198 S. mansoni 226 Muscle contraction

Paramyosin (Antigen Sj97) Q05870 S. japonicum 131 Muscle contraction

SJCHGC01885 protein (similar to myosin heavy chain) Q5C296 S. japonicum 704 Muscle contraction

Tropomyosin 1 (TMI) (Polypeptide 49) P42637 S. mansoni 83

Motor activity

Muscle contraction

Table 3



Tropomyosin 2 (TMII) P42638 S. mansoni 112 Muscle contraction

Actin, cytoplasmic 2 (Gamma-actin) P63258 Bos taurus 120 -

Actin, gamma 1 P63261 Homo sapiens 540 -

Similar to cytoplasmic beta-actin (predicted) XP_915252 Mus musculus 178 -

Hypothetical protein (beta-tubulin) Q32PU7 D. rerio 329 Microtubule-based process

Tubulin alpha chain, testis-specific P18288 Oncorhynchus mykiss 70 Microtubule-based process

Tubulin alpha-1 chain P18258 Paracentrotus lividus 136 Microtubule-based process

Tubulin beta Q7Z1I4 S. japonicum 331 Microtubule-based process

Tubulin beta-1 chain (Beta-1 tubulin) Q24560 Drosophila melanogaster 70 Microtubule-based process

Tubulin beta-4 chain P41937 Caenorhabditis elegans 81

Structural protein

Microtubule-based process

22.6kDa tegument-associated antigen Q5I5L5 S. haematobium 130 -

Hypothetical protein (similar to troponin) Q5DGG9 S. japonicum 324 -

MF3 protein Q8T5U1 S. japonicum 79 -

SJCHGC00516 protein (similar to troponin) Q5DDC3 S. japonicum 56 -

SJCHGC02374 protein Q5DHK2 S. japonicum 78 -

Surface protein Q26607 S. mansoni 72

Unknown

-
ª Score is -10*Log (P), where P is the probability that the observed match is a random event. Score >38 indicate identity or extensive homology (p <0.05) in the SwissProt 
database and score >48 indicate identity or extensive homology (p <0.05) in the NCBI database.



Table 4. Summary of the protein from male and female Schistosoma bovis worms categorised 
according to their subcellular localization.

Subcellular Protein Male worms
localization  Assay 1  Assay 2 Assay  3 

Female 
worms

cytoskeleton Actins X X X X
cytoskeleton Dynein light or beta chain X X
cytoskeleton Major sperm protein 1 (MSP1) X
cytoskeleton Myosin heavy chain X X X X
cytoskeleton Myosin light chain X
cytoskeleton Paramyosin X X X
cytoskeleton Tubulin alpha chain X X X
cytoskeleton Tubulin beta chain X X X X

cytosol 14-3-3 protein X X X
cytosol 22.6kDa tegument-associated antigen X X X
cytosol Adenylate kinase (ATP-AMP transphosphorylase) X
cytosol ATP:guanidino kinase SMC74 X
cytosol Calpain X X
cytosol Calponin X X X
cytosol Chaperone protein htpG X
cytosol Clone ZZD263 mRNA sequence X X
cytosol Creatine kinase X
cytosol Elongation factor 1-alpha X X X
cytosol Enolase X X X
cytosol Eukaryotic translation initiation factor 3 110 kDa subunit X
cytosol Exocyst complex component SEC10 X
cytosol Fatty acid binding protein 15 X X X
cytosol Fructose-bisphosphate aldolase X X X
cytosol Glutamyl-tRNA synthetase X
cytosol Glutathione S-transferase 26 kDa X
cytosol Glutathione S-transferase 28 kDa X X X
cytosol Glyceraldehyde-3-phosphate dehydrogenase X X X X
cytosol Heat shock 70 kDa protein X X X X
cytosol Heat shock 90kDa protein X X
cytosol Heat shock protein 83 X
cytosol Heat shock protein 86 X X X
cytosol Heat shock protein HSP60 X
cytosol Hypothetical protein (Q86ECI) X
cytosol Hypothetical protein (similar to troponin) X X X X
cytosol Major egg antigen (p40) X X X
cytosol Myophilin-like protein X
cytosol Phosphoglycerate kinase X X X
cytosol Phosphoglycerate mutase X
cytosol Phosphorylase X

cytosol
Putative aldehyde dehydrogenase family 7 member A1 
homolog X

cytosol Putative cytosol aminopeptidase X
cytosol SJCHGC05973 protein (Q5DCO5) X

cytosol
SJCHGC09409 protein (similar to glycogen 
phosphorilase) X X X

cytosol Thioredoxin peroxidase 2 X
cytosol Triosephosphate isomerase X
cytosol Tropomyosin (TMII and TMII) X X X
cytosol Unknown (similar to phosphofructokinase) X
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mitochondrial membrane ADP, ATP carrier protein 2 X
mitochondrial membrane Conserved hypothetical protein X
mitochondrial membrane Mitochondrial outer membrane 45 kDa protein X

nucleus
Abnormal spindle-like microcephaly-associated protein 
homolog X

nucleus Chromosome-associated protein E X
nucleus DNA ligase 4 X
nucleus Putative regulatory protein X
nucleus Ribonuclease X X
nucleus Ubiquitin X
nucleus Histones X

plasma membrane A.1.12/9 antigen X X
plasma membrane Calcium ATPase 2 X
plasma membrane Calcium pump X
plasma membrane SJCHGC09287 protein (immunoglobulin-like) X X
plasma membrane SJCHGC09647 protein (similar to innexin) X X

tegument membrane 20 kDa calcium-binding protein (Antigen SM20) X X X
- MF3 protein X
- SJCHGC02374 protein (Q5DHK2) X X
- Surface protein X X
- tRNA pseudouridine 5S synthase X



Table 5. Proteins from female Schistosoma bovis worms identified by LC-MS/MS.

 Database ID nº Species Scoreª Molecular function Biological process
Histone H2B.1 (Fragment) P48989 Candida albicans 145 DNA binding DNA replication
Histone H3.2 P15512 Tetrahymena pyriformis 52 DNA binding DNA replication
Histone H2B Q5DGT3 Schistosoma japonicum 159 DNA binding DNA replication
Eukaryotic translation initiation factor 3 110 kDa subunit P38249 Saccharomyces cerevisiae 42 Nucleic acid  binding Protein biosynthesis
Elongation factor 1-alpha (EF-1-alpha) P19039 Apis melifera 66 Nucleotide binding Protein biosynthesis
Elongation factor 1-alpha Q00251 Aureobasidium pullulans 74 Nucleotide binding Protein biosynthesis

Glyceraldehyde-3-phosphate dehydrogenase  P20287 S. mansoni 151 Catalytic activity Glycolisis

Chaperone protein htpG Q9ZCB9 Rickettsia prowazekii 108 Stress response
Heat shock 70 kDa protein A P09446 Caenorhabditis elegans 229 Stress response
Heat shock 70 protein Q9NAX9 Parastrongyloides trichosuri 227 Stress response
Heat shock protein 70a Q8RY44 Dunaliella salina 194 Stress response
Heat shock protein 86 Q26582 S. mansoni 176 Stress response
Heat shock protein HSP60 Q8MXA4 S. mansoni 68

Chaperone

Stress response

Myosin heavy chain Q02456 S. mansoni 504 Muscle contraction
Unknown (similar to myosin heavy chain) Q5C296 S. japonicum 325

Motor activity
Muscle contraction

Actin O74258 Pichia angusta 277 -
Actin Q8SWN8 Encephalitozoon cuniculi 191 -
Actin Q71TT8 S. japonicum 694 -
Actin Q6WE51 Glaeseria mira 238 -
Actin Q9NBY2 Graneledone verrucosa 89 -
Actin 2 P53471 S. mansoni 732 -
Actin 71 P30168 Solanum tuberosum 196 -
Actin-like protein (Centractin) P38673 Neurospora crassa 54 -
Tubulin beta-1 chain Q9H4B7 Homo sapiens 51

Structural protein

Microtubule-based process

22.6kDa tegument-associated antigen Q5I5L5 S. haematobium 125 -
Hypothetical protein (similar to troponin) Q5DGG9 S. japonicum 51 Unknown -
Major egg antigen (p40) P12812 S. mansoni 84 -
ªScore is -10*Log(P), where P is the probability that the observed match is a random event. Score > 49 indicate identity or extensive homology (p <0.05) in
the NCBI database and score > 39 indicate identity or extensive homology (p <0.05) in the SwissProt database.
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Table 6. Identification by MALDI-TOF-TOF mass spectrometry of proteins revealed by the antibodies to actin, 
enolase and GAPDH, on the tegument extract from adult Schistosoma bovis worms.

Spot Protein Species Database ID 
number

MW (kDa)
Theo/exp

pI
Theo/exp

Cover.
%

MASCOT
score

1 Actin-2 S. mansoni P53471 42/50 5.3/5.9 48 265

2 Actin -1 S. mansoni P53470 42/48 5.5/6.3 29 152

3 Enolase a S. mansoni Q27877 47/56 6.2/6.7 22 90

4 Enolase S. mansoni Q27877 47/56 6.2/6.8 14 97

5 Enolase S. mansoni Q27877 47/56 6.2/7.0 16 86

6 Enolase S. japonicum P33676 48/56 6.2/7.1 24 125

7 Enolase b S. mansoni Q27877 47/48 6.2/6.6 - 61

8 Enolase b S. mansoni Q27877 47/48 6.2/6.7 - 82

9 Glyceraldehyde-3-phosphate dehydrogenasea S. mansoni P20287 37/44 7.7/7.5 17 100

10 Glyceraldehyde-3-phosphate dehydrogenase S. mansoni P20287 37/44 7.7/7.9 21 90

11 Glyceraldehyde-3-phosphate dehydrogenasea S. mansoni P20287 37/44 7.7/8.4 21 115

12 Glyceraldehyde-3-phosphate dehydrogenase S. mansoni P20287 37/44 7.7/8.5 17 81

13 Glyceraldehyde-3-phosphate dehydrogenasea S. mansoni P20287 37/44 7.7/8.6 17 134
Cover %, sequence coverage; exp, experimental; theo, theoretical
a Spots identified using PMF data in combination with MS/MS data.
b Spots unidentified using PMF data but identified using MS/MS data.
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