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Abstract

Background
Clonorchiasis, caused by the liver flukeClonorchis sinensis, remains a serious public health
issue in Asia, especially in China, and its relationship with cholangiocarcinoma has
highlighted the importance ofC. sinensis infection. Proteins containing tandem repeats
(TRs) are found in a variety of parasites and, as targets of B-cell responses, are valuable for
the serodiagnosis of parasite infections. Here, we identified a novelC. sinensis-specific anti-
gen, Cs1, containing TRs, and investigated its diagnostic value, other immunological prop-
erties, and tissue distribution.

Methodology/Principal findings
A partial Cs1 cDNA sequence was cloned by screening an adult C. sinensis cDNA
expression library. The full-length Cs1 cDNA was obtained by 50 rapid amplification of
cDNA ends. The deduced Cs1 protein consists of a signal peptide and five TRs of 21
amino acids. The recombinant Cs1 (rCs1) was constructed and purified. rCs1 showed
higher sensitivity (94.3%) and specificity (94.4%) than the C. sinensis excretory±secre-
tory products (ESPs) according to ELISA of 114 serum samples. Native Cs1 was identi-
fied in C. sinensis ESPs and crude antigens of adult C. sinensis by western blotting
using an anti-rCs1 monoclonal antibody. ELISA of recombinant peptides of different
Cs1 regions demonstrated that the TR region was immunodominant in Cs1. Immunohis-
tochemistry and confocal microscopy revealed that Cs1 is located in a granule-like
structure surrounding the acetabulum of C. sinensis adults that has not previously been
described.
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Conclusions/Significance
We identified a novelC. sinensis-specific TR protein, Cs1, which is an antigen of high sero-
logical significance, compared withC. sinensis ESPs. The deduced features of Cs1 show a
unique structure containing TRs and a signal peptide and the TR region is immunodominant
in Cs1. This provides a basis for targeted screens of other antigens. The novel structure in
which Cs1 is located also deserves further investigation.

Author summary
Clonorchiasis is a neglected tropical disease. The major factor that prevents the effective

management of clonorchiasis is a lack of effective diagnostic tools. Proteins containing

tandem repeats (TRs), which have been found in a variety of parasites, are known targets

of B-cell responses and can be useful for the serodiagnosis of parasite infections. Here we

identified a novel C. sinensis-specific cDNA, which we named Cs1. This cDNA encodes a

protein that has a unique structure, containing TRs and a signal peptide. A recombinant

Cs1 protein (rCs1) was expressed and purified. rCs1 showed a high sensitivity and speci-

ficity in enzyme-linked immunosorbent assays, and lower cross-reactivity with Paragoni-
mus westermani compared with C. sinensis excretory–secretory products. Our results also

indicated that the TR region was immunodominant in the Cs1 protein. Immunohis-

tochemistry and confocal microscopy revealed that Cs1 was located in a granule-like

structure surrounding the acetabulum of adult worms that has not been previously

described in C. sinensis. These results show that Cs1 is a promising antigen for serodiag-

nosis of clonorchiasis and its features provide a basis for future targeted screens of entire

proteomes based on the likelihood of seroreactivity.

Introduction
Clonorchiasis is a food-borne parasitic disease caused by infection with the liver fluke Clo-
norchis sinensis, which is mainly endemic in China, South Korea, northern Vietnam, and parts

of Russia. It was conservatively estimated that in 2004 around 15 million people were infected,

of whom an estimated of 13 million are in China [1–4].

C. sinensis infection causes liver and biliary diseases. An increased risk of developing cho-

langiocarcinoma, a malignant tumor that arises from the bile ducts, is the most severe clinical

manifestation. C. sinensis was classified as a Group 1 biological carcinogenic agent (carcino-

gen) by the International Agency for Research on Cancer in 2009 [5]. Clonorchiasis is an

urgent public health problem in most endemic areas [6, 7], and is included in the control pro-

grams of neglected tropical diseases by the World Health Organization.

For many years the diagnosis of clonorchiasis has been primarily based on fecal examina-

tion, using the Kato–Katz method and the formalin–ether technique, which are labor-intensive

and time-consuming, especially for mass screening in the field. A variety of immunological

and serological approaches, including enzyme-linked immunosorbent assay (ELISA) and indi-

rect fluorescence antibody tests, have been used as supplementary tests. The current ELISA is a

reliable diagnostic test for clonorchiasis that uses crude extracts or excretory–secretory prod-

ucts (ESPs) of adult worms [8–10]. C. sinensis ESPs are thought to be superior to crude

extracts, showing a sensitivity of 93.1% [8]. However, it is difficult to produce sufficient
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amounts of ESPs. Thus, the serodiagnostic applicability of several recombinant proteins

(7-kDa protein, CsLPAP, CsEF-1α, 28-kDa cystein protease, and 26-kDa and 28-kDa glutathi-

one S-transferases) from C. sinensis worms has recently been evaluated [11–16]. These recom-

binant proteins show a range of sensitivities and specificities for the serodiagnosis of

clonorchiasis, but are not sufficient to replace crude extracts or ESPs. Thus, further research is

needed to identify more effective serological antigens.

To determine whether alternative C. sinensis-specific antigens could be used, we serologi-

cally screened a C. sinensis expression library using pooled sera from clonorchiasis patients.

This identified a novel C. sinensis-specific cDNA that we named Cs1. This cDNA encodes a

protein with a signal peptide and tandem repeats (TRs). We also characterized the biochemical

and immunological properties and immunolocalization of Cs1 protein.

Methods
Ethics statement
The animal experiment was reviewed and approved by the Animal Welfare & Ethics Commit-

tee of the National Institute of Parasitic Diseases, Chinese Center for Disease Control (NIPD,

China CDC) (Permit No: IPD-2009-14) (S1 Fig) and followed the National Guidelines for

Experimental Animal Welfare (MOST of People’s Republic of China, 2006). Ethical clearance

for the collection and analysis of human samples was obtained from the Ethical Review Com-

mittee of the NIPD, China CDC (Permit No: 20120826) (S2 Fig). Written informed consent

for participation in this study was obtained from all clonorchiasis patients and healthy controls

(all subjects were adults). Archived human sera used in this study were obtained from the

serum samples library of the NIPD, China CDC.

Parasites and human sera
C. sinensis metacercariae were obtained from naturally infected Pseudorasbora parva captured

from endemic areas in Guangxi Province, China, as previously described [17], and were orally

administered to New Zealand white rabbits. Adult worms were collected from rabbit bile ducts

6 weeks post-infection. ESPs were prepared as follows. Adult worms were cultured in Tyrode’s

solution with penicillin (100 U/ml) and streptomycin (100 μg/ml). The culture supernatant

was collected every 24 h, centrifuged at 1000 × g for 10 min at 4˚C, aliquoted and stored at

−80˚C. Crude antigens of C. sinensis adult worms were prepared as previously described [8].

A total of 114 serum samples were collected from patients with clonorchiasis (egg-positive

as detected by the modified Kato–Katz technique) (n = 35), schistosomiasis japonica (n = 15),

paragonimiasis westermani (n = 15), or cysticercosis (n = 13) from areas of China where each

parasite is endemic, and from healthy individuals without parasitic infections (n = 36) from

Guangxi Province, China (an C. sinensis endemic area). All sera were stored at –80˚C until

used.

Serological screening of a C. sinensis expression library
An adult C. sinensis cDNA expression library was constructed as previously described [17].

The cDNA library, 1.1 × 106 pfu, was mixed with Escherichia coli XL1-Blue and cultured on a

LB-agar plate. The plate was overlaid with a nitrocellulose (NC) membrane (Amersham, UK),

which was treated previously with 10 mM isopropyl-D-thiogalactoside (IPTG), and then incu-

bated at 37˚C for 4 h. The membrane was further incubated for 3 h with pooled sera of five clo-

norchiasis patients diluted 1:100 at room temperature (RT), followed by incubation with the

goat anti-human IgG alkaline phosphatase-conjugated secondary antibody (Sigma, USA)
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diluted 1:2,000. A color signal was developed with the addition of 5-bromo-4-chloro-3-indolyl

phosphate and nitro blue tetrazolium (Sigma, USA) solution. Positive clones were purified

through secondary and tertiary screenings using the same sera. These clones were then excised

in vivo to single-stranded phagemids by employing ExAssist helper phage (Stratagene, USA),

and converted to double-stranded plasmids according to the manufacturer’s instructions.

The positive clones were sequenced and analyzed, and sequence homology was searched in

NCBI using BLAST (http://blast.ncbi.nlm.nih.gov/Blast.cgi).

Identification of the full-length Cs1 cDNA sequence
A partial cDNA sequence of Cs1 was obtained through screening the adult C. sinensis cDNA

expression library. To determine the full-length Cs1 cDNA sequence, the 50 RACE System for

Rapid Amplification of cDNA Ends (Invitrogen, USA) was used to amplify Cs1 transcripts

from mRNAs of adult worms, using GSP1: 50-TGCGCACCATCCGCATCG-30 for cDNA syn-

thesis, GSP2: 50-GATGTGCTCGAGCCTGAAG-30 and AAP primer (see instruction manual)

for PCR amplification. PCR products were analyzed by electrophoresis on a 1% agarose gel

and then cloned into the pGEM-T Easy Vector (Promega, UK) and sequenced.

Bioinformatic analysis
Cs1 and other serologically screened genes (reported in our previous studies [18–21]) from the

adult C. sinensis cDNA expression library were analyzed with Tandem Repeats Finder (http://

tandem.bu.edu/trf/trf.html) as previously described [22] to determine whether they are TR

genes. However, TR domains in the deduced proteins were manually identified because some

of the TR sequences in these genes did not match with coding regions. The biochemical char-

acteristics of their deduced amino acid sequences were analyzed to determine: (i) the molecu-

lar mass, isoelectric point, and amino acid composition using ProtParam (http://web.expasy.

org/protparam/), (ii) the presence of a signal sequence using the SignalP 4.1 Server (http://

www.cbs.dtu.dk/services/SignalP/), and (iii) the presence of a transmembrane domain using

the TMHMM Server v. 2.0 (http://www.cbs.dtu.dk/services/TMHMM/).

Cloning, expression, and purification of recombinant Cs1 (rCs1), rCs1C
+TR, rCs1N, and rCs1TR
The coding region of Cs1 (the N-terminal signal peptide sequence was omitted) was amplified

by PCR using the positive phagemid corresponding to Cs1 (pBlueScript-SK-Cs clone 5) as the

template, and forward primer 50-CCGACATGTCTGAGGACATTTTAG-30 and reverse

primer 50-CCCAAGCTTTGATATGATTCTTCGTAGAATT-30. These primers have PciI and

HindIII sites, respectively, at their 50-ends (underlined). The specific PCR product was purified

and digested with PciI and HindIII (all the restriction endonucleases used in this study were

from New England Biolabs, USA), and recombined into the pET28a expression vector (Pro-

mega, USA) digested with NcoI and HindIII. The construct was confirmed by DNA sequenc-

ing and then transformed into BL21 (DE3)-competent cells (TIANGEN, China). The

expression of recombinant Cs1 (rCs1) was induced by IPTG (1 mmol/L). rCs1 was purified

under non-denaturating conditions from culture supernatant using an Ni-NTA affinity col-

umn (QIAGEN, USA) according to the manufacturer’s instructions. The efficiencies of rCs1

expression and purification were analyzed by 12% sodium dodecyl-sulfate-polyacrylamide gel

electrophoresis (SDS-PAGE).

The TR region and two flanking regions (the N-terminus not including the signal peptide,

and the C-terminus plus the TR region because the C-terminus is too short to be expressed) of

Cs1 were amplified by PCR, using PET28a-rCs1 as the template, and specific primer sets as

Cs1, aC.s antigen containing tandem repeats and a signal peptide
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follows: TR region, 50-CATGCCATGGAATGTGACCCTGAATCAG-30 and 50-CCGCTCGA

GAATCTCACCTTGCGGTTT-30, N-terminus (not including the signal peptide), 50-CCGAC

ATGTCTGAGGACATTTTAG-30 and 50-TTTTCCTTTTGCGGCCGCGTCACATTCTC

CTTTCACTG-30, C-terminus plus TR region, 50-CATGCCATGGAATGTGACCCTGAATC

AG-30 and 50-CCGCTCGAGTGATATGATTCTTCGTAGAATT-30 (restriction sites are

underlined). The amplified PCR products (Cs1TR and Cs1C+TR) were digested with NcoI

and XhoI, respectively, and then inserted into pET28a digested with the same restriction

enzymes. Cs1N was digested with PciI and NotI, and then inserted into pET28a digested with

NcoI and NotI. Recombinant peptides (named rCs1C+TR, rCs1N, and rCs1TR, respectively)

were expressed and purified as for rCs1.

ELISA
The diagnostic value of rCs1 was evaluated by ELISA (rCs1-ELISA) and compared with that of

C. sinensis ESPs (ESP-ELISA). Briefly, 96-well plates were coated with ESPs (2.5 μg/well) or

rCs1 (0.5 μg/well) in 0.05 M bicarbonate buffer, pH 9.6 (100 μl/well) overnight at 4˚C. Human

sera were reacted with proteins at a 1:100 dilution for 1 h at 37˚C. After washing with phos-

phate-buffered saline/0.05% Tween 20 (PBST, pH 7.4), goat anti-human IgG conjugated with

horseradish peroxidase (Sigma, USA) was incubated at 1:10,000 for 1 h at 37˚C. All experi-

ments were carried out in duplicate. The cutoff value was set as the mean value plus two stan-

dard deviations of the absorbance of negative control samples.

Sensitivity is represented by Se = TP/(TP+FN), where TP (true positive) is the number of

sera from individuals infected with C. sinensis above the cutoff value, and FN (false negative) is

the number of sera from infected individuals below the cutoff for the conserved peptide. Speci-

ficity is represented by Sp = TN/(TN+FP), where TN (true negative) is the number of sera

from un-infected individuals below the cutoff, and FP (false positive) is the number of sera

from these samples with reactivity.

The serological reactivity of rCs1C+TR, rCs1N, and rCs1TR were valued using the same

method.

Preparation of monoclonal antibodies against rCs1
Monoclonal antibodies were produced in BALB/c mice using rCs1 as an antigen as previously

described [16, 23, 24]. Briefly, 8-week-old female BALB/c mice were each immunized with

50 μg rCs1 in Freund’s complete adjuvant and boosted twice with the same amount of the mix-

ture of incomplete adjuvant every 2 weeks later. The final boost was given intravenously with-

out adjuvant. Spleen cells were then isolated from the immunized mice 3 days later and fused

to SP2/0 plasmacytoma cells. Hybridoma culture supernatants were screened by ELISA.

ELISA-positive hybridoma cell lines were cloned at least 3 times by limiting dilution prior to

large-scale production. The cloned hybridoma cells, 5×106 in number, were inoculated intra-

peritoneally into the BALB/c mouse and IgG antibody was purified from ascites by protein G

agarose (Thermo scientific, USA). The ascites of mice injected with SP2/0 plasmacytoma cells

was prepared as a negative control (SP2/0).

Western blotting
ESPs or crude antigens of C. sinensis adult worms were subjected to 12% SDS-PAGE, then

electrotransferred onto a polyvinylidene fluoride (PVDF) membrane (Millipore, USA) at 100

V for 1 h in a Trans-Blot transfer cell (Bio-Rad, USA). The membrane was incubated with an

anti-rCs1 monoclonal antibody (mAb; Cs1-2-6-3) at 1:200 dilution, and subsequently in

Cs1, aC.s antigen containing tandem repeats and a signal peptide
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horseradish peroxidase-conjugated goat anti-mouse IgG (1:5,000; Sigma, USA). Finally, the

color was developed with diaminobenzidine substrate solution.

Immunohistochemical assay
To determine the localization of Cs1 in C. sinensis adult worms, they were fixed in 4% parafor-

maldehyde, embedded in paraffin, and sliced at 6–7 μm thicknesses. Paraffin sections were

deparaffinized, rehydrated, and then restoration heat-treated. The sections were incubated

with anti-rCs1 mAb (Cs1-2-6-3) diluted 1:20 in PBS for 2 h at 37˚C, with SP2/0 used as a nega-

tive control. The sections were washed three times with PBS and then incubated with fluores-

cein isothiocyanate-conjugated anti-mouse IgG (Sigma, USA) for 1 h at 37˚C in the dark.

After washing, sections were observed under a fluorescence microscope (Olympus BX51).

Three-dimensional (3D) localization of Cs1 using confocal microscopy
To further determine the 3D localization of Cs1, C. sinensis adult worms were leaf-shaped in

10% neutral formalin overnight at 4˚C, and then washed twice with 5% sucrose/PBS, twice

with PBS, three times with 5% TritonX-100/PBS, and three times with 1% TritonX-100/PBS.

The worms were then blocked with 3% bovine serum albumin/PBS for 1 h at RT, and incu-

bated with anti-rCs1 mAb (Cs1-2-6-3) diluted 1:50 in PBS for 1.5 h at RT; SP2/0 was used as a

negative control. The worms were washed three times with 1% TritonX-100/PBS and then

incubated with Alexa Flour 488 (AF488)-conjugated anti-mouse IgG (Sigma, USA) for 1 h at

RT in the dark. After washing three times with 1% TritonX-100/PBS, worms were counter-

stained with propidium iodide (PI, 10 μg/ml, with 10 μg/ml RNase A) for 0.5 h at 37˚C in the

dark. After washing three times with 1% TritonX-100/PBS, worms were observed under a laser

confocal microscope (Nikon C2). Images were captured and analyzed using reconstruction

software (NIS-Elements).

Statistical analysis
Statistical analyses were performed using SPSS for Windows, version 19.0 (SPSS Inc., Chicago,

IL). The chi-square test was used for the analysis of significance. The statistical significance

was defined as P< 0.05.

Results
Serological screening of the C. sinensis expression library
A total of 44 positive clones were obtained through screening the adult C. sinensis cDNA

expression library using pooled sera from five clonorchiasis patients. These clones were

sequenced and divided into six categories according to their sequence similarities (S1 Table).

Two encoded previously well-characterized antigens, GRCSP (glycine-rich antigen 1) and cys-

teine proteinase, three categories were reported in our previous studies [18–21], and the

remaining category, Cs1, is reported here.

Sequence analysis of Cs1, a novel C. sinensis-specific antigen containing a
signal peptide and TRs
The full-length Cs1 cDNA sequence was obtained by 50-RACE and consists of 733 nucleotides,

with a coding sequence from 23–619 that encodes a putative protein of 198 amino acids. No

orthologue was found in the Opisthorchis viverrini genome archived in the GenBank database.

BLAST results showed that Cs1 has a very low level of similarity (�11%) with other genes,

indicating that it is novel and C. sinensis-specific. The deduced Cs1 protein is composed of a

Cs1, aC.s antigen containing tandem repeats and a signal peptide
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signal peptide (MGMKPQLVYFIFIQLVTAECLA) and five complete TRs of 21 amino acids

(DPESDGAVADDAPPSQVKPQG) (Fig 1A).

The Cs1 cDNA sequence was submitted to GenBank (accession number: HM236312.1).

Fig 1. The predicted molecular properties of Cs1 protein and expression of different fragments of Cs1. (A) The predicted molecular properties of Cs1

protein. SP: signal peptide; N: N-terminus; TR: tandem repeat; C: C- terminus. (B) Expression and purification of rCs1 by 12% SDS-PAGE. Lane 1, BL21

(DE3) cells containing the recombinant pET28α-Cs1 homolog without IPTG induction; lane 2, BL21(DE3) cells containing the recombinant pET28α-Cs1

homolog with IPTG induction; lane 3, supernatant of lysed BL21(DE3) cells containing the recombinant pET28α-Cs1 homolog with IPTG induction; lane
4, pellet of lysed BL21(DE3) cells containing the recombinant pET28α-Cs1 homolog with IPTG induction; lane 5, the recombinant protein purified by

affinity purification. (C) Expression and purification of rCs1TR. Lanes 1–5, different fractions of purified rCs1TR protein. (D) Expression and purification

of rCs1N. Lanes 1–7, different fractions of purified rCs1N. (E) Expression and purification of rCs1C+TR. Lanes 1–7, different fractions of purified rCs1C

+TR. Lane M in (B)-(E) shows molecular mass standards.

https://doi.org/10.1371/journal.pntd.0006683.g001
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Serological reactivity of rCs1 compared with ESPs
The PCR product of the Cs1 coding region produced a 550 bp band by agarose gel electropho-

resis (Panel A in S3 Fig). rCs1 was expressed mainly in the supernatant of E. coli, with an

apparent molecular weight of 45 kDa (Fig 1B).

ELISA was used to compare the diagnostic value of rCs1 (rCs1-ELISA) with that of C. sinen-
sis ESPs (ESP-ELISA). A total of 114 serum samples were assayed, including sera from patients

with clonorchiasis (n = 35), schistosomiasis japonica (n = 15), paragonimiasis westermani

(n = 15), and cysticercosis (n = 13), and from healthy individuals (n = 36). rCs1-ELISA showed

a lower cut-off compared with ESP-ELISA. Moreover, rCs1-ELISA showed 6.7% cross-reactiv-

ity with Paragonimus westermani, while ESP-ELISA showed 60.0% cross-reactivity with Para-
gonimus westermani (P< 0.01). Overall, rCs1-ELISA showed 94.3% (33/35) (95% CI: 90.0% ~

98.6%) sensitivity and 94.9% (75/79) (95% CI: 90.9% ~ 98.9%) specificity, compared with

88.6% (31/35) (95% CI: 82.8% ~ 94.4%) and 86.1% (68/79) (95% CI: 79.7% ~ 92.5%), respec-

tively, for ESP-ELISA (Fig 2).

Identification of Cs1 as a component of both C. sinensisESPs and crude
antigens by western blotting
The Cs1 protein was predicted to have a signal peptide and was predicted to be secreted by the

parasite. Western blotting showed that rCs1 was recognized by the anti-rCs1 monoclonal anti-

body (mAb; Cs1-2-6-3). Cs1-2-6-3 recognized the native Cs1 protein of 45 kDa in ESPs and

crude antigens of C. sinensis adult worms (Fig 3).

These results indicate that Cs1 is a component of both the ESPs and crude antigens of C. sinensis.

Immunological dominance of Cs1 TR
To examine whether the TR region is immunodominant in the Cs1 protein, the complete TR

region, the N-terminus (without signal peptide), and the C-terminus plus TR region of Cs1

were amplified (Panel B in S3 Fig) and then expressed as recombinant peptides (rCs1TR,

rCs1N and rCs1C+TR), with apparent molecular weights of 28 kDa, 19 kDa, 30 kDa, respec-

tively (Fig 1C–1E). These proteins were then evaluated by ELISA using the pooled sera from

Fig 2. Comparison of the sensitivity and specificity of rCs1-ELISA and ESP-ELISA. (A) rCs1-ELISA. (B) ESP-ELISA. The two methods were used to assay a

total of 114 serum samples, including 35 samples infected with clonorchiasis (Cs) and 36 uninfected samples (Healthy), 15 samples infected with schistosomiasis

japonica (Sj), 15 samples infected with paragonimiasis westermani (Pw) and 13 samples infected with cysticercosis (Ts). OD = optical density.

https://doi.org/10.1371/journal.pntd.0006683.g002
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patients with clonorchiasis (n = 10), and pooled sera from healthy individuals (n = 10) as a

negative control.

rCs1TR and rCs1C+TR both showed positive reactions (P/N > 2.1, P: patient, N: negative

control), while rCs1N showed a negative reaction (P/N < 2.1). These results indicate that the

TR region is immunodominant in the Cs1 protein.

Abundance of strongly acidic amino acids in the Cs1 TR
The PI value of the Cs1 protein is 4.07. The TR amino acid sequence of Cs1 is DPESDGA-

VADDAPPSQVKPQG. These 21 amino acids include five negatively-charged residues (four

D, one E) and one positively-charged residue (one K). These results indicate that the TR region

in Cs1 protein has an abundance of strongly acidic amino acids.

Immunolocalization of Cs1
To determine the tissue distribution of Cs1, immunohistochemistry and confocal microscopy

were performed on C. sinensis adult worms using an anti-rCs1 mAb (Cs1-2-6-3).

Sections of C. sinensis adult worms were probed with Cs1-2-6-3 (Fig 4A and 4B) or SP2/0

(Fig 4C and 4D).

A strong positive reaction was observed in the cells in a granulate, gland-like structure sur-

rounding the acetabulum of C. sinensis adult worms, and a moderately positive reaction was

seen in the outer tegument of the acetabulum (Fig 4A and 4E).

Fig 3. Western blotting of recombinant and native Cs1. Blots were probed with anti-rCs1 monoclonal antibody

(Lanes 1, 3, and 5) or S/P20 (Lanes 2, 4, and 6). Lanes 1 and 2, rCs1; Lanes 3 and 4, C. sinensis ESPs; Lanes 5 and 6,

crude antigens of adult C. sinensis. M, protein molecular weight marker.

https://doi.org/10.1371/journal.pntd.0006683.g003
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Confocal microscopy results further confirmed that Cs1 is located in the cells surrounding

the acetabulum of adult C. sinensis worms, and showed it to have a dish-like structure (Fig 5).

Discussion
In the present study, we identified a novel C. sinensis-specific TR protein for the serodiagnosis

of clonorchiasis. The deduced Cs1 sequence (198 amino acids) is composed of a signal peptide

and five TRs of 21 amino acids. No orthologue was found in the genome of O. viverrini, which

has a very close relationship to C. sinensis, in the archived GenBank database. BLAST results

also showed that Cs1 has low sequence similarity (� 11%) with other genes, indicating that

Cs1 is novel and C. sinensis-specific. This result is consistent with previous findings, which

demonstrated that many TR proteins are genus- or species-specific [25].

Proteins containing TRs, defined here as proteins consisting of two or more copies of a pat-

tern of amino acids, have been found in a variety of protozoan parasites, including Plasmo-
dium [26, 27], Leishmania [22, 28–30], Trypanosoma [31, 32], and Fasciola hepatica [33].

These TR proteins often serve as targets of B cell responses. With respect to C. sinensis, some

currently validated antigens are also TR proteins, including GRCSP (glycine-rich antigen)

[34], CsPRA (proline-rich antigen) [35], and pBCs31 [36]. Cs1 is a TR protein containing five

Fig 4. Immunolocalization of Cs1 in adult C. sinensis.Fluorescence microscopy images (left) and corresponding optical images (right) of adult worms are shown.

Cs1 localization is represented in (A) and (B) and the negative controls are shown in (C) and (D). (E) is 2.5 times the magnification of the boxed area in (A). Scale bar

equals 500 μm in (A)-(D) and 250 μm in (E).

https://doi.org/10.1371/journal.pntd.0006683.g004
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complete copies of “DPESDGAVADDAPPSQVKPQG”. Its serodiagnostic value was evaluated

by indirect ELISA with a total of 114 human serum samples, and compared with that of C.

sinensis ESPs. Cs1 showed high sensitivity and specificity, which was similar to those of C.

sinensis ESPs. However, C. sinensis ESPs showed 60% cross reactivity with P. westermani,
whereas the cross reactivity of Cs1 was 6.7% (P< 0.01). rCs1-ELISA also showed a lower cut-

off compared with ESP-ELISA. ESPs are well-known as serodiagnostic antigens, but our pres-

ent results indicate that rCs1 may be a potential substitute of ESPs for the diagnosis of

clonorchiasis.

To further evaluate the potential of Cs1 for serodiagnosis of opisthorchiasis, ELISA was

used to compare Cs1 (rCs1-ELISA) with C. sinensis ESPs (ESP-ELISA) using serum samples

from patients with opisthorchiasis viverrini (n = 5). rCs1-ELISA showed no cross-reactivity

with O. viverrini, while ESP-ELISA showed 60.0% cross-reactivity with O. viverrini (P< 0.01).

This result indicates that Cs1 is very specific for C. sinensis and could be used to discriminate

between clonorchiasis and opisthorchiasis. The fact that no orthologue of Cs1 was found in

the genome of O. viverrini also validates this conclusion.

Our studies also demonstrated that the TR region was immunodominant in the Cs1 pro-

tein. This is consistent with previous reports demonstrating that proteins containing TR

Fig 5. Localization of Cs1 (green) in adult C. sinensisby confocal microscopy. C. sinensis adults were incubated with (A) anti-rCs1 mAb (Cs1-2-6-3) or (B)

negative control (S/P20). (C) is 2.5 times the magnification of the boxed area of (A). Scale bar equals 500 μm in (A) and (B), and 250 μm in (C).

https://doi.org/10.1371/journal.pntd.0006683.g005
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domains are often B cell antigens, and that antibody responses toward TR domains are domi-

nant in humans infected with certain parasites. The overall immunogenicity of proteins har-

boring TRs is high, as is the antigenicity of epitopes contained within these repetitive units

[37–40]. These units may provide additional antigen-presenting sites and antibody-combining

sites, which increase the overall immunogenicity and the antigenicity of TR proteins.

The Cs1 TR region has an abundance of strongly acidic amino acids, including five nega-

tively-charged and one positively-charged residue. These results are consistent with previous

findings showing that B cell epitopes are rich in negatively-charged residues Asp (D) and Glu

(E), positively-charged residues Lys (K), Arg (R), and His (H), non-polar aliphatic residues

Gly (G) and Pro (P), polar non-charged residues Asn (N) and Gln (Q), and the aromatic resi-

due Tyr (Y) [37, 38, 41].

The expected size of Cs1 itself is around 20 kDa, but the recombinant or the native protein

in crude preparations is much bigger than that. It is not unusual for the molecular weight of a

protein on an SDS PAGE gel to be different from its predicted size. In many cases, this molecu-

lar weight difference is attributed to chemical modifications of the protein. However, the con-

tribution of chemical modifications was ruled out because the recombinant protein was

expressed in a prokaryotic expression system. Another possible reason is that the protein

existed as a multimer. However, in theory, multimers should be dissociated by SDS-PAGE.

The most probable reason is that Cs1 is an acidic protein with a predicted isoelectric point of

4.07, which resulted in a much larger molecular weight on an SDS-PAGE gel compared with

its predicted size. The three truncated fragments of Cs1 (i.e. rCs1N, rCs1TR, and rCs1C+TR)

also exhibited much larger molecular weights compared with those predicted (6.6 kDa, 11.9

kDa, and 14.2 kDa, respectively). They are also all acidic proteins with predicted isoelectric

points of 4.61, 3.64, and 4.07, respectively. These results are consistent with previous findings

showing that proteins rich in negatively-charged residues Asp (D) and Glu (E) have drastically

retarded gel mobility[42–45].

All six antigen categories identified from the adult C. sinensis cDNA library were analyzed

for common features. Surprisingly, all six contained signal peptides, and all except cysteine

proteinase contained TR domains (S1 Table). This indicates that proteins with TRs and signal

peptides may be potent antigens in C. sinensis, and potentially in other parasites. These features

provide a basis for future targeted screens of entire proteomes based on the likelihood of seror-

eactivity. With respect to Cs1, the features of TR content, SignalP > 0.7, and PI< 5 were also

validated by studies in other organisms [39, 40].

In conclusion, we have cloned and expressed Cs1, and assessed its serological properties.

We also demonstrated that the repetitive domains of TR proteins are strong serological anti-

gens, and may be useful for the serodiagnosis of C. sinensis. The unknown granule-like struc-

ture surrounding the acetabulum of C. sinensis adult worms deserves further study to help

understand the biological functions of Cs1.
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