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Abstract

:

Simple Summary


The early diagnosis of Haemonchosis is important for the control and effective treatment of the disease. Early stage detection of Haemonchus contortus infection has not been attempted in goats, even though the immature worms are blood-sucking. This study was carried out to detect H. contortus infection during the early and late stages in goats. The results of this study assessed that recombinant H. contortus Ras domain-containing protein (rHcRas) could detect the antibody in H. contortus-infected goat sera during the prepatent and postpatent periods with high sensitivity and specificity using immunodiagnostic techniques. Our findings illustrated that indirect ELISA based on rHcRas also had the potential to detect H. contortus infection from field samples.




Abstract


Haemonchus contortus is an important gastrointestinal nematode of small ruminants that causes significant mortality in goats worldwide. Diagnosis of this infection mainly depends on the evaluation of clinical signs and fecal examination. However, limitations often occur in early or mild infections. For this purpose, serological diagnosis seems to be more accurate and reliable. Ras domain-containing protein (Ras) is one of H. contortus’s excretory and secretory products (ESPs) that can be isolated from different larval stages of the nematode. In this study, the recombinant H. contortus Ras domain-containing protein (rHcRas) was expressed and purified and its diagnostic potential was evaluated. Reactions between rHcRas and goat sera were tested using Western blotting (WB). The results showed that rHcRas could be recognized by sera as early as 14 days post infection (DPI), and antibodies against rHcRas in infected goats could be maintained for over 89 days. No reaction was found between rHcRas and antibodies against Trichinella spiralis, Fasciola hepatica, or Toxoplasma gondii. An indirect enzyme-linked immunosorbent assay (ELISA) was produced based on rHcRas. The optimal coating antigen (157 ng of rHcRas/well) and serum dilutions (1:50) were determined via checkerboard titration. Indirect ELISA based on rHcRas showed 87.5% sensitivity and 90.6% specificity. The cut-off values for this experiment were determined to be 0.324 (positive) and 0.273 (negative), respectively, and the variation coefficient (CV) was less than 15%. The results of the indirect ELISA in-field examination showed that 17.6% (9/51) of the goats were infected with H. contortus, higher than the fecal examination results (15.7%, 8/51). When compared the results of the indirect ELISA and necropsy testing, 98.0% (50/51) consistency was found. These results indicated that rHcRas was a potential antigen for the diagnosis of H. contortus infection in goats.
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1. Introduction


Haemonchus contortus is a highly pathogenic, blood-sucking parasite that causes huge production losses of goats worldwide [1]. Young animals are more susceptible to Haemonchosis compared to adults [2]. The diagnosis of Haemonchosis is usually based on the detection of clinical signs such as severe anemia. Large numbers of H. contortus in the abomasum verify the presence of the parasite postmortem [1]. However, clinical signs appear in the late stage of infection. In addition, parasite eggs can be detected in feces after the prepatent period (21–28 days), although identification of parasitic stages in feces requires trained technical personnel [3,4]. Molecular diagnostic tests, i.e., loop-mediated isothermal amplification and quantitative polymerase chain reaction, have major significance in enhancing the diagnostic capabilities of Haemonchosis. Nevertheless, their applications are limited to the laboratory, as more sophisticated equipment is required [4,5]. Thus, the development of a convenient, rapid, and profitable diagnostic method is needed, especially for the detection of clinical samples.



The early diagnosis of Haemonchosis is important for the control and effective treatment of the disease. In this context, the detection of antibodies against H. contortus antigens via immunological methods is a useful alternative for early and rapid diagnosis. In addition, these techniques are dependent on antigen detection, which is inexpensive and easy to implement. Earlier were conducted to evaluate the diagnostic potential of different parasite recombinant peptides through these techniques [6,7,8,9].



Excretory and secretory products (ESPs) play a major role in H. contortus infection, consisting of several proteins which can modulate or suppress the host’s immune response. Ras domain-containing protein (HcRas) is a Haemonchus ESP which binds to goat Peripheral blood mononuclear cells, which are produced during different developmental stages (7th, 15th, 40th, and 60th days) in vivo [10]. However, its diagnostic potential is still unknown. Ras-related proteins are crucial regulators of intracellular vesicular transporters, which are potential candidates for immunological applications [11]. In this study, Ras was purified and expressed, and antibodies were detected at different levels of H. contortus infection and evaluated via immunoblotting. Indirect ELISA was established and optimized based on the HcRas antigen. The diagnostic potential of HcRas was also evaluated using sera samples collected from the field.




2. Materials and Methods


2.1. Expression of Recombinant Proteins


Recombinant plasmid expression HcRas (pET(plasmid E. coli T7)-28a (+)/HcRas; Uniprot: U6NXR0) was provided by MOE joint international Research Laboratory of Animal Health and Food Safety, College of Veterinary Medicine, Nanjing Agriculture University. Recombinant plasmids (HcRas) were transformed into Escherichia coli BL21-competent cells (Vazyme Biotech, Nanjing, Jiangsu, China) and cultured in Luria Bertini (LB) medium containing ampicillin at 100 µg/mL (AMP). The positive colonies were grown in LB broth at 37 °C with constant shaking at 120 rpm until an optical density at 600 nm reached 0.6–0.8; the recombinant protein was then induced with 1 mM isopropyl β-D-1-thiogalactopyranoside (IPTG; Sigma Aldrich, USA) for 5 h. Afterward, the cultures were harvested and centrifuged at 10,000× g for 10 min. The pellets were lysed with lysozyme (10 µg/mL; Sigma-Aldrich), followed by sonication. The sonication products of the recombinant proteins were examined with a 12% SDS-PAGE. Histidine (His)-tagged fusion proteins were purified from the bacterial lysates using Ni2+ nitrilotriacetic acid column (GE Healthcare, Pittsburgh, PA, USA), according to the manufacturer’s instructions. Finally, recombinant protein production was analyzed with an SDS-PAGE and the concentration was determined by Bradford [12] and stored at −80 °C.




2.2. Animals and Parasites


Five crossbred female goats (body weight, 30.6 ± 2.7 kg) at 4–6 months old were bought from Xuyi County, Jiangsu Province, China. The goats were kept in the animal house at Nanjing Agricultural University and provided with whole-shelled corn, hay, and water ad libitum. The goats were confirmed as helminth-free after fecal examination for a period of 4 weeks.



H. contortus L3 (third-stage) larvae were maintained by the MOE joint international Research Laboratory of Animal Health and Food Safety, College of Veterinary Medicine, Nanjing Agriculture University, for use in this experiment.




2.3. Serum Sample


Five crossbred goats were experimentally infected with 8000 H. contortus L3. Serum samples were collected from each goat before infection (negative control) and at 7, 14, 21, 35, 49, 63, 85, and 103 DPI.



Another 32 positive serum samples from H. contortus-infected goats and 32 negative serum samples from non-infected goats were collected from another independent experiment. These serum samples were used to evaluate the sensitivity, specificity, and cut-off value of the ELISA.



Serum samples infected with Fasciola hepatica were kindly provided by Professor Huang Siyang, Yangzhou University. Serum samples infected with Toxoplasma gondii and Trichinella spiralis were provided by MOE joint international Research Laboratory of Animal Health and Food Safety, College of Veterinary Medicine, Nanjing Agriculture University.




2.4. Immunoblot Analysis of Recombinant Antigens


The recombinant proteins were separated on 12% SDS-PAGE and subsequently transferred to a 0.22-μM-pore nitrocellulose filter membrane (NC, Merck Millipore, Tullagreen, Carrigtwohill, Ireland) using a semi-dry system (Bio-Rad, Hercules, CA, USA). The transferred membrane was blocked with 5% skim milk (BD, Baltimore, MD, USA) diluted in TBS (Tris buffered saline) with 0.5% Tween-20 (TBST) for 2 h at 37 ℃ and incubated with goat serum diluted by 1:100 in blocking buffer for 1 h at 37 °C. After 3 washes with TBST, the strips were probed with a 1:4000 diluted secondary antibody, horseradish peroxidase (HRP)-conjugated rabbit anti-goat IgG (Thermo Fischer Scientific, Waltham, MA, USA). Then, the strips were washed with TBST five times and the immunoreactions were evaluated using High-sig Electro-Chemi-Luminescence (ECL, Thermo Fischer Scientific, Waltham, MA, USA) Western blotting substrate.




2.5. Indirect ELISA Procedure


An indirect ELISA was performed to assess the immunodiagnostic potential of rHcRas. Checkerboard titrations were used to optimize the best working dilution of the rHcRas (39–628 ng/well) and the serum samples (1:50 to 1:200 dilutions). The incubation time (30, 45, 60, and 90 min) for the serum (primary antibody) and the rabbit anti-goat IgG-HRP (second antibody) reactions and the secondary antibody concentration were also optimized. The optical density was measured at 450 nm (OD450) with a Microplate reader (Thermo Fischer Scientific, Waltham, MA, USA). The highest specific value between the positive and negative samples was picked as a standard for the subsequent experiments.



Confirmation of optimal conditions was performed by an indirect ELISA as described previously [6]. The optimum concentration of diluted antigen with 100 μL of coating buffer (0.05 M carbonate buffer, pH 9.6) was incubated at 4 °C overnight in 96-well ELISA plates (Costar, Bodenheim, Germany). After three washes with TBST, the plates were blocked with 5% BSA (Bovine Serum Albumin) for 60 min at 37 °C, followed by three washes with TBST. Positive and negative goat sera of 100 μL each diluted in blocking buffer were added to the wells in triplicates followed by incubation for 90 min at 37 °C. After washing with TBST three times, rabbit anti-goat IgG conjugated with HRP (Thermo Fischer Scientific, Waltham, MA, USA) was added and incubated for 45 min at 37 °C. Subsequently, five washes with TBST were performed and the peroxidase reaction was visualized by using 100 μL/well ready-to-use tetramethylbenzidine-hydrogen peroxide (TMB) solution as a substrate for 10 min at room temperature and stopped by adding 100 μL/well 0.5 M H2SO4. The optical density (OD) values of the wells were detected at an absorbance of 450 nm using a Microplate reader (Thermo Fischer Scientific, Waltham, MA, USA).




2.6. Estimation of Cut-off Value, Sensitivity, and Specificity


The negative cut-off value was determined by taking the mean OD450 of the negative samples + 2 multiplied by the standard deviation (SD), and the positive cut-off value by taking the mean OD450 of the positive samples + 3 multiplied by SD [13,14]. The intervals between the negative and positive cut-off values were considered to be false negative/positives.



To investigate the further feasibility of the indirect ELISA, positive serum samples (n = 32) from goats with H. contortus and serum samples (n = 32) from non-infected goats were evaluated to calculate the sensitivity and specificity by applying the formulae described previously [15]:


  Sensitivity =  Positive  Positive +  False   Negative    ,  



(1)






  Specificity =  Negative  Negative +  False   Positive    .  



(2)







In addition, 9 serum samples positive for T. spiralis (n = 4), F. hepatica (n = 1) and T. gondii (n = 4) were used to estimate cross-reactivity.




2.7. Measurement of Repeatability


Six positive (P) and six negative (N) goat serum samples were used to test the repeatability of the rHcRas-ELISA. Three positive and three negative sera samples were collected from different goats at different time points and an indirect ELISA was performed within the run in triplicate. Between the runs, three plates were operated and repeated on 3 different occasions. The repeatability was expressed through a coefficient of variation (CV) percentage, i.e., the standard deviation (SD) expressed as a percentage over the mean (x) of the repeats [16]:


  CV   =     SD    x ¯      × 100 %  



(3)








2.8. Field Evaluation of the Indirect ELISA


To evaluate the indirect ELISA in regard to the field examinations, 51 goats were randomly selected and bought from different goat farms in Nanjing, Jiangsu Province, China, to collect the serum samples; H. contortus infection was detected by the ELISA constructed in this study. To compare the results with fecal examination, fecal samples were collected in parallel and tested via a conventional fecal egg count (FEC), as described previously [17]. Briefly, fecal samples were collected directly from the anus by inserting the middle finger, and the samples were kept in labeled plastic bags until use. Then, 2 g of feces were dispersed in 58 mL of saturated NaCl and both chambers of the McMaster slide were filled with this solution using a transfer pipette. The slide was kept still for 5 min to allow parasitic eggs to float on the surface; all eggs inside the grid areas were counted under a microscope using 10 × magnification. One chamber was examined under the microscope and the number of eggs under one area was multiplied by 200, or two chambers were examined and multiplied by 100, to calculate the total number of eggs per gram (EPG) of the feces [18]. Goats positive for H. contortus infection were slaughtered humanely to check for the presence of worms in the abomasum and the number of worms was counted. The treatments of animals in our research conformed to the guidelines of the Animal Ethics Committee, Nanjing Agricultural University, China. The protocols of our experiments were all approved by the Science and Technology Agency of Jiangsu Province. The approval ID was SYXK (SU) 2010–0005.





3. Results


3.1. Expression, Purification, and Western Blot Analysis of rHcRas


The purified recombinant protein was run on 12% SDS-PAGE and the resultant band was observed at a molecular weight of 45 kDa (Figure 1A). Immunoblot analysis showed that the recombinant HcRas was recognized in sera from goats infected with H. contortus, while no protein was detected in the normal goat sera (Figure 1B). Furthermore, no cross-reaction was found between rHcRas and antibodies against F. hepatica, T. gondii, or T. spiralis (Figure 1C).




3.2. Serodiagnostic Potential of rHcRas


The purified antigen strongly reacted with antibodies in all of the artificially infected goats’ sera collected at 21, 35, 49, 63, 85, and 103 days post-H. contortus-infection days, while no IgG antibody against rHcRas was detected in the serum samples collected from goats at 0 DPI (non-infected) and 7 DPI. At 14 DPI, anti-rHcRas antibody was detected in only 3 goats (Figure 2, Table S1).




3.3. Development of Indirect ELISA


The optimal dilution of the antigen (rHcRas), test sera, antibody reactivity time, and conjugate in the rHcRas ELISA were determined using a checkerboard titration. The biggest differences in the OD values for the negative and positive sera were observed when using rHcRas as the coating protein at a final concentration of 157 ng/well. The optimal dilution of the test sera was 1:50. Using these optimal rHcRas-coating protein and sera dilutions, the optimal dilution of the HRP-conjugated anti-goat IgG (second antibody) was 1:4000. Then, optimization of the other conditions was performed. The best reactive times for the serum and secondary antibody were recorded at 60 min (Figure 3).




3.4. Cut-Off Value of Indirect ELISA


In total, 32 negative and 32 positive sera were chosen for further rHcRas ELISA optimization. The positive cut-off value was determined by mean + 3SD; 0.171 + 3 × 0.051 = 0.324, while the negative cut-off value was calculated by mean + 2SD; 0.171 + 2 × 0.051 = 0.273. Therefore, the negative and positive thresholds were set at 0.273 and 0.324, respectively. Sera with absorbance values of ≥0.324 were considered positive and sera with absorbances of ≤0.273 were considered negative. The sensitivity and specificity of indirect ELISA are shown as Figure 4. The OD450 values of four positive samples and three negative samples were between the negative and positive cut off (0.273 < OD450 < 0.324); these samples were considered to be false positives and false negatives, respectively. The sensitivity of the indirect ELISA as identified by positive serum samples was 87.5% (28/32), and the specificity as identified by the negative sera was 90.6% (29/32). No cross-reaction was observed between the rHcRas and the antibodies against T. spiralis (n = 4), F. hepatica (n = 1), or T. gondii (n = 4).




3.5. Determination of Repeatability


Twelve serum samples were selected randomly and compared for both intra-assay and inter-assay variations. The results showed that the intra-assay CV value of 6 samples was 4.7%–11.2% and the inter-assay CV value range was 6.5%–14.7%. The minor variation in results indicated that the new rHcRas -ELISA was reproducible (Table S2).




3.6. Diagnosis of H. Contortus


Fifty-one goats were randomly selected from the field and tested using indirect ELISA, McMaster, and necropsy. The results of the indirect ELISA indicated 9 goats as positive, 41 as negative, and 1 as false assessed (negative/positive). The result of McMaster test showed 15.7% (8/51) goats were infected with H. contortus, which was lower than that of the indirect ELISA (17.6%, 9/51) and necropsy testing (19.6%, 10/51) (Figure 5A). Comparing the results of these three methods, 41 goats were found to be negative for H. contortus infection (Figure 5B). The coincidence rate between the indirect ELISA and necropsy was 98.0% ((9 + 41)/51).





4. Discussion


The parasitic nematode Haemonchus contortus is the most important parasite species of livestock. Currently, diagnosis of Haemonchosis depends upon animal health status and conventional diagnostic techniques like fecal egg counts. However, since clinical symptoms usually become apparent only when the infection is severe, these methods are time-consuming and inaccurate [5,19]. These limitations are major obstacles in the early diagnosis of this infection.



It was recently reported that concentration on the development of potential diagnostic tests was not only limited to H. contortus detection, but also on the development of new molecular vaccines and anthelmintic chemicals against Haemonchosis [6,20]. The antigen preparations used in diagnostic assays were primarily derived from whole worm extract, excretory and secretory worm products, sonicated egg antigens, partially purified fractions, and recombinant antigens [21]. The crude somatic antigen was evaluated for the immunodiagnosis of H. contortus infection [22]. However, cross-reactions between low sensitivity and different worms limited the use of these antigens. Hence, the use of purified immunochemically characterized antigens is necessary to improve the sensitivity and specificity of these tests.



Previous studies showed that Ras-Related Proteins appeared to have diverse cytobiological functions and were considered to be molecular switches because they cycle between the “on” and “off” conformations [23,24]. Previous studies reported that ESPs could be used as antigens to diagnose H. contortus infection in sheep [3,25]. Ras domain-containing protein (Ras) was one of the most important constituents of HcESPs (H. contortus excretory and secretory products) that was secreted at different larval stages of H. contortus [10]. These features indicated that rHcRas was potential candidate antigen for serodiagnostic tools, such as Western blotting and ELISA. In this study, indirect ELISA was performed to evaluate the potential serodiagnostic role of rHcRas protein during the prepatent period. Previously, it was reported that the antibody detection method was more sensitive than microscopic parasitological techniques and could be used in areas characterized by a low level of transmission, prevalence, and intensity [26,27]. The Western blotting analysis of this study showed that the rHcRas antigen was first detected at 14 DPI and persisted until 103 DPI. However, anti-Ras antibodies were not detected in uninfected (0 d) serum. In contrast, previous studies could not detect the infection at the early stage, rather, H. contortus eggs were detected in small ruminants only at 21–35 DPI [28]. Additionally, cross-reactivity of the rHcRas antigen with co-infecting pathogens (i.e., Trichinella spiralis, Fasciola hepatica, and Toxoplasma gondii) was not identified, which indicated high specificity. In contrast to these observations, previous studies showed that antigens of H. contortus revealed significant cross-reactivity with cestodes and trematodes [3], potentially due to the difference in the antigens studied. Thus, the evaluated rHcRas could act as diagnostic antigens for the detection of specific antibodies produced during the prepatent stages of H. contortus infection in goats.



In the current study, an indirect ELISA was developed to identify specific antibodies during the prepatent period against rHcRas, with the obtained results further confirmed by immunoblot assay. As one of the most sensitive immunoassays, ELISA offers commercial value in laboratory research and diagnostic biomarkers [29]. The combination of ELISA and WB is considered a gold standard in human medicine [30] and might also be an effective combination for goats. Determination of the lowest amount of background noise, optimization of the best antigen, and antibody dilution are crucial to improve diagnostic potential [31]. After standardization of the rHcRas-based indirect ELISA, checkerboard titration results showed the optimal antigen-coating concentration (157 ng/well), the optimal serum dilution ratio (1:50), and the optimal concentration of the rabbit anti-goat IgG (1:4000). Usually, incubation time determines the total assay time of ELISA. Incubation time of the buffer significantly affected the performance of the assay [32,33], so the incubation time for the serum and the secondary antibody was investigated. The results of this study showed an incubation time of 60 minutes for both the serum and the secondary antibody where the positive/negative value was most appropriate.



After standardization, the ELISA-rHcRas that was developed in this investigation indicated 87.5% (28/32) sensitivity and 90.6% (29/32) specificity. The OD450 values of four positive samples and three negative samples were between the negative and positive cut-off values and were determined to be false positives and false negatives, respectively. In contrast to our ELISA results, recombinant H. contortus p26/23 antigen-based ELISA obtained the highest prevalence percentage (90.8%) and sensitivity (90%), however, it also revealed remarkably high false-positive numbers in healthy sheep [34]. A repeatability assessment of the indirect ELISA showed CVs of less than 15%, indicating that the indirect ELISA system was of adequate repeatable precision.



Relatively, the results of three different diagnostic assays showing an H. contortus prevalence of 17.6% (9/51) was recorded by the indirect ELISA, which was higher than that observed by fecal examination (15.7%, 8/51). Moreover, the presence of worms in goat abomasum confirmed the accuracy of the ELISA. However, further studies should be conducted with large sample numbers to improve these assays.




5. Conclusions


The indirect ELISA based on the rHcRas antigen detected anti-H. contortus antibodies in goat sera with improved sensitivity and specificity. In addition, the immunoblot assay developed with rHcRas was able to detect antibodies at the initial stage of infection (14 DPI) until the late stage (21–103 DPI). The results of this study concluded that rHcRas was an effective immunodiagnostic antigen to detect H. contortus infection during the prepatent and postpatent periods in goats. Moreover, indirect ELISA based on rHcRas also had the potential to detect H. contortus infection from field samples.
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Figure 1. (A) SDS-PAGE. Lane M: Standard protein molecular weight marker; lane 1: rHcRas (recombinant H. contortus Ras domain-containing protein) was expressed after induction with IPTG (isopropyl β-D-1-thiogalactopyranoside); lane 2: purified rHcRas. (B) Western blot. Lane 1: rHcRas was recognized by sera from goats infected with H. contortus; lane 2: no reactions between rHcRas and normal goat serum (negative control). (C) Western blot to evaluate the specificity of rHcRas. Lane 1: no reaction with antibody against F. hepatica; lane 2: no reaction with antibody against T. gondii; lane 3: no reaction with antibody against T. spiralis; lane 4: positive reaction with antibody against H. contortus (positive control). 
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Figure 2. Western blotting showed the reactions between rHcRas and sera from goats (n = 5) infected with H. contortus. X axis: 1, 2, 3, 4, and 5 represent five goats. Y axis: serum collected at 0, 7, 14, 21, 35, 49, 63, 85, and 103 days post infection. 
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Figure 3. Optimization of indirect ELISA using rHcRas as the coating antigen. (A) Coating antigen (628, 314, 157, 79, and 39 ng of rHcRas per well). (B) Dilution of primary antibody (1:25, 1:50, 1:100, and 1:200). (C) Incubation time for primary antibody (30, 45, 60, and 90 min). (D) Incubation time for secondary antibody (30, 45, 60, and 90 min). (E) Dilution of second antibody (1:1000, 1:2000, 1:4000, and 1:8000). 
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Figure 4. Sensitivity, specificity, and cross-reactivity of the ELISA. The solid horizontal line represents the positive cut-off value (0.324) and the dotted horizontal line represents the negative cut-off value (0.273). Four samples were observed as false negatives and three as false positives. Statistically significant differences were observed between H. contortus-positive sera and the other organisms’ sera (T. gondii-, F. hepatica-, and T. spiralis-positive) and H. contortus-negative sera. No significant differences were noted between the H. contortus-negative and the other parasite-positive serum samples. 
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Figure 5. Venn diagram showing the positive (A) and negative (B) samples as tested by ELISA, McMaster, and necropsy. 1* represents that 1 sample was found to be a false positive/negative by ELISA. 
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