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Toxoplasmosis is an important zoonotic disease caused by Toxoplasma gondii that can infect almost all warm-blooded animals worldwide, including humans. The high prevalence of T. gondii infection and its ability to cause serious harm to humans and animals, especially immunodeficient individuals, make it a key public health issue. Accurate diagnostic tools with high sensitivity are needed for controlling T. gondii infection. In the current study, we compared the performance of recombinant SAG2, GRA6, and GRA7 in ELISA for the serological diagnosis of T. gondii infection in cats. We further investigated the antigenicity of recombinant dense granule protein 3 (rGRA3), rGRA5, rGRA8, and rSRS29A expressed in a plant-based, cell-free expression system for detecting antibodies in T. gondii-infected cats. In summary, our data suggest that GRA7 is more sensitive than the other two antigens for the serodiagnosis of T. gondii infection in cats, and GRA3 expressed in the cell-free system is also a priming antigen in serological tests for detecting T. gondii infection in cats.
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1 Introduction

Toxoplasma gondii, an obligate protozoan parasite, is responsible for toxoplasmosis. T. gondii infection is ranked as the fourth most common food-borne parasitic infection globally by the World Health Organization and the Food and Agriculture Organization of the United Nations (1). It is estimated that more than one-third of the world’s population has been infected by T. gondii (2). The high prevalence of T. gondii infection has become a public health issue, and the parasite is seriously harmful to the global population, especially for pregnant women and immunocompromised individuals (3, 4). T. gondii infection also results in large economic losses in the livestock sector because of the wide host area. Felines such as cats, as the final host of T. gondii, play an important role in the transmission of toxoplasmosis to humans and animals by excreting oocysts and contaminating the environment. The increasing population of domestic cats in close contact with humans is becoming a key source of T. gondii infection in humans (5, 6). Furthermore, an incalculable number of stray cats increase the prevalence of toxoplasmosis and related public health problems. The development of reliable diagnostic methods for determining feline T. gondii infection is vital to prevent and control the transmission of T. gondii in humans and animals.

Enzyme-linked immunosorbent assay (ELISA), indirect hemagglutination assay, and Western blotting are often used to detect antibodies against T. gondii (7). Among them, ELISA is the most suitable for epidemiological surveillance of a large number of samples. Whole parasite or parasite lysate-based tests are generally considered the gold standard for serological diagnosis. Surface antigens (SAGs) are the most abundant proteins on the parasite’s surface and are involved in the processes of adhesion and invasion. Dense granule proteins (GRAs), as the major components of excretory-secretory antigens (ESAs) expressed by T. gondii (8, 9), are released into the intravacuolar network (IVN), inserted in the PVM, and delivered into the lumen of the PV or host cells (10) after invasion. Several SAGs or GRAs have been expressed as recombinant proteins and used in serological tests to detect IgG or IgM in serum samples (11). However, the usefulness of these antigens in the tests still needs to be evaluated further. In a previous study, the performance of recombinant GRA6 and GRA7 in serological tests was compared for detecting human T. gondii infection (12). Recombinant SAG1 and GRA7 have also been utilized for serodiagnosis for T. gondii infection in cats (13). GRA3 is a type I transmembrane protein. Previous studies have shown that GRA3 has the potential to be used as an antigen (14, 15), but the usefulness of the full length of this protein has not been evaluated in serological tests.

In this study, we carried out a comparative analysis of the performance of recombinant SAG2, GRA6, and GRA7 for the serodiagnosis of T. gondii infection in cats. Additionally, we explored the potential of a recombinant GRA3 as an alternative antigen.



2 Materials and methods


2.1 Serum samples

A total of 73 serum samples from cats, collected from Qinghai Province, China, were used in our study to compare the performance of the recombinant proteins in the ELISAs (13). These samples, along with a serum against Toxoplasma collected from a cat experimentally infected with the Toxoplasma RH strain and a negative serum collected from a non-infected cat and kept in our lab, were used to optimize the conditions of the ELISAs in this study. A serum from a goat experimentally infected with the Toxoplasma Me49 strain and the pre-immunized serum (a gift from Dr. Bang Shen) were used to test the reactivity of the recombinant proteins with positive serum against the Me49 strain parasites.



2.2 Expression and purification of the recombinant SAG2, GRA6, and GRA7

First, specific PCR primers were designed to amplify the gene products of SAG2, GRA6, and GRA7 from the cDNA of RH strain parasites. The PCR products of GRA6 were inserted into the pET-32a expression vector by EcoR I using a ClonExpress II One-Step cloning kit (C112-02, Vazyme, China) according to the manufacturer’s protocol. The PCR products of SAG2 and GRA7 were cloned into the pColdII vector. The recombinant plasmids were transformed into competent E. coli BL21 (DE3) (EC1002, Vazyme, China) cells to express the recombinant proteins. The resulting recombinant GRA6 (rGRA6) was fused with a TrxA and an S tag, except for the 6 × His tag. The resulting recombinant SAG2 (rSAG2) and GRA7 (rGRA7) were fused with a 6 × His tag. The recombinant proteins were purified according to standard methodology. In brief, the bacterial culture was centrifuged at 8, 000 rpm for 10 min. The cell pellets were collected and suspended in 25 mL of pre-chilled lysis buffer, followed by sonication using ultrasound (VCX-750/130 ultrasonic crusher, SONICS, United States) to disturb the cell pellet. After sonication, the suspension was centrifuged for 10 min at 13,000 rpm at 4°C, and the supernatant was collected. Then, 1 mL of Ni-NTA Superflow resin (L00250-100, GenScript, United States) was washed five times with lysis buffer and mixed with the supernatants, and the samples were rotated overnight at 4°C. Then, the rSAG2, rGRA6, and rGRA7 were eluted with 1 mL of elution buffer.



2.3 Evaluation of ELISAs based on the rSAG2, rGRA6, and rGRA7 for detecting antibodies in cat sera

Indirect ELISAs based on the recombinant proteins were established and optimized. The purified rSAG2 (0.5 μg), rGRA6 (1 μg), and rGRA7 (0.5 μg) diluted in carbonate buffer (pH 9.6) were coated on the plates and incubated overnight at 4°C. The plates were washed once with PBST (0.05% Tween in PBS, v/v), blocked with 5% skimmed milk in PBS, and incubated for 2 h at 37°C. After washing the plates as above, serum samples were diluted at 1:100 and added to the wells. The plates were incubated for 1 h at 37°C and washed six times. Thereafter, horseradish peroxidase (HRP)-conjugated anti-cat IgG diluted at 1:5000 was added and incubated for 1 h at 37°C. Following extensive washing five times with PBST, the color was developed by adding 100 μL/well tetramethylbenzidine substrate solution (PA107, TIANGEN, China), stopped with 2 M (7664-93-9, Sigma, United States), and reactivity was determined using the ELISA microplate reader at OD450nm absorbance.

An ELISA based on T. gondii lysate (TgLys-ELISA) was used as a reference method (16) to compare the efficiency of rSAG2, rGRA6, and rGRA7 for detecting antibodies in cat sera. The cutoff values of the ELISAs, including the TgLys-ELISA, were calculated with the mean OD value and 3 × SD of 30 negative samples, which were confirmed as negative using an agglutination test (17, 18). Totally, 73 cat sera were examined by the ELISAs, and each sample was detected in duplicate in the ELISAs.



2.4 Expression of recombinant proteins using a plant-based cell-free system

The recombinant proteins were expressed using a cell-free protein expression kit (WEPRO 7240, CellFree Sciences Co., Japan) according to the manufacturer’s protocol. In brief, the gene fragments were amplified using gene-specific primers (Supplementary Table S1) from the cDNA of T. gondii RH tachyzoites combined with the primer HA-MCS-R: 5’-ACGTCGCGACCGCGGACAAGATCTTCAagcgtaatccggcac-3′ by overlapping PCR. The amplified gene sequences were fused with an HA-tag sequence. Then, the purified PCR fragments with the HA-tag were inserted into a pEU-E01-MCS vector. The purified plasmids were used for mRNA transcription and protein translation using the expression kit. The expression of the recombinant proteins was examined using the Western blot analysis.



2.5 Evaluation of the antigenicity of the recombinant proteins expressed in the cell-free system

The antigenicity of the recombinant proteins was examined through an ELISA method. Briefly, a plate was coated with 1 μL of anti-HA antibody (51064-2-AP, Proteintech, China) (1:50 μL of carbonate buffer) per well and was incubated at 4°C overnight. The plate was washed once with PBST (0.05% Tween in PBS, v/v), blocked for 2 h at 37°C, and then washed with PBST five times. The translated solution containing the recombinant proteins was diluted in an equal volume of skim milk and added into the wells coated with the anti-HA antibodies. The plate was then incubated for 2 h. The remaining procedure is similar to the above ELISAs except that the serum samples were incubated for 2 h, and the second antibodies were diluted at 1:1500 and incubated for 2 h.



2.6 Data analysis

The ELISA results were processed using Microsoft Excel. The sensitivity and specificity of the ELISAs were calculated as follows: sensitivity = number of true positives/(number of true positives + number of false negatives) and specificity = number of true negatives/(number of true negatives + number of false positives). The kappa values were calculated using an online statistical tool (http://vassarstats.net/ accessed on 9 June 2021). Graphs were produced using GraphPad Prism version 8.0.2 (GraphPad Software Inc. La Jolla, CA, United States).




3 Results


3.1 Expression and purification of rSAG2, rGRA6, and rGRA7 expressed in bacteria

rSAG2, rGRA6, and rGRA7 were expressed in E. coli as His tag-fused proteins. The results showed that all of the three proteins could be effectively expressed and purified from the E. coli lysates. As shown in Figure 1, the sizes of the purified rSAG2 (30 kDa), rGRA6 (50 kDa), and rGRA7 (30 kDa) were bigger than their predicted sizes but similar to the results in previous studies (19, 20).
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FIGURE 1
 SDS-PAGE analysis of the purified rSAG2, rGRA6, and rGRA7. (A) Purified rGRA6 fused with His. (B) Purified rSAG2 and rGRA7 fused with His. A BSA standard solution was diluted into the concentrations as indicated in the figure and used to quantify the concentration of the recombinant proteins. 1, 2000 ng/μL; 2, 1,500 ng/μL; 3, 1,000 ng/μL; and 4, 500 ng/μL.




3.2 Evaluation of ELISAs based on rSAG2, rGRA6, and rGRA7 to detect Toxoplasma infection in cats

In total, 73 cat serum samples were examined using ELISAs based on rSAG2, rGRA6, and rGRA7. The rSAG2-ELISA identified 35 positive samples (47.95%) and 38 negative samples (52.05%). The rGRA6-ELISA identified 36 positive samples (49.32%) and 37 negative samples (50.68%), while the rGRA7-ELISA identified 39 positive samples (53.42%) and 34 negative samples (46.58%) (Table 1). The rSAG2-ELISA showed the lowest sensitivity, and the rGRA6-ELISA showed a lower sensitivity (90%) than the TgLys-ELISA, although with 100% specificity. The rGRA7-ELISA had the highest sensitivity (97.5%), specificity (100%), and kappa values (0.97) (Table 2).



TABLE 1 Comparison of the performance of rSAG2, rGRA6, and rGRA7 in ELISAs for detecting antibodies in cats (N = 73).
[image: Table1]



TABLE 2 Sensitivity and specificity of different ELISAs based on rSAG2, rGRA6, and rGRA7.
[image: Table2]



3.3 Expression of recombinant proteins in the cell-free system

The above results indicated that none of the three proteins is sufficient for detecting antibodies in cats. Therefore, we tried to express more antigens, including GRA3, GRA4, GRA5, GRA8, GRA14, ROP6, and SRS29A, to investigate whether they could be used as alternative antigen antigens for serodiagnosis. These antigens showed good potential for the detection of antibodies in a previous study (14). However, most of these proteins could not be efficiently expressed in E. coli (data not shown). We then tried to express these antigens and/or their truncated versions in a wheat germ cell-free system. Western blotting using an anti-HA-flag antibody showed that all of the antigens were successfully expressed except the truncated version of GRA4 and ROP6 (Figure 2).

[image: Figure 2]

FIGURE 2
 Western blot analysis of the expression of recombinant proteins in the cell-free system. The expression of the recombinant proteins was detected with an anti-HA antibody. T is the protein without transmembrane domains.




3.4 Evaluation of the antigenicity of the recombinant proteins expressed in the cell-free system

The proteins were then used to examine a positive serum sample in an ELISA to test their potential in diagnostic tests. A positive serum from an animal experimentally infected with an ME49 strain was used in this experiment instead of the cat serum. Using the serum from an animal infected with a different parasite strain might help increase the possibility of finding a more sensitive antigen. We found that all of the selected recombinant proteins (GRA3, GRA5, GRA8, and SRS29A) could react with the positive serum but not with the negative control. Among them, the recombinant GRA3 (CF-rGRA3) seems to react with the positive serum more efficiently (Figure 3).

[image: Figure 3]

FIGURE 3
 Antigenicity analysis of the selected recombinant proteins expressed in the cell-free system. Antigenicity analysis of the selected proteins expressed in the cell-free system was detected through an ELISA. TgLys was coated as a control.


Therefore, we decided to test whether the CF-rGRA3 could differentiate the TgLys-ELISA-positive samples that showed weak reactions or were negative in the ELISAs based on rSAG2, rGRA6, or rGRA7 from the negative control. Seven cat sera were used to examine the potential of CF-rGRA3 for the examination. The results showed that CF-rGRA3 strongly reacted with antibodies in these samples but not in the negative control (Figure 4).
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FIGURE 4
 Antigenicity analysis of the CF-rGRA3 using cat serum samples. TgLys, T. gondii lysate; P: a serum from a cat experimentally infected with T. gondii; PRS: a random positive sample in TgLys-ELISA; 1, 2, 3, 4, 5, 6, and 7 represent the selected cat samples.





4 Discussion

Felines are only the definitive host of T. gondii, and the relationship between cats as companion animals and humans increases the risk of T. gondii infection for humans (21). Screening infected cats using reliable diagnostic methods is one of the most important ways to control the transmission of toxoplasmosis. Serological tests based on a prepared extract of whole T. gondii tachyzoites have advantages such as high sensitivity and specificity, but the preparation of parasite lysate is very time-consuming, poses an infection risk, and necessitates inconvenient parasite culture. Due to these reasons, intensive research is being carried out on the usefulness of recombinant antigens to replace TgLys in the tests (22, 23).

In this study, three antigens were expressed as His tag-fused proteins to compare their performance in serological tests. We cannot exclude the possibility of false positive results caused by the tags fused with the recombinant proteins in the ELISAs. However, compared with the result of the TgLys-ELISA, there are few false positive samples in the ELISAs based on the recombinant proteins. Therefore, we think that it is acceptable to use tag-fused proteins in the ELISAs. The rGRA6-ELISA developed in the current study exhibited low sensitivity to detect IgG antibodies in cat sera. In a previous study, a rGRA6-ELISA had a 96% sensitivity for detecting IgG (24). Another ELISA, using rGRA6 with a His tag, detected recent T. gondii infection with higher sensitivity (93.9%) than chronic infection (60.6%) (12, 19). To the best of our knowledge, our study is the first to investigate rGRA6 as an ELISA antigen for detecting toxoplasma infection in cats. GRA7 has been previously validated as a serodiagnosis antigen for toxoplasma infection in cats from several different countries (25–27). Moreover, GRA7 is a good ELISA-based serodiagnosis marker for human toxoplasmosis, with a specificity of 98–100% and sensitivity of 81–98.9% (12, 28, 29). Although the specificity and sensitivity of the rGRA7-ELISA were comparable with those of the TgLys-ELSIA in this study, neither this antigen nor rGRA6 was sensitive enough to detect T. gondii infection in cats. In this study, the CF-rGRA3-ELISA showed high antigenicity. These preliminary results suggest that CF-rGRA3 might be an alternative antigen for the serodiagnosis of T. gondii infection.

GRAs are well-recognized among T. gondii antigens for their excellent diagnostic ability (30). However, these antigens were sometimes difficult to express in E. coli in our previous experience. In the current study, we successfully expressed T. gondii proteins using a plant cell-free system. The results revealed that IgG antibodies could be detected efficiently using the selected recombinant proteins expressed in the system. Our data suggest that the plant expression system could be an efficient way to characterize antigens used for serological tests. However, the application of cell-free systems is still limited because of their high cost. Therefore, we did not determine the sensitivity and specificity of the CF-rGRA3 with a large number of serum samples, but rather examined the potential of this antigen to differentiate the weak positive samples from the negative ones in this study.

Recently, the methodology has become more productive and applicable for large-scale protein production due to the utilization of less-expensive energy resources (31). Future investigation and improvements will help overcome these limitations and extend the potential of the cell-free protein synthesis method to express antigens for serological tests (32).
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