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Dear Editor,

Porcine deltacoronavirus (PDCoV), a member of the genus Delta-
coronavirus, is a significant enteric pathogen that induces acute watery 
diarrhea, vomiting, and high mortality in neonatal piglets (Jung et al., 
2016; Yao et al., 2025). After porcine epidemic diarrhea virus (PEDV) 
and transmissible gastroenteritis virus (TGEV), porcine deltacoronavirus 
(PDCoV) has emerged as a major threat to the global swine industry. 
Recent molecular surveillance indicates a nucleic acid positivity rate of 
approximately 6%–10% in clinical samples (Wu et al., 2026; Yao et al., 
2025). Notably, its broad tissue tropism and potential for cross-species 
transmission presents a substantial risk to both veterinary and public 
health (Hu et al., 2024). While PCR-based assays are standard for acute 
diagnosis, serological testing remains indispensable for assessing infec-
tion dynamics and vaccine-induced immunity. However, current refer-
ence methods, such as the immunofluorescence assay (IFA) and virus 
neutralization test (VNT), are labor-intensive and unsuitable for 
high-throughput screening (Paudel et al., 2014). Given the absence of 
standardized commercial ELISA kits in China, developing a rapid, sen-
sitive, and cost-effective serological tool is essential for large-scale 
epidemiological investigations and vaccine evaluation. Among the 
structural proteins of PDCoV, the spike (S) glycoprotein is the primary 
determinant of host cell entry and the dominant target for neutralizing 
antibodies, making it the most promising antigen for serological di-
agnostics and vaccine development (Chen et al., 2020; Li et al., 2023). 
While S protein-based iELISA has been successfully established for other 
porcine coronaviruses like PEDV, their systematic application for PDCoV 
remains underdeveloped (Ma et al., 2025). Notably, maintaining the

native trimeric conformation of the S protein is crucial for maximizing 
diagnostic sensitivity, as it preserves key conformational epitopes.

Despite the increasing prevalence of PDCoV and its substantial 
impact on the swine industry, sensitive and reliable serological assays 
for large-scale surveillance and vaccine evaluation remain limited. In 
particular, conventional iELISA antigens produced in prokaryotic 
expression systems often lack authentic post-translational modifications 
and native conformational epitopes, which may compromise diagnostic 
performance. To address these limitations, this study employed a 
mammalian expression system to produce the PDCoV spike ectodomain 
(S-ECD) protein and incorporated a ferritin-based self-assembling 
nanoparticle platform to enhance antigen presentation and preserve 
conformational epitopes (Ding et al., 2026). Based on this strategy, an 
iELISA was developed and systematically evaluated for its potential 
application in PDCoV serological detection, epidemiological surveil-
lance, and vaccine immunogenicity assessment.

To obtain high-quality soluble recombinant spike (S) protein, the S-
ECD was expressed using a mammalian expression system. As shown in 
the schematic workflow (Fig. 1A), the expression vector pMGT was 
constructed by fusing the S-ECD sequence with a ferritin tag to facilitate 
self-assembly into nanoparticles. A Glycine-Serine (GS) linker was 
incorporated to provide structural flexibility between the viral antigen 
and the ferritin scaffold.

The recombinant S protein was purified via a Superose 6 Increase 10/ 
300 GL SEC column (Supplementary Fig. S1). As shown in Fig. 1B, the 
recombinant S protein appears at approximately 200 kDa on the SDS-
PAGE, which is larger than its predicted molecular weight attributable

* Corresponding author.
E-mail address: caoych@mail.sysu.edu.cn (Y. Cao).

Peer review under the responsibility of editorial board of Virologica Sinica.
1 Rui Geng and Hanqin Shen contributed equally to this work.

Contents lists available at ScienceDirect

Virologica Sinica
journal homepage: www.keaipublishing.com/en/journals/virologica-sinica 

www.virosin.org

https://doi.org/10.1016/j.virs.2026.06.009
Received 3 April 2026; Accepted 8 June 2026
Available online 13 June 2026
1995-820X/© 2026 Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Virologica Sinica 41 (2026) 720–723

http://creativecommons.org/licenses/by-nc-nd/4.0/
Delta:1_given-name
Delta:1_surname
Delta:1_given-name
Delta:1_surname
Delta:1_given-name
Delta:1_surname
Delta:1_given-name
Delta:1_surname
mailto:caoych@mail.sysu.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.virs.2026.06.009&domain=pdf
www.keaipublishing.com/en/journals/virologica-sinica
http://www.virosin.org
https://doi.org/10.1016/j.virs.2026.06.009
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.virs.2026.06.009


(caption on next page)

R. Geng et al. Virologica Sinica 41 (2026) 720–723

721



to extensive N-glycosylation of the S-ECD, and the absence of additional 
bands confirmed the high purity of the recombinant protein. Subsequent 
Western blot (WB) analysis using PDCoV-positive porcine serum 

revealed a specific band at 200 kDa, further confirming the identity and 
the potent antigenicity of the expressed S protein (Fig. 1C). Finally, 
Transmission electron microscope (TEM) examination of the purified 
S-ECD-ferritin fusion protein demonstrated the formation of hollow, 
cage-like nanoparticles decorated with distinct trimeric spikes on the 
surface, validating ferritin-mediated self-assembly (Fig. 1D).

The optimal working concentrations of antigen and serum were 
determined by checkerboard titration based on the highest P/N ratio 
(Supplementary Table S1). The results indicated that the S-based iELISA 
performed best with a coating antigen concentration of 2.0 μg/mL and a 
serum dilution of 1:100, yielding a peak P/N ratio of 23.5 (mean 
OD 450nm of 1.081 for positive sera and 0.046 for negative sera). Opti-
mization of the assay conditions identified 10% CN as the most effective 
blocking buffer (Supplementary Fig. S2A), and the optimal dilution of 
the HRP-conjugated secondary antibody was 1:20,000 (Supplementary 
Fig. S2B). The optimal coating time is 15 h at 4 ◦ C (Supplementary 
Fig. S2C), with an optimal blocking duration of 4 h at 37 ◦ C (Supple-
mentary Fig. S2D). The optimal incubation time for both serum samples 
and the secondary antibody was determined to be 30 min at 37 ◦ C 
(Supplementary Fig. S2E and 2F). Finally, the optimal substrate reaction 
time with horseradish peroxidase (HRP) and tetramethylbenzidine 
(TMB) was determined as 15 min at 37 ◦ C (Supplementary Fig. S2G).

To determine the positive cut-off value for the iELISA, a total of 90 
well-characterized serum samples were analyzed, comprising 45 sero-
negative samples (collected from newborn, colostrum-deprived piglets, 
ensuring the total absence of PDCoV antibodies) and 45 seropositive 
samples (collected post-immunization) (Fig. 1E). The mean OD 450nm 

value of the PDCoV-negative control sera was 0.092, with a SD of 
0.0596. Therefore, the cut-off value was calculated as the mean OD
value of the negative control sera plus three times the SD (Cut-off = x 
neg + 3 × SD), resulting in a threshold OD 450nm value of 0.271, above 
which samples were considered PDCoV-seropositive. To further validate 
the diagnostic performance of the assay, a receiver operating charac-
teristic (ROC) curve analysis was performed (Fig. 1F). The result 
demonstrated an area under the curve (AUC) of 1.00, indicating excel-
lent diagnostic accuracy. This idealized performance is attributed to the 
distinct biological backgrounds of the reference cohorts: the negative 
group consisted of newborn, colostrum-deprived piglets (ensuring a 
zero-antibody baseline), while the positive group comprised high-titer 
immune sera. At the fixed cut-off value of 0.271, the iELISA achieved 
a sensitivity of 100% and a specificity of 97.78%, confirming the reli-
ability of this threshold for distinguishing PDCoV-seropositive from 

seronegative samples.
To evaluate the specificity of the iELISA, ELISA-confirmed positive 

antisera against other common swine viruses were evaluated. The 
OD 450nm values of these sera for PEDV, porcine rotavirus (PoRV), TGEV, 
classical swine fever virus (CSFV), porcine reproductive and respiratory 
syndrome virus (PRRSV), porcine circovirus type 2 (PCV2), pseudora-
bies virus (PRV), and Getah virus (GETV) were all below the established

cut-off value (Fig. 1G), demonstrating that the S-based iELISA exhibited 
no cross-reactivity with these samples. Analytical sensitivity was eval-
uated by testing twofold serial dilutions of PDCoV-positive serum sam-
ples, starting from an initial dilution of 1:100 in PBS. As shown in 
Fig. 1H, the highest dilution yielding a positive signal was 1:1600 
(OD 450nm = 0.357 ± 0.017), indicating high analytical sensitivity for 
PDCoV antibody detection. Furthermore, the reproducibility of the 
iELISA was evaluated using PDCoV-positive sera with varying antibody 
titers and a PDCoV-negative serum sample, with each tested in triplicate 
across three independent assays. The intra-assay and inter-assay co-
efficients of variation (CV) ranged from 1.93% to 3.47% and 2.75%– 
6.01%, respectively (Supplementary Table S2). All CV values were well 
below the 10% threshold, confirming the excellent precision and sta-
bility of the established iELISA.

To evaluate the diagnostic performance of the iELISA, a comparative 
study was performed. A total of 78 serum samples collected two weeks 
after the second immunization with the inactivated PDCoV vaccine and 
18 PDCoV-negative serum samples were tested using both the iELISA 
and IFA. As shown in Supplementary Fig. S3, an anti-N monoclonal 
antibody confirmed successful viral infection in cells, with no non-
specific reactions observed in negative porcine sera. The iELISA and 
IFA identified 100% (78/78) and 97.44% (76/78) of the positive sam-
ples, respectively. The overall agreement between the two methods was 
93.75%, with a positive coincidence rate of 94.87% and a negative 
coincidence rate of 88.89% (Supplementary Table S3), indicating an 
excellent level of agreement and demonstrating the strong potential of 
the iELISA for clinical diagnostics.

As shown in Fig. 1I, a significant correlation was observed between 
PDCoV-specific IgG levels measured by iELISA and neutralizing anti-
body (NAb) titers (r = 0.95, P < 0.001). This strong correlation indicates 
that the assay reliably reflects neutralizing activity, making it a valuable 
tool for evaluating vaccine-induced immunity.

Finally, the iELISA was applied to 331 field serum samples collected 
from diarrheic pigs across various regions of China (Jiangsu, Guang-
dong, and Anhui provinces). The results revealed an overall seroposi-
tivity rate of 48.64% (161/331). Regional analysis showed widespread 
circulation of PDCoV in east and south China, with high seroprevalence 
in Jiangsu (52.94%), Guangdong (48.89%), and Anhui (46.15%) 
(Fig. 1J). Considering that none of the sampled pigs had been vaccinated 
against PDCoV and that PDCoV RNA was also detected in herds showing 
clinical symptoms, these findings strongly suggest that PDCoV is prev-
alent and widely circulating among swine populations in these regions.

While vaccination is a premier strategy for controlling swine enteric 
coronaviruses, the current lack of commercial options renders serolog-
ical surveillance indispensable for monitoring viral dynamics and eval-
uating S-protein-targeted vaccine candidates. (Gruell et al., 2022; Tang 
et al., 2021). Moreover, most subunit vaccines, mRNA vaccines, and 
other vaccine strategies targeting PDCoV have been designed based on 
the S protein (Tang et al., 2021). In this study, we developed an S-pro-
tein-based iELISA utilizing a ferritin-nanoparticle platform expressed in 
a stable CHO cell line. Compared to transient expression or prokaryotic 
systems, our CHO-based platform ensures authentic post-translational

Fig. 1. Establishment, evaluation, and application of an S-protein-based indirect ELISA for detecting PDCoV antibodies. A Schematic diagram of the recombinant 
porcine deltacoronavirus (PDCoV) spike (S) protein used as the coating antigen for the indirect ELISA (iELISA). B, C SDS-PAGE (B) and Western blot (C) analysis 
confirming the purity and immunoreactivity of the purified recombinant S protein. M, protein marker, lane 1, purified S protein. D Morphological examination of the 
purified S protein by transmission electron microscope. E Cut-off determination for PDCoV S-protein-based iELISA. Seronegative samples collected from newborn, 
colostrum-deprived piglets, which were confirmed to be free of PDCoV antibodies (n = 45) and seropositive samples collected post-immunization (n = 45) were 
enrolled. The dashed line represents the positive threshold (Mean + 3 SD) calculated from PDCoV-negative porcine sera. F ROC analysis of the iELISA. PDCoV-
negative samples (n = 45) and PDCoV-positive samples (n = 45) were measured. G Specificity assay. Cross-reactivity was evaluated using positive antisera 
against PDCoV and eight other porcine viruses (porcine epidemic diarrhea virus, PEDV; porcine rotavirus, PoRV; transmissible gastroenteritis virus, TGEV; classical 
swine fever virus, CSFV; porcine reproductive and respiratory syndrome virus, PRRSV; porcine circovirus type 2, PCV2; pseudorabies virus, PRV, Getah virus, GETV). 
The dashed line indicates the determined cut-off value. H Sensitivity assay. Analytical sensitivity was determined using serial 2-fold dilutions (1:100 to 1:12,800) of 
PDCoV-positive serum. Data are presented as mean ± SD from three independent experiments, n = 3. I Correlation between iELISA-measured PDCoV IgG and NAb 
titers. PDCoV-negative samples (n = 18) and PDCoV-positive samples (n = 78) were measured. J Results of the iELISA on clinical porcine serum samples collected 
from three provinces.
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modifications and native protein folding, while ferritin-mediated self-- 
assembly facilitates multivalent epitope presentation (Fig. 1A). This 
strategic integration significantly enhanced antigen stability, providing 
a reliable and scalable antigen source with high batch-to-batch consis-
tency, as the coating antigen is the key determinant of a reliable assay 
(Aydin et al., 2025). The iELISA demonstrated superior diagnostic per-
formance, achieving an AUC near 1.0 and high sensitivity/specificity. 
The strong agreement with IFA (κ > 0.9) further confirms its accuracy 
(Supplementary Table S3), as does the significant correlation with NAb 
titers (Fig. 1I). Low intra-assay and inter-assay CV (< 8%) underscore 
the assay’s robustness (Supplementary Table S2). Clinical application 
revealed a 48.64% seropositivity rate among 331 field samples from 

three Chinese provinces, indicating widespread and sustained viral cir-
culation. These findings serve as an important complement for assessing 
the historical infection status of pig populations in the region.

Nevertheless, several limitations of the present study should be 
recognized. The clinical samples were restricted to specific geographical 
regions and a single age group, which may not fully represent national 
infection dynamics. As the virus continues to evolve, ongoing moni-
toring and testing against emerging genotypes will be essential. Such 
continuous validation is critical to ensure the long-term reliability and 
universal applicability of this diagnostic tool in the face of shifting viral 
epidemiology. Future research will focus on expanding sample diversity 
and evaluating assay performance in complex co-infection scenarios. 
While our iELISA IgG levels showed a strong correlation (r = 0.95) with 
neutralizing titers, this validation was limited by a relatively small 
cohort (n = 40). Consequently, expanded testing with additional post-
vaccination samples is required to fully establish the assay’s predictive 
value for vaccine efficacy (Oh et al., 2005).

In conclusion, this study provides a practical and robust serological 
tool for monitoring PDCoV infection and assessing vaccine-induced 
immunity in pig populations. Furthermore, our findings reveal the 
widespread prevalence of PDCoV in several regions of China, empha-
sizing the need for continued surveillance.
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