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Abstract 

Background:  Classical swine fever (CSF) virus is the causative agent of an economically important, highly contagious 
disease of pigs. CSFV is genetically and serologically related to bovine viral diarrhea virus (BVDV). BVDV infection 
in pigs can mimic CSF clinical signs, which cause difficulty in differentiation. Serological test for detection of virus 
specific antibodies is a valuable tool for diagnosis and surveillance of CSFV and BVDV infections in animals. The aim of 
this study was to develop the CSFV Erns and BVDV tE2 -based ELISAs to distinguishably test specific antibodies against 
CSFV and BVDV.

Methods:  The CSFV Erns and truncated E2 (tE2, residues 690–865) of BVDV were expressed in E. coli and purified by 
Ni–NTA affinity chromatography, respectively. Employing Erns or tE2 protein as diagnostic antigen, indirect ELISAs were 
developed to distinguishably test specific antibodies against CSFV and BVDV. The specificity and sensitivity of ELISAs 
were evaluated using a panel of virus specific sera of pigs, immunized rabbits and immunized mice. A total 150 clini-
cal serum samples from farm pigs were measured by the developed ELISAs and compared with virus neutralizing test 
(VNT).

Results:  Indirect ELISA was established based on recombinant CSFV Erns or BVDV tE2 protein, respectively. No 
serological cross-reaction between antibodies against CSFV and BVDV was observed in sera of immunized rabbits, 
immunized mice or farm pigs by detections of the Erns and tE2 -based ELISAs. Compared to VNT, the CSFV Erns -based 
ELISA displayed a high sensitivity (93.3%), specificity (92.0%) and agreement rate (92.7%), and the sensitivity, specificity 
and agreement rate of BVDV tE2 -based ELISA was 92.3%, 95.2% and 94.7%, respectively.

Conclusion:  The newly developed ELISAs are highly specific and sensitive and would be valuable tools for serological 
diagnosis for CSFV and BVDV infections.
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Background
Classical swine fever (CSF) is a highly contagious dis-
ease of pigs, which is caused by classical swine fever 
virus (CSFV). CSFV belongs to the genus Pestivirus in 
the family Flaviviridae, along with bovine viral diarrhea 
virus (BVDV), border disease virus (BDV) and several 
newly found atypical pestiviruses [1, 2]. CSFV is a small 
enveloped virus with a single-stranded, 12.3  kb RNA 
genome of positive polarity. The genome is composed 
of one large open reading frame (ORF) flanked by two 
untranslated regions (5′UTR and 3′UTR) [3]. The ORF 
encodes a 3,898-amino-acid polyprotein, which is fur-
ther processed into four structural proteins (C, Erns, E1, 
and E2) and eight nonstructural proteins (Npro, p7, NS2, 
NS3, NS4A, NS4B, NS5A, and NS5B) by virus-encoded 
and cellular proteases [4, 5]. Antibodies directed to Erns, 
E2 and NS3 have been demonstrated in infected ani-
mals [6–8]. Erns and E2 antibodies displayed virus-neu-
tralizing abilities and conferred protection against viral 
infection [9, 10].

BVDV causes economically important disease in cat-
tle, and also infected pigs [11, 12]. BVDV infection in 
pigs may be presented with a great variability of clini-
cal signs [13], leading to be clinically indistinguishable 
from CSF [11, 14]. Serological detection of virus-spe-
cific antibodies is extensively used for diagnosis and 
monitoring virus infection in animals. The virus neu-
tralization test (VNT) is the gold standard test for 
the serological diagnosis of CSFV and BVDV infec-
tions and it is also used as the reference potency test 
for commercial vaccines. However, the requirement of 
cell culture, live virus, and a dedicated facility makes 
the test expensive and difficult to deploy. Alternatively, 
serological diagnosis by enzyme-linked immunosorb-
ent assay (ELISA) is a valuable tool for surveillance of 
CSF in apparently disease-free area or for monitoring 
in a CSF eradication program. CSFV Erns and E2 -based 
ELISAs have been developed for serological diagnosis 
of CSF and developed for the evaluation of CSF maker 
vaccines [8, 15–17]. However, ELISAs based on the full-
length E2 protein of CSFV cannot discriminate anti-
CSFV from anti-BVDV antibodies. So, a serological 
diagnostic assay with the potential to effectively distin-
guish CSFV from BVDV infection is urgently needed. 
In this study, we developed the indirect ELISAs based 
on the recombinant CSFV Erns and truncated E2 (tE2) 
of BVDV to detect specific antibodies in swine sera, 
with a specificity and sensitivity comparable with VNT.

Materials and methods
Cells, viruses, animals and serum samples
Porcine kidney 15 (PK15) cells and Madin-Darby 
bovine kidney (MDBK) cells were obtained from the 
China Center for Type Culture Collection (CCTCC, 
Wuhan, China) and cultured in Dulbecco’s Modified 
Eagle’s Medium (DMEM) (Invitrogen, Carlsbad, CA, 
USA) supplemented with 10% fetal bovine serum (FBS) 
(Natocor, Cordoba, Argentina) in 5% CO2 at 37ºC. 
The CSFV Shimen strain (GenBank accession number 
AF092248.2) was generated from a cDNA clone (pSPTI/
SM) [18] and propagated in PK15 cells. The BVDV I 
Hubei strain (GenBank accession number MZ484396) 
is a passaged variant of BVDV I NDAL strain (GenBank 
accession number AJ133738.1) [19] and propagated 
in MDBK cells. The BVDV Hubei strain caused typi-
cal cytopathogenic effect (CPE) similar to the parental 
BVDV NADL strain.

Twelve 5-week-old New Zealand White rabbits (Hubei 
Center for Disease Control and Prevention, China) were 
randomly divided into three groups (A to C), with four 
rabbits each. Rabbits in group A were intravenously (i.v.) 
injected with 1  ml of CSFV (106 TCID50/rabbit). Rab-
bits in group B were i.v. injected with 1 ml of BVDV (106 
TCID50/rabbit). Rabbits in group C were i.v. injected with 
1 ml DMEM as a control. All rabbits received a booster 
administration with the same dose at 2  week intervals. 
Blood samples were collected at day 7 after the last injec-
tion and stored at -80 °C for the subsequent assay.

Similarly, eighteen 6-week-old specific-pathogen-
free (SPF) female BALB/c mice (Hubei Center for Dis-
ease Control and Prevention, China) were randomly 
divided into 3 groups (A to C), with six mice each. Mice 
in group A were intramuscularly (i.m.) injected with 
100  μl of CSFV (105 TCID50/mouse). Mice in group B 
were i.m. injected with 100  μl of BVDV (105 TCID50/
mouse). Mice in group C were i.m. injected with 100 μl 
DMEM as a control. All mice received a booster admin-
istration with the same dose at 2 week intervals. Blood 
samples were collected at day 7 after the last injection 
and stored at -80 °C for the subsequent assay.

One hundred and fifty swine serum samples were 
collected from pig farms in different regions of China, 
including Hubei, Henan and Guangxi Provinces. The 
twenty-four virus-specific sera, including PCV2-pos-
itive (n = 9), PRRSV-positive (n = 6), PEDV-positive 
(n = 4) or ASFV-positive (n = 5) sera, were collected 
from pig farms in Hubei and Henan Provinces.

Keywords:  Classical swine fever virus, Bovine viral diarrhea virus, Erns, E2, Serological diagnosis, Indirect enzyme-
linked immunosorbent assay



Page 3 of 10Yi et al. Virology Journal          (2022) 19:121 	

Cloning, expression and purification of recombinant Erns 
and truncated E2
To construct the expression plasmids, the codon-opti-
mized Erns gene of CSFV Shimen strain and the coding 
sequence of truncated E2 (tE2, residues 690—865) of 
BVDV Hubei strain were synthetically produced (Sangon 
Biotech, Shanghai, China). The Erns gene was amplified 
using the specific primers Erns-F (5′-CACCA​TGG​CGG​
AAA​ATA​TCA​CCC​AGT​GGA​ACC​TGA​GCG​-3′) (under-
line, NcoI site) and Erns-R (5′-CTCTC​GAG​CGC​GTA​
CGC​GCC​GAA​CCA​GGT​TTT​GC-3′) (underline, XhoI 
site). The coding region of tE2 was amplified using the 
specific primers E2-F (5′-CACCA​TGG​CAC​ACC​TGG​
ATT​GCA​AAC​CGG​AAT​TC-3′) and E2-R (5′-CTCTC​
GAG​TTC​ACC​CAG​GTT​TTT​CTG​GGT​GAT​G-3′). The 
PCR products were cloned into expression vector pET-
28a to generate the pET-Erns and pET-tE2, respectively. 
Both resulting constructs were confirmed by sequencing.

Purification of recombinant Erns or tE2 protein was per-
formed as previously described [20, 21]. In brief, E. coli 
BL21-CodonPlus (DE3)-RIL was transformed with the 
plasmid pET-Erns or pET-tE2, and then the bacteria were 
grown at 37 °C in LB medium containing 50 μg/ml kana-
mycin until the optical density at 600 nm (OD600) reached 
0.6. Isopropyl-β-D-1-thiogalactopyranoside (IPTG) was 
then added to a final concentration of 0.5  mM, and the 
cells were grown for an additional 4 h at 25ºC. The cul-
ture cells were harvested and resuspended in the lysis 
buffer (300 mM NaCl, 50 mM NaH2PO4·2H2O, pH 8.0) 
for sonication. After centrifugation, the pellets were 
collected, washed, and then resuspended in the bind-
ing buffer (300 mM NaCl, 50 mM NaH2PO4, 8 M Urea, 
5  mM Imidazole, pH 8.0) and the targeted protein was 
purified using His Trap HP column (GE Healthcare, 
Freiburg, Germany) according to the manufacturer’s pro-
tocol. The purified protein was quantified using the Brad-
ford assay kit (Sangon Biotech) and stored at -80ºC for 
subsequent experiments.

SDS‑PAGE and western blotting
The harvested samples were subjected to 12% SDS-PAGE 
and subsequently characterized by Western blotting as 
described previously [22]. In briefly, the protein samples 
were separated on 12% polyacrylamide gels and stained 
with Coomassie blue R-250 or transferred onto nitro-
cellulose membranes for Western blot analysis with a 
mouse anti-His monoclonal antibody (ABclonal, Wuhan, 
China) and rabbit anti-CSFV or rabbit anti-BVDV poly-
clonal antibody (prepared in our laboratory) as primary 
antibody (1:10,000 dilution), followed by incubation with 
horseradish peroxidase (HRP)-conjugated goat anti-
mouse/anti-rabbit IgG (ABclonal).

Establishment of the Erns and tE2 ‑based indirect ELISAs
The optimal concentrations of the coating antigen, dilu-
tions of sera and the secondary antibody [HRP-conju-
gated rabbit anti-pig IgG (Sigma-Aldrich, St. Louis, MO, 
USA)] were determined according to the checkerboard 
titration method [23]. Briefly, 96-well ELISA plates (BIO-
FIL, Guangzhou, China) were separately coated with the 
purified antigen at concentration of 2.5, 5, 10 or 20 μg/ml 
in coating buffer (pH 9.6) at 4ºC overnight. After washing 
with PBST (PBS containing 0.05% Tween-20) and block-
ing with 3% bovine serum albumin (BSA) (Biosharp, 
Hefei, Anhui, China), the diluted swine sera were added 
to coated plates (100 μl/well), respectively, and incubated 
at 37ºC for 1 h. After washing with PBST, the diluted sec-
ondary antibodies were added to the plates (100 μl/well) 
for 1-h incubation at 37ºC. After washing with PBST, the 
bound antibodies were detected with tetramethylben-
zidine (TMB) substrate (100  μl/well) at room tempera-
ture. The reaction was stopped with 2 M H2SO4 (100 μl/
well). The optical density (OD) values were measured at 
450  nm using a microplate reader (Thermo Scientific, 
Waltham, MA, USA). The optimal conditions were deter-
mined according to the positive control/negative control 
(P/N) values in absorbance at OD450nm.

Evaluation of the specificity and sensitivity of the Erns 
and tE2 ‑based indirect ELISAs
Specificity and sensitivity of the Erns and tE2 -based ELI-
SAs were tested using150 swine sera. Specific antibodies 
directed to CSFV and BVDV in these sera were detected 
by virus neutralization test (VNT). The cut-off values of 
the Erns and tE2 -based ELISAs were determined by SPSS 
software version 22.0 (https://​www.​ibm.​com/​analy​tics/​
spss-​stati​stics-​softw​are). The sera from pigs clinically 
infected other viruses, including PCV2, PRRSV, PEDV 
and ASFV were used to evaluate cross-reactivity within 
the assay. The specificity of the Erns and tE2 -based ELI-
SAs was confirmed using specific anti-CSFV and anti-
BVDV sera of immunized mice and immunized rabbits. 
The sensitivity of the assays was evaluated using 4 serum 
samples with different neutralizing antibody (NAb) titers.

Virus neutralization test
Virus neutralization test (VNT) was performed as 
described previously [24, 25]. Briefly, serum samples were 
heat-inactivated for 30  min at 56ºC. Replicates of two-
fold serially diluted sera (50  μl/well, starting from 1/4) 
were mixed with an equal volume of 100 TCID50 of CSFV 
or BVDV and incubated at 37 °C for 1 h. The mixture was 
then transferred to the PK15 (for CSFV) or MDBK (for 
BVDV) cell monolayers in 96-well plates and incubated 
at 37 °C in 5% CO2 atmosphere. For CSFV neutralization, 

https://www.ibm.com/analytics/spss-statistics-software
https://www.ibm.com/analytics/spss-statistics-software
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after 72 h of incubation the cell monolayers were fixed in 
cold 50% (v/v) methanol/acetone for 30 min at -20 °C and 
subjected to immunofluorescence staining with rabbit 
anti-NS3 polyclonal antibody [26] and Alexa Fluor 488 
-conjugated goat anti-rabbit IgG (ABclonal). NAb titer 
was expressed as the reciprocal of the highest dilution 
that caused complete neutralization. For BVDV neutrali-
zation, after 96 h of inoculation the CPE of MDBK cells 
in culture plates was observed under microscopy. NAb 
titer was read as the highest dilution of serum resulting 
in 50% CPE reduction. Sera with neutralizing titers > 1/16 
were considered positive.

Detection of clinical serum samples
Specific antibodies against CSFV and BVDV in 150 swine 
serum samples were measured by the developed Erns or 
tE2 -based ELISA, respectively. The swine serum samples 
diluted with PBST containing 1% BSA (1:200) were used 
to ELISA tests. The positive and negative sera tested by 
the ELISA assays were compared with VNT.

Results
Expression and purification of recombinant CSFV Erns 
and BVDV tE2 proteins
The recombinant CSFV Erns or BVDV tE2 protein (fused 
with His-tag) expressed in E. coli was analyzed by SDS-
PAGE (Fig.  1A, C), and confirmed by Western blot 
analysis using anti-His monoclonal antibody, rabbit anti-
CSFV or anti-BVDV polyclonal antibody (Fig.  1B, D), 
respectively. Data showed that the targeted protein of 
approximately 26.7  kDa or 21.2  kDa was detected in E. 

coli lysates but not in negative control samples (Fig.  1). 
Western blot analysis identified that recombinant CSFV 
Erns and BVDV tE2 proteins expressed in E. coli displayed 
specific reactivity with the corresponding anti-CSFV 
and anti-BVDV antibodies, respectively (Fig. 1B, D). The 
cell lysates containing the targeted proteins were puri-
fied with Ni–NTA affinity chromatography, and highly 
pure CSFV Erns and BVDV tE2 proteins were prepared 
(Fig. 1A, C).

Optimization of the CSFV Erns and BVDV tE2 ‑based indirect 
ELISAs
Data of checkerboard titration showed that the opti-
mized parameters of CSFV Erns -based ELISA were the 
concentration of the coating antigen as 5 μg/ml, dilution 
of swine serum samples as 1:200 and dilution of second-
ary antibody dilution as 1:10,000 (Fig. 2A). Similarly, the 
optimized parameters of the BVDV tE2 -based ELISA 
were the concentration of the coating antigen as 10 μg/
ml, swine serum samples as 1:200 dilution and second-
ary antibody dilution as 1:10,000 (Fig. 2B). Employing the 
optimal conditions, a total of 150 swine serum samples 
were tested using the CSFV Erns and BVDV tE2 -based 
indirect ELISAs. The cut-off was calculated by receiver 
operator characteristic (ROC) analysis [8] for maximum 
diagnostic sensitivity and specificity using SPSS software. 
The cut-off absorbance values were set at 0.285 and 0.298, 
respectively (Fig.  3A, B). Samples with OD450nm values 
greater than or equal to the cut-off value were considered 
positive.

Fig. 1  Expression and identification of CSFV Erns and BVDV tE2 proteins. A & C The recombinant CSFV Erns (A) or BVDV tE2 (C) protein expressed 
in E. Coli was analyzed by SDS-PAGE, with Coomassie blue staining. M, molecular marker; Lane 1, lysate of bacteria harboring the control plasmid 
pET-28a; Lane 2, the lysate of bacteria harboring the plasmid pET-Erns (A) or pET-tE2 (C); Lane 3, the purified CSFV Erns (A) or BVDV tE2 (C) protein. 
B & D Recombinant CSFV Erns (B) or BVDV tE2 (D) protein was confirmed by western blotting using an anti-His monoclonal antibody (upper) or a 
specific anti-virus polyclonal antibody (lower). M, molecular marker; Lane 1, lysate of bacteria harboring the control plasmid pET-28a; Lane 2, the 
lysate of bacteria harboring the plasmid pET-Erns (B) or pET-tE2 (D)
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Specificity and sensitivity of the developed ELISAs
The specific anti-CSFV and anti-BVDV sera of pigs 
were used to determine the specificity of the CSFV Erns 
and BVDV tE2 -based indirect ELISAs, and CSFV- and 
BVDV-free sera of pigs were used as negative control. 
Other virus-specific sera from the pigs clinically infected 
with PCV2, PRRSV, PEDV and ASFV were used to 
evaluate cross-reactivity within the assay. As expected, 
the absorbance values of all CSFV- and BVDV-free sera 
were lower than the defined cut-off value, and no cross-
reactivity was detected by the coating antigen ELISAs 
between specific anti-sera directed to CSFV and BVDV. 

In addition, the absorbance values of all other virus-spe-
cific sera of pigs exhibited lower than the cut-off value by 
the CSFV Erns and BVDV tE2 -based ELISAs (Fig. 3A, B). 
Because no specific BVDV antibody-positive sera (CSFV 
antibody-negative) of pigs were collected, the specificity 
of the assays was further confirmed using specific anti-
CSFV and anti-BVDV sera of immunized rabbits and 
mice. Data showed that no cross-reactivity of the assays 
were observed between specific CSFV and BVDV anti-
sera (Fig. 3C–F), which further confirmed that the coat-
ing antigen CSFV Erns and BVDV tE2 possessed good 
specificity.

Fig. 2  Optimizations of CSFV Erns and BVDV tE2 -based ELISA procedures. A & C Optimization of the concentration of coating antigen and the 
dilution of swine sera for CSFV Erns (A) or BVDV tE2 (C) -based ELISA using checkerboard titration test. B & D Optimization of the dilution of the 
secondary antibody for CSFV Erns (B) or BVDV tE2 (D) -based ELISA. P/N, positive control/negative control; ☆, the optimized condition for ELISA test
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Fig. 3  Validation of the specificity of CSFV Erns and BVDV tE2 -based indirect ELISAs. The specificities of CSFV Erns -based (A, C & E) and BVDV tE2 
-based ELISAs (B, D & F) were validated using a panel of infected swine sera (A & B), including PCV2 (n = 9), PRRSV (n = 6), PEDV (n = 4), ASFV 
(n = 5), CSFV (n = 10), BVDV (n = 10) and negative control (n = 6); a panel of immunized rabbit sera (C & D), including CSFV (n = 4), BVDV (n = 4) and 
negative control (n = 4) or immunized mouse sera (E & F), including CSFV (n = 6), BVDV (n = 6) and negative control (n = 6)
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The sensitivity of the CSFV Erns and BVDV tE2 
-based ELISAs were evaluated using specific CSFV and 
BVDV sera with different NAb titers. Data showed that 
the ELISA assays displayed higher sensitivity for both 
specific anti-CSFV and anti-BVDV serum samples 
compared to the corresponding NAb titers (Fig. 4A, B).

Detection of clinical sera samples
A total of 150 swine serum samples were used to 
evaluate the potential of the CSFV Erns and BVDV 
tE2 -based indirect ELISAs. Compared with VNT, 
the CSFV Erns -based ELISA displayed a high sensitiv-
ity (93.3%, 70/75) and specificity (92.0%, 69/75) with 
92.7% agreement rate (139/150) (Table  1). Similarly, 
the sensitivity, specificity and agreement rate of BVDV 
tE2 -based ELISA was 92.3%, (24/26), 95.2% (118/124) 
and 94.7% (142/150) comparable to VNT, respectively 
(Table 2).

Discussion
CSF makes a severe social and economic impact on 
global pig industry [27, 28]. Infection caused by BVDV in 
pigs has been reported in many countries [11, 29]. BVDV 
infection in pigs can mimic many of CSF clinical signs, 
leading to CSFV diagnosis and prevention problems [29, 
30]. Rapid and accurate serological diagnosis is particu-
larly crucial for evaluation of vaccination effects and sur-
veillance of CSF. VNT is the gold standard for detection 
of CSFV specific antibodies, but detection of neutralizing 
antibody is time consuming, needs skill and well setup 
cell culture laboratory.

Among the structural and nonstructural proteins 
of CSFV, the Erns, E2 and NS3 can induce detectable 
antibodies [26, 31–33]. Many indirect ELISAs based 
on recombinant E2, Erns or NS3 are available for spe-
cific antibody detection [8, 20, 31, 34, 35]. Because E2 
is the primary target for neutralizing antibody [9, 36], 
the E2 -based ELISAs are widely used for CSF diagno-
sis and evaluation of vaccination efficiency. However, 

Fig. 4  The sensitivity of CSFV Erns and BVDV tE2 -based ELISAs. A Evaluation of the sensitivity of CSFV Erns -based ELISA using serially swine sera with 
different neutralizing antibody (NAb) titers. P1, P2 and P3, anti-CSFV positive sera; N1, CSFV-free serum. The number in brackets indicated the NAb 
titer. B Evaluation of the sensitivity of BVDV tE2 -based ELISA using serially swine sera with different NAb titers. P1, P2 and P3, anti-BVDV positive sera; 
N1, BVDV-free negative serum. The number in brackets indicated the NAb titer

Table 1  Comparison of the CSFV Erns -based indirect ELISA with 
virus neutralization test for detection of clinical serum samples of 
pigs

 + , positive; –, negative

Virus neutralization test

 +  – Total

ELISA

+  70 6 76

– 5 69 74

Total 75 75 150

Agreement 93.3% (70/75) 92.0% (69/75) 92.7% (139/150)

Table 2  Comparison of the BVDV tE2 -based indirect ELISA with 
virus neutralization test for detection of clinical serum samples of 
pigs

 + , positive; –, negative

Virus neutralization test

 +  – Total

ELISA

 +  24 6 30

 – 2 118 120

 Total 26 124 150

 Agreement 92.3% (24/26) 95.2% (118/124) 94.7% (142/150)
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the available E2 -based ELISA tests can not distinguish 
CSFV from BVDV infection and usually lead to false 
positive [34, 37]. Serological cross-reactivity between 
specific antibodies against CSFV and BVDV in pigs 
[29, 38] is one of the obstacles for accurate diagnosis 
and CSF eradication program. Analysis of the struc-
ture showed that the amino acid residues 690–865 in 
pestivirus E2 form the important antigenic regions (the 
domains I/II or DA/DB), and the conserved amino acid 
sequences of these domains from BVDV and CSFV E2 
are not identical (El Omari et al., 2013; Li et al., 2013b). 
Currently, an indirect ELISA for specific detection 
of antibodies against CSFV based on the truncated 
E2 of CSFV (containing amino acids 690—879 in E2) 
expressed in mammalian cells has been reported, which 
did not cross-react serologically with anti-BVDV sera 
[17]. Previous reports demonstrated that the CSFV and 
BVDV proteins prepared from both prokaryotic and 
eukaryotic expression systems were used as the anti-
gens for diagnostic ELISAs [8, 17, 34, 39]. Although 
the biological activities of Erns and E2 glycoproteins 
expressed in E. coli may not be justifiable in the absence 
of post-translational modification, its use in the diag-
nostics may have the advantage of being economic, 
productive and fast.

In this study, we prepared the CSFV Erns protein and 
the E2 antigenic region (containing residues 690–865) of 
BVDV using a bacterial expression system and following 
Ni–NTA affinity purification. We developed the CSFV 
Erns -based ELISA for specific detection of antibodies 
against CSFV and BVDV tE2 -based ELISA for specifi-
cally detecting anti-BVDV sera, respectively. Analyses 
of specificity and sensitivity of assays demonstrated that 
the Erns -based ELISA was highly specific for CSFV anti-
body detection and that tE2 -based ELISA could spe-
cifically recognize BVDV antibodies. No serological 
cross-reactions between anti-CSFV and anti-BVDV sera 
were observed from specific virus protein-based ELISAs 
(Fig. 3). Compared to specific CSFV or BVDV test with 
different NAb titers, recombinant virus protein-based 
ELISA exhibited similar or higher sensitivity. The close 
correlation was obtained between NAb titers and indi-
rect ELISA titers (Fig. 4).

We tested specific CSFV and BVDV antibodies of 150 
clinical serum samples from pigs using the developed 
Erns and tE2 -based ELISAs and the specific antibodies 
in these serum samples were further confirmed using 
VNT. Our data showed that the CSFV Erns and BVDV 
tE2 -based ELISAs were sensitive and specific assays to 
distinguishably test CSFV and BVDV antibodies in sera 
of pigs. In 150 clinical samples, twenty-six sera exhib-
ited both positive anti-CSFV and anti-BVDV antibod-
ies, suggesting that infection of BVDV or co-infection 

of CSFV and BVDV existed in vaccination status of pigs 
involving large herd.

The systematic use of marker vaccines and stamping 
out have been the most successful tools for the con-
trol and elimination of the disease [40–42]. Chimeric 
CSFV containing BVDV E2 protect pigs against lethal 
CSFV challenge and induce a distinguishable antibody 
response [43]. Similarly, we currently constructed and 
characterized the chimeric rCSFV/bE2 with a substi-
tution of BVDV E2 [19]. The sera of rabbits vaccinated 
with rCSFV/bE2 and CSFV vaccine C strain were tested 
using the developed CSFV Erns and BVDV tE2 -based 
ELISAs, respectively. The antisera of rabbits injected 
with rCSFV/bE2 were both positive detection for spe-
cific anti-Erns and anti-tE2, but antisera of rabbits 
injected with CSFV vaccine C strain were only positive 
detection for specific anti-Erns (data not shown). There-
fore, detection of the specific antibodies against CSFV 
Erns and BVDV E2 could be an appropriate CSFV-spe-
cific marker ELISA test. Taken together, the CSFV Erns 
and BVDV tE2 -based ELISAs established in this study 
were highly specific and sensitive and have the poten-
tial for serological surveillance of CSFV and BVDV 
infections and for serological differentiation of CSFV 
marker vaccination from wild type CSFV infection.

Conclusions
In summary, in the present study, the CSFV Erns and 
the truncated E2 (residues 690–865) proteins of BVDV 
were expressed in E. coli. and purified by Ni–NTA affin-
ity chromatography, respectively. Using the Erns or tE2 
as diagnostic antigen, we developed indirect ELISAs to 
distinguishably test specific antibodies against CSFV 
and BVDV. The Erns and tE2 -based ELISAs displayed 
a high sensitivity, specificity and the agreement rate 
relative to virus neutralizing test. No serological cross-
reaction between two ELISA detections was observed 
in sera of immunized rabbits, immunized mice or farm 
pigs. The newly established ELISAs are valuable tools 
for diagnosis and surveillance of CSFV and BVDV 
infections and for serological differentiation of CSFV 
marker vaccination from CSFV natural infection.

Author contributions
WY, HZ, and ZP designed the experiments. WY, HZ, YW, QL, WL and HZ per-
formed the experiments. WY, HZ, and ZP analyzed the data. WY and ZP wrote 
the paper. ZP proofed the manuscript. All authors read and approved the final 
manuscript.

Funding
This study was supported by the National Key Research and Development 
Program of China (No. 2016YFD0500708) and the National Natural Science 
Foundation of China (31570152 & 31670154).



Page 9 of 10Yi et al. Virology Journal          (2022) 19:121 	

Availability of data and materials
The data that support the findings of this study are available from the cor-
responding author upon reasonable request.

Declarations

Ethics approval and consent to participate
The animal experiments were approved by the Institutional Animal Care and 
Use Committee of Wuhan University, Hubei, China.

Consent for publication
Not applicable.

Competing interests
The authors declare that we do not have any conflict of interest.

Author details
1 State Key Laboratory of Virology, College of Life Sciences, Wuhan University, 
Wuhan 430072, China. 2 Key Laboratory of Animal Immunology, Henan Acad-
emy of Agricultural Sciences, Zhengzhou 450002, China. 3 Institute of Animal 
Husbandry and Veterinary Medicine, Hubei Academy of Agricultural Sciences, 
Wuhan 430064, China. 

Received: 31 March 2022   Accepted: 6 July 2022

References
	1.	 Blome S, Staubach C, Henke J, Carlson J, Beer M. Classical swine fever-an 

updated review. Viruses. 2017;9.
	2.	 Ganges L, Crooke HR, Bohórquez JA, Postel A, Sakoda Y, Becher P, Ruggli 

N. Classical swine fever virus: the past, present and future. Virus Res. 
2020;289.

	3.	 Collett MS, Moennig V, Horzinek MC. Recent advances in pestivirus 
research. J Gen Virol. 1989;70(Pt 2):253–66.

	4.	 Meyers G, Thiel HJ. Molecular characterization of pestiviruses. Adv Virus 
Res. 1996;47:53–118.

	5.	 Becher P, Thiel H-J. Pestivirus. In: Tidona CA, Darai G, Büchen-Osmond C, 
editors. The Springer Index of Viruses. Springer: Berlin; 2001. p. 327–31.

	6.	 Langedijk JP, Middel WG, Meloen RH, Kramps JA, de Smit JA. Enzyme-
linked immunosorbent assay using a virus type-specific peptide based 
on a subdomain of envelope protein E(rns) for serologic diagnosis of 
pestivirus infections in swine. J Clin Microbiol. 2001;39:906–12.

	7.	 Moser C, Ruggli N, Tratschin JD, Hofmann MA. Detection of antibodies 
against classical swine fever virus in swine sera by indirect ELISA using 
recombinant envelope glycoprotein E2. Vet Microbiol. 1996;51:41–53.

	8.	 Yang ZH, Li L, Pan ZS. Development of multiple ELISAs for the detec-
tion of antibodies against classical swine fever virus in pig sera. Virol Sin. 
2012;27:48–56.

	9.	 Konig M, Lengsfeld T, Pauly T, Stark R, Thiel HJ. Classical swine fever virus: 
independent induction of protective immunity by two structural glyco-
proteins. J Virol. 1995;69:6479–86.

	10.	 van Rijn PA, Bossers A, Wensvoort G, Moormann RJ. Classical swine 
fever virus (CSFV) envelope glycoprotein E2 containing one structural 
antigenic unit protects pigs from lethal CSFV challenge. J Gen Virol. 
1996;77(Pt 11):2737–45.

	11.	 de Oliveira LG, Mechler-Dreibi ML, Almeida HMS, Gatto IRH. Bovine 
viral diarrhea virus: recent findings about its occurrence in pigs. Viruses. 
2020;12.

	12.	 Liess B, Moennig V. Ruminant pestivirus infection in pigs. Rev Sci Tech. 
1990;9:151–61.

	13.	 Becher P, Avalos Ramirez R, Orlich M, Cedillo Rosales S, Konig M, Sch-
weizer M, Stalder H, Schirrmeier H, Thiel HJ. Genetic and antigenic char-
acterization of novel pestivirus genotypes: implications for classification. 
Virology. 2003;311:96–104.

	14.	 Paton DJ, Done SH. Congenital infection of pigs with ruminant-type 
pestiviruses. J Comp Pathol. 1994;111:151–63.

	15.	 Clavijo A, Lin M, Riva J, Mallory M, Lin F, Zhou EM. Development of a 
competitive ELISA using a truncated E2 recombinant protein as anti-
gen for detection of antibodies to classical swine fever virus. Res Vet 
Sci. 2001;70:1–7.

	16.	 Floegel-Niesmann G. Classical swine fever (CSF) marker vaccine Trial. III. 
Evaluation of discriminatory ELISAs. Vet Microbiol. 2001;83:121–36.

	17.	 Ji S, Luo Y, Zhang T, Shao L, Meng XY, Wang Y, Gao Y, Li Y, Li S, Sun Y, 
et al. An improved indirect ELISA for specific detection of antibod-
ies against classical swine fever virus based on structurally designed 
E2 protein expressed in suspension mammalian cells. Arch Virol. 
2018;163:1831–9.

	18.	 Li L, Pang H, Wu R, Zhang Y, Tan Y, Pan Z. Development of a novel 
single-step reverse genetics system for the generation of classical 
swine fever virus. Arch Virol. 2016;161:1831–8.

	19.	 Yi W, Zheng F, Zhu H, Wu Y, Wei J, Pan Z. Role of the conserved E2 
residue G259 in classical swine fever virus production and replication. 
Virus Res. 2022;313: 198747.

	20.	 Li W, Mao L, Yang L, Zhou B, Jiang J. Development and partial valida-
tion of a recombinant E2-based indirect ELISA for detection of specific 
IgM antibody responses against classical swine fever virus. J Virol 
Methods. 2013;191:63–8.

	21.	 Zheng F, Yi W, Liu W, Zhu H, Gong P, Pan Z. A positively charged surface 
patch on the pestivirus NS3 protease module plays an important role 
in modulating NS3 helicase activity and virus production. Arch Virol. 
2021;

	22.	 Zhao C, Shen X, Wu R, Li L, Pan Z. Classical swine fever virus nonstructural 
protein p7 modulates infectious virus production. Sci Rep. 2017;7:12995.

	23.	 Reed L, Muench H. A simple method of estimating fifty percent end-
points. Am J Epidemiol. 1938;27:493–7.

	24.	 Wan C, Yi L, Yang Z, Yang J, Shao H, Zhang C, Pan Z. The Toll-like receptor 
adaptor molecule TRIF enhances DNA vaccination against classical swine 
fever. Vet Immunol Immunopathol. 2010;137:47–53.

	25.	 Hoppe I, Souza-Pollo A, Medeiros ASR, Samara SI, Carvalho AAB. HoBi-like 
pestivirus infection in an outbreak of bovine respiratory disease. Res Vet 
Sci. 2019;126:184–91.

	26.	 Wen G, Xue J, Shen Y, Zhang C, Pan Z. Characterization of classical swine 
fever virus (CSFV) nonstructural protein 3 (NS3) helicase activity and 
its modulation by CSFV RNA-dependent RNA polymerase. Virus Res. 
2009;141:63–70.

	27.	 Edwards S, Fukusho A, Lefevre PC, Lipowski A, Pejsak Z, Roehe P, 
Westergaard J. Classical swine fever: the global situation. Vet Microbiol. 
2000;73:103–19.

	28.	 Luo Y, Li S, Sun Y, Qiu HJ. Classical swine fever in China: a minireview. Vet 
Microbiol. 2014;172:1–6.

	29.	 Tao J, Liao J, Wang Y, Zhang X, Wang J, Zhu G. Bovine viral diarrhea virus 
(BVDV) infections in pigs. Vet Microbiol. 2013;165:185–9.

	30.	 Passler T, Walz PH. Bovine viral diarrhea virus infections in heterologous 
species. Anim Health Res Rev. 2010;11:191–205.

	31.	 Panyasing Y, Thanawongnuwech R, Ji J, Gimenez-Lirola L, Zimmerman J. 
Detection of classical swine fever virus (CSFV) E2 and E(rns) antibody (IgG, 
IgA) in oral fluid specimens from inoculated (ALD strain) or vaccinated 
(LOM strain) pigs. Vet Microbiol. 2018;224:70–7.

	32.	 Zhang H, Wen W, Zhao Z, Wang J, Chen H, Qian P, Li X. Enhanced protec-
tive immunity to CSFV E2 subunit vaccine by using IFN-gamma as 
immunoadjuvant in weaning piglets. Vaccine. 2018;36:7353–60.

	33.	 Rau H, Revets H, Balmelli C, McCullough KC, Summerfield A. Immuno-
logical properties of recombinant classical swine fever virus NS3 protein 
in vitro and in vivo. Vet Res. 2006;37:155–68.

	34.	 Kumar R, Barman NN, Khatoon E, Kumar S. Development of single dilu-
tion immunoassay to detect E2 protein specific classical swine fever virus 
antibody. Vet Immunol Immunopathol. 2016;172:50–4.

	35.	 Huang C, Chien MS, Hu CM, Chen CW, Hsieh PC. Secreted expression of 
the classical swine fever virus glycoprotein E(rns) in yeast and application 
to a sandwich blocking ELISA. J Virol Methods. 2006;132:40–7.

	36.	 Qi Y, Zhang BQ, Shen Z, Chen YH. Candidate vaccine focused on a clas-
sical Swine Fever virus epitope induced antibodies with neutralizing 
activity. Viral Immunol. 2009;22:205–13.

	37.	 Sung JH, Kang ML, Lee WJ, Shin MK, Lim SI, Kim BH, Song JY, Yoo HS. 
Improved sero-monitoring assay for classical swine fever (CSF) using 
the recombinant E2 protein of a recent Korean isolate. Res Vet Sci. 
2011;90:329–35.



Page 10 of 10Yi et al. Virology Journal          (2022) 19:121 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

	38.	 van Rijn PA. A common neutralizing epitope on envelope glycoprotein 
E2 of different pestiviruses: implications for improvement of vaccines and 
diagnostics for classical swine fever (CSF)? Vet Microbiol. 2007;125:150–6.

	39.	 Behera SP, Mishra N, Nema RK, Pandey PD, Kalaiyarasu S, Rajukumar K, 
Prakash A. Expression of bovine viral diarrhea virus envelope glycoprotein 
E2 in yeast Pichia pastoris and its application to an ELISA for detection of 
BVDV neutralizing antibodies in cattle. J Immunoassay Immunochem. 
2015;36:639–54.

	40.	 Postel A, Austermann-Busch S, Petrov A, Moennig V, Becher P. Epidemiol-
ogy, diagnosis and control of classical swine fever: Recent developments 
and future challenges. Transbound Emerg Dis. 2018;65(Suppl 1):248–61.

	41.	 Moormann RJ, Bouma A, Kramps JA, Terpstra C, De Smit HJ. Develop-
ment of a classical swine fever subunit marker vaccine and companion 
diagnostic test. Vet Microbiol. 2000;73:209–19.

	42.	 Moennig V, Becher P. Pestivirus control programs: how far have we come 
and where are we going? Anim Health Res Rev. 2015;16:83–7.

	43.	 van Gennip HG, van Rijn PA, Widjojoatmodjo MN, de Smit AJ, Moormann 
RJ. Chimeric classical swine fever viruses containing envelope protein 
E(RNS) or E2 of bovine viral diarrhoea virus protect pigs against challenge 
with CSFV and induce a distinguishable antibody response. Vaccine. 
2000;19:447–59.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	The recombinant Erns and truncated E2-based indirect enzyme-linked immunosorbent assays to distinguishably test specific antibodies against classical swine fever virus and bovine viral diarrhea virus
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusion: 

	Background
	Materials and methods
	Cells, viruses, animals and serum samples
	Cloning, expression and purification of recombinant Erns and truncated E2
	SDS-PAGE and western blotting
	Establishment of the Erns and tE2 -based indirect ELISAs
	Evaluation of the specificity and sensitivity of the Erns and tE2 -based indirect ELISAs
	Virus neutralization test
	Detection of clinical serum samples

	Results
	Expression and purification of recombinant CSFV Erns and BVDV tE2 proteins
	Optimization of the CSFV Erns and BVDV tE2 -based indirect ELISAs
	Specificity and sensitivity of the developed ELISAs
	Detection of clinical sera samples

	Discussion
	Conclusions
	References


