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Abstract
The classical swine fever virus (CSFV) C-strain has been used as a vaccine strain for over 60 years in China. A recent study 
has demonstrated that the E2 protein of C-strain plays a major role in its adaptation to rabbits. E2 protein in combination with 
either Erns or E1 confers rabbit adaptation for the C-strain, and the residues P108 and T109 in domain I of E2 are critical for 
rabbit adaptation. To further identify the contributions of the glycoproteins to rabbit adaptation, a series of C-strain-based 
chimeric viruses containing single or double glycoprotein substitutions of the Shimen strain were generated and inoculated 
into rabbits. Profiles of rectal temperature, viral RNA, E2 protein expression, and antibody responses were compared among 
the chimeric viruses. Replacement of Erns, E2, Erns–E2, or E1–E2 of the C-strain with the counterpart(s) of the Shimen strain 
led to decreased fever response, reduction of viral RNA and antibody responses in rabbits, as compared with their parental 
C-strain. The C-strain-based chimeric virus expressing the Shimen strain E1 exhibited typical fever response and viral RNA 
level similar to the C-strain. However, substitution of both Erns and E2 in the C-strain backbone abolished fever response, 
and the chimeric virus did not show adaptation in rabbits as demonstrated by lack of viral RNA and E2 protein expression in 
the spleen and weak antibody responses. These results indicate that Erns has partial contribution to adaptation of the C-strain 
in rabbits, and combination of E2 and Erns is essential for the C-strain to have adaptive replication in rabbits.
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Introduction

Classical swine fever (CSF) is a highly contagious disease 
that threatens the pig industry worldwide. The causative 
agent, classical swine fever virus (CSFV), is a single-
stranded, positive sense RNA virus with an approximate 
genome size of 12,300 nt [1, 2]. The genome contains a 

single open reading frame flanked by a 5′-untranslated 
region (UTR) and a 3′-UTR, and encodes a polyprotein of 
3898 amino acids. The polyprotein is processed by cellular 
and viral proteases to yield four structural proteins (Core, 
Erns, E1, and E2) and eight non-structural proteins (Npro, p7, 
NS2, NS3, NS4A, NS4B, NS5A, and NS5B) [3, 4].

The CSFV C-strain, also known as hog cholera lapin-
ized virus (HCLV), was developed in the mid-1950s in 
China via serial passages of a virulent strain in rabbits [5, 
6]. Domestic pigs and wild boar are the natural hosts of 
CSFV. Unlike other CSFV field strains, C-strain is char-
acterized by adapted infection in rabbits with typical fever 
response. The highly pathogenic CSFV Shimen strain does 
not infect rabbits irrespective of high genomic similarity 
with C-strain (97.3% similarity at amino acid level). By 
reverse genetic approach, Li et al. found that the translated 
region of C-strain, rather than the UTR regions, determined 
its adaptation in rabbits [7].

Erns, E1, and E2, the glycoproteins of CSFV, are involved 
in recognizing receptors or ligands for attachment and 
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invasion into target cells [8–13]. They appear to determine 
cell tropism or host adaptation of CSFV. A recent report [14] 
has demonstrated that the E2 protein, together with Erns or 
E1, plays a major role in adaptation of C-strain to rabbits 

when chimerized on the Shimen strain backbone. Moreo-
ver, the amino acids P108 and T109 in domain I of E2 are 
found important in mediating such adaptation. However, 
most of the viruses in that study were Shimen strain-based 
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chimeras, but limited with the C-strain backbone. For better 
understanding of the critical components of the C-strain in 
rabbit adaptation, C-strain-based chimeric viruses should 
be evaluated.

In this study, five C-strain-based chimeric viruses con-
taining single or double glycoprotein genes of the Shimen 
strain were generated to further identify the contributions 
of the glycoproteins Erns and E1 of the C-strain to rabbit 
adaptation.

Results and discussion

With reverse genetic method [15], five C-strain-based chi-
meric viruses containing Erns, E1, E2, Erns and E2, or E1 
and E2 of Shimen strain (namely CSMErns, CSME1, CSME2, 
CSMErnsE2, and CSME1E2, respectively) were rescued from 
the corresponding cDNA clones (Fig.  1a). PK-15 cells 
inoculated with the supernatant samples of the rescued 
viruses were positive by IFA using anti-E2 monoclonal 
antibody 6B8 [16], indicating that mature virus particles 
were obtained. The UTRs and genes covering the region of 
structural proteins of the rescued viruses were sequenced. 
There was a single mutation located at E2 (T3310A) in 
the CSMErns virus genome while all other chimeric viruses 
remained genetically stable in PK-15 cells as demonstrated 
by sequencing of the 5th passage viruses.

Forty-eight New Zealand white rabbits (2.0–2.5 Kg) were 
randomly divided into eight groups (n = 6). Group A to E 
were inoculated with the five rescued chimeric viruses (104 
TCID50/ rabbit) via the marginal ear vein. Group F and G 
were injected with C-strain and Shimen strain (104 TCID50/ 
rabbit), respectively. Group H were inoculated with DMEM 
as uninoculated control. Rectal temperature was recorded 

every 6 h to detect fever responses. A typical fever is char-
acterized by ≥ 1 °C increase in rectal temperature for a mini-
mum of 18 h starting from 18 to 24 h post inoculation (hpi) 
[17]. Three rabbits of each group were randomly selected 
and euthanized at 72 hpi. Spleen samples of the rabbits 
were collected and used for viral RNA quantification, west-
ern blotting of viral E2 protein, and re-sequencing. Blood 
samples were collected at 0, 7, and 10 days post inoculation 
(dpi) to examine the antibody responses.

All rabbits inoculated with C-strain or CSME1 dis-
played typical fever response patterns lasting for 18–24 h 
at 24–30 hpi, while CSMErns, CSME2, and CSME1E2 strains 
induced mild fever responses with lower rectal tempera-
ture and short duration. However, rabbits inoculated with 
CSMErnsE2 did not exhibit fever throughout the experiment, 
suggesting that Erns–E2 combination of C-strain contributed 
to the rabbit adaptation with fever response (Fig. 1b).

The viral load in the rabbit spleen can reflect the adapt-
ability of different chimeric CSFV strains. The spleen sam-
ples collected at 72 hpi were homogenized in a mechanical 
tissue homogenizer (Bertin Technologies, USA) in PBS 
followed by centrifugation. The supernatant was retrieved 
and used for genomic RNA extraction (Tiangen, China), 
sequencing, western blotting and quantitative RT-PCR as 
previously described [18]. CSMErns and CSME2 groups showed 
lower virus levels (mean genome copies at 5.68 × 103/µL 
and 9.32 × 103/μL, respectively) than that of C-strain group 
(1.44 × 104/μL) (P < 0.05). The CSME1 group had lower viral 
RNA level (1.35 × 104/μL) than C-strain group, but with no 
significant difference (P > 0.05) (Fig. 1c). These results indi-
cate that Erns or E2 plays a more important role than E1 in 
rabbit adaptation.

Li et al. [14] reported that the chimeric virus vHCLV-
SME2 (corresponding to CSME2 in this study) did not rep-
licate in rabbits, mainly due to changes of the two amino 
acids P108 and T109 in the domain I of E2. This seems to be 
inconsistent with our data because all six rabbits inoculated 
with CSME2 in our study could induce mild fever response 
and replicate in rabbits, though at a lower level than its 
parental C-strain. We further compared all three sequences 
of the Shimen strain in the NCBI database, two uploaded by 
two Chinese institutions (GenBank accession no. AY775178 
and AF092448) and one from this study (GenBank Acces-
sion No. FJ598612). Figure 1d shows that aa109 of E2 is 
threonine, but not isoleucine. This could help explain why 
CSME2 in this study could replicate in rabbits and further 
support the role of T109 in rabbit adaptation.

Recent findings suggest that Shimen strain-based chi-
meric viruses with single substitution of Erns, E1, or E2 of 
C-strain do not improve adaptation in rabbits [14]. In our 
study with the C-strain backbone chimerized with these gly-
coprotein genes, we found that single substitution with E2 
or Erns, but not E1, from Shimen strain exhibited attenuation 

Fig. 1   Erns and E2 confer adaptation of the C-strain in rabbits. a Sche-
matic representation of the strategy used for construction of C-strain-
based chimeric cDNA clones. b Rectal temperature of rabbits inocu-
lated with different chimeric viruses. Rabbits were inoculated with 
the corresponding viruses (104 TCID50/rabbit, n = 6 per virus) via 
marginal ear vain. Rectal temperature of the rabbits was recorded for 
three days. The dashed line represents the upper limit of normal rec-
tal temperature of the rabbits. c Viral RNA in spleen samples of the 
rabbits inoculated with the chimeric viruses. Spleen samples of the 
rabbits were homogenized and viral RNA were extracted for quan-
tification of genome copies. d Amino acid sequence alignment of 
domain I of E2 between Shimen strain and C-strain. The sequences 
were obtained from the NCBI database with Shimen strain and with 
C-strain. The asterisks designate the viruses used in this study. The 
key amino acid residue T109 identified in the recent study was indi-
cated as solid boxes. e Western blotting analysis of the E2 protein in 
spleen samples of rabbits inoculated with chimeric viruses. f Anti-
body levels of rabbits inoculated with chimeric viruses. Sera of the 
rabbits in each group were collected on 0, 7, and 10 dpi and tested by 
the IDEXX CSFV antibody test kit. The cutoff value was indicated as 
a dashed line

◂
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of viral adaptation in rabbits. For chimeric viruses contain-
ing double substitutions of the glycoproteins, CSME1E2 group 
exhibited a decreased viral RNA level (5.88 × 103/µL) as 
compared with CSME2 group. However, there was no viral 
RNA detected in rabbits inoculated with CSMErnsE2. Western 
blotting also showed that E2 protein could be detected in 
the spleen samples of CSMErns, CSME1, CSME2, CSME1E2, and 
C-strain groups, but not in CSMErnsE2 and Shimen groups 
(Fig. 1e). All these results indicate that Erns of the C-strain 
exerts a significant effect on viral adaptation in rabbits par-
ticularly when combined with E2.

To further verify if there were mutations of the chimeric 
viruses in the rabbits that might affect viral adaptation, the 
regions covering the UTRs and structural proteins of strains 
CSMErns, CSME1, CSME2, and CSME1E2 from the spleen samples 
were re-sequenced. There were no mutations found in these 
viruses compared with the initially rescued strains. Besides, 
the T3310A mutation site in the CSMErns virus remained 
unchanged.

E2 is an immune dominant glycoprotein of CSFV that 
induces neutralizing antibodies [19, 20]. On 0, 7, and 10 dpi, 
sera of the rabbits were collected and anti-E2 antibodies 
were detected (IDEXX, USA). On 7 dpi, rabbits inoculated 
with strains CSMErns, CSME1, CSME2, and CSME1E2 as well 
as C-strain had obvious sero-conversion with the C-strain 
group showing the highest blocking rate (83.1%), while the 
sera of CSMErnsE2 and Shimen groups showed blocking rates 
(30.3% and 22.9%, respectively) considered as negative 
according to the manufacture’s instruction. On 10 dpi, the 
CSMErnsE2 and Shimen groups showed increased antibody 
level close to or slightly above the threshold level (50.1% 
and 41.7%, respectively) (Fig. 1f). The lower antibody levels 
also suggest that strain CSMErnsE2, like Shimen strain, does 
not have active replication in rabbits.

Our findings with chimeric viruses on the C-strain back-
bone were consistent with those on the Shimen strain back-
bone by Li et al. [14] that combination of E2 and Erns plays 
a key role in adaptation of the C-strain to rabbits. Li et al. 
reported that Shimen-strain-based chimeric virus containing 
C-strain E1 and E2 could replicate in rabbits, suggesting 
that C-strain E1–E2 combination might confer adaptation 
in rabbit. We found that the C-strain-based chimeric virus 
containing both E1 and E2 of the Shimen strain (CSME1E2) 
shows reduced level of fever response and viral genome cop-
ies in the spleen. There seems to be some degree of agree-
ment between the studies. However, in this study, Shimen 
E1 substitution alone on the C-strain backbone (CSME1) did 
not show significant effect on rabbit adaptation (with similar 
temperature profile to its parental C-strain), while E2 substi-
tution (CSME2) alone resulted in reduced rabbit adaptation. 
This clearly indicates that C-strain E2 could be the major 
factor for rabbit adaptation although there may be other fac-
tors yet to be identified. Wu et al. found that substitution of 

both E2 and 3′-UTR from C-strain contributed to reduced 
virulence of the Shimen strain to pigs as compared with 
single substitution alone [21], indicating the synergistic roles 
of E2 and 3′-UTR from different strains in altering the char-
acter of viruses. So the differences in the backbones used for 
construction of chimeric viruses are likely to have resulted 
in this variation.

In summary, we demonstrate by rabbit fever response, 
viral replication in spleen and antibody response that Erns has 
partial contribution to adaptation of the C-strain in rabbits, 
and combination of E2 and Erns is essential for the C-strain 
to have adaptive replication in rabbits. Further study could 
focus on the key residues of Erns that help adaption of the 
C-strain in rabbits.

Acknowledgements  This study is part of the work sponsored by the 
Special Funding for Doctoral Programs at Institutions of High Learn-
ing, Chinese Ministry of Education (20120101130014) and Dabeinong 
Funds for Discipline Development and Talent Training in Zhejiang 
University, and Shanghai Key Laboratory of Veterinary Biotechnology, 
Shanghai, China (KLAB201711).

Author contributions  TC, XL, and WF designed the experiments. TC, 
ZW, XL, SZ, and XZ performed the experiments. TC and WF analyzed 
the data and designed the figures. TC, NP, and WF wrote the manu-
script. All authors read and approved the final manuscript.

Compliance with ethical standards 

Conflict of interest  All the authors declare no conflict of interest.

Ethical approval  Animal experiments were conducted following the 
guidelines and approved protocols of the Laboratory Animal Manage-
ment Committee of Zhejiang University, China (Approval number: 
ZJU20180766).

Informed consent  All authors read and approved the manuscript.

References

	 1.	 Rumenapf T, Meyers G, Stark R, Thiel HJ (1991) Molecular char-
acterization of hog cholera virus. Arch Virol 3:7–18

	 2.	 Moormann RJ, Warmerdam PA, van der Meer B, Schaaper WM, 
Wensvoort G, Hulst MM (1990) Molecular cloning and nucleo-
tide sequence of hog cholera virus strain Brescia and mapping 
of the genomic region encoding envelope protein E1. Virology 
177(1):184–198

	 3.	 Thiel HJ, Stark R, Weiland E, Rumenapf T, Meyers G (1991) Hog 
cholera virus: molecular composition of virions from a pestivirus. 
J Virol 65(9):4705–4712

	 4.	 Collett MS, Moennig V, Horzinek MC (1989) Recent advances in 
pestivirus research. J Gen Virol 70(Pt 2):253–266

	 5.	 Qiu HJ, Tong GZ, Shen RX (2005) The lapinized Chinese strain 
of classical swine fever virus: a retrospective review spanning half 
a century. J Integr Agric 38:1675–1685 (Chinese)

	 6.	 Wu HX, Wang JF, Zhang CY, Fu LZ, Pan ZS, Wang N, Zhang PW, 
Zhao WG (2001) Attenuated lapinized chinese strain of classical 
swine fever virus: complete nucleotide sequence and character of 
3′-noncoding region. Virus Genes 23(1):69–76



242	 Virus Genes (2019) 55:238–242

1 3

	 7.	 Li C, Li Y, Shen L, Huang J, Sun Y, Luo Y, Zhao B, Wang C, 
Yuan J, Qiu HJ (2014) The role of noncoding regions of classical 
swine fever virus C-strain in its adaptation to the rabbit. Virus Res 
183:117–122

	 8.	 Hulst MM, Moormann RJ (1997) Inhibition of pestivirus infec-
tion in cell culture by envelope proteins E(rns) and E2 of classical 
swine fever virus: E(rns) and E2 interact with different receptors. 
J Gen Virol 78(Pt 11):2779–2787

	 9.	 Liang D, Sainz IF, Ansari IH, Gil LH, Vassilev V, Donis RO 
(2003) The envelope glycoprotein E2 is a determinant of cell 
culture tropism in ruminant pestiviruses. J Gen Virol 84(Pt 
5):1269–1274

	10.	 El Omari K, Iourin O, Harlos K, Grimes JM, Stuart DI (2013) 
Structure of a pestivirus envelope glycoprotein E2 clarifies its role 
in cell entry. Cell Rep 3(1):30–35

	11.	 Wang FI, Deng MC, Huang YL, Chang CY (2015) Structures and 
functions of pestivirus glycoproteins: not simply surface matters. 
Viruses 7(7):3506–3529

	12.	 Weiland F, Weiland E, Unger G, Saalmuller A, Thiel aH-J (1999) 
Localization of pestiviral envelope proteins Erns and E2 at the cell 
surface and on isolated particles. J Gen Virol 80:1157–1165

	13.	 Chen JN, He WR, Shen L, Dong H, Yu JH, Wang X, Yu SX, Li 
YF, Li S, Luo YZ, Sun Y, Qiu HJ (2015) The laminin receptor 
is a cellular attachment receptor for classical swine fever virus. J 
Virol 89(9):4894–4906

	14.	 Li YF, Xie LB, Zhang LK, Wang X, Li C, Han YY, Hu SP, Sun Y, 
Li S, Luo YZ, Liu LH, Munir M, Qiu HJ (2018) The E2 glycopro-
tein is necessary but not sufficient for the adaptation of classical 
swine fever virus lapinized vaccine C-strain to the rabbit. Virology 
519:197–206

	15.	 Liao X, Wang Z, Cao T, Tong C, Geng S, Gu Y, Zhou Y, Li 
X, Fang W (2016) Hypervariable antigenic region 1 of classical 

swine fever virus E2 protein impacts antibody neutralization. Vac-
cine 34(33):3723–3730

	16.	 Chen N, Tong C, Li D, Wan J, Yuan X, Li X, Peng J, Fang W 
(2010) Antigenic analysis of classical swine fever virus E2 gly-
coprotein using pig antibodies identifies residues contributing to 
antigenic variation of the vaccine C-strain and group 2 strains 
circulating in China. Virol J 7:378

	17.	 Li GX, Zhou YJ, Yu H, Li L, Wang YX, Tong W, Hou JW, Xu 
YZ, Zhu JP, Xu AT, Tong GZ (2012) A novel dendrimeric peptide 
induces high level neutralizing antibodies against classical swine 
fever virus in rabbits. Vet Microbiol 156(1–2):200–204

	18.	 Tong C, Chen N, Liao X, Yuan X, Sun M, Li X, Fang W (2017) 
Continuous passaging of a recombinant C-strain virus in PK-15 
cells selects culture-adapted variants that showed enhanced repli-
cation but failed to induce fever in rabbits. J Microbiol Biotechnol 
27(9):1701–1710

	19.	 Beer M, Reimann I, Hoffmann B, Depner K (2007) Novel marker 
vaccines against classical swine fever. Vaccine 25(30):5665–5670

	20.	 Huang YL, Deng MC, Wang FI, Huang CC, Chang CY (2014) 
The challenges of classical swine fever control: modified live and 
E2 subunit vaccines. Virus Res 179:1–11

	21.	 Wu R, Li L, Lei L, Zhao C, Shen X, Zhao H, Pan Z (2017) Syn-
ergistic roles of the E2 glycoprotein and 3′ untranslated region in 
the increased genomic stability of chimeric classical swine fever 
virus with attenuated phenotypes. Arch Virol 162(9):2667–2678

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


	E2 and Erns of classical swine fever virus C-strain play central roles in its adaptation to rabbits
	Abstract
	Introduction
	Results and discussion
	Acknowledgements 
	References


