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Abstract
Porcine circovirus type 2 (PCV2) is a major pathogen associated with swine diseases. It is the smallest single-stranded 
DNA virus, and its genome contains four major open reading frames (ORFs). ORF2 encodes the major structural protein 
Cap, which can self-assemble into virus-like particles (VLPs) in vitro and contains the primary antigenic determinants. In 
this study, we developed a high-efficiency method for obtaining VLPs and optimized the purification conditions. In this 
method, we expressed the protein Cap with a 6× His tag using baculovirus-infected silkworm larvae as well as the E. coli 
BL21(DE3) prokaryotic expression system. The PCV2 Cap proteins produced by the silkworm larvae and E. coli BL21(DE3) 
were purified. Cap proteins purified from silkworm larvae self-assembled into VLPs in vitro, while the Cap proteins purified 
from bacteria were unable to self-assemble. Transmission electron microscopy confirmed the self-assembly of VLPs. The 
immunogenicity of the VLPs produced using the baculovirus system was demonstrated using an enzyme-linked immuno-
sorbent assay (ELISA). Furthermore, the purification process was optimized. The results demonstrated that the expression 
system using baculovirus-infected silkworm larvae is a good choice for obtaining VLPs of PCV2 and has potential for the 
development of a low-cost and efficient vaccine.

Introduction

Porcine circovirus type 2 (PCV2) is the smallest single-
stranded DNA virus [7, 9] and it is a member of the fam-
ily Circoviridae. The first porcine circovirus (PCV) was 

reported in Canada and the associated disease was described 
as a PCV disease [11, 21]. There are three types of PCVs. 
PCV1 and PCV2 were first found in the 1970s and the 
1990s, respectively, while PCV3 was first found in 2016 
[11, 26, 37]. The PCV2 genome consists of only 1.7 kb, and 
it contains four major open reading frames (ORFs). These 
ORFs encode two proteins associated with replication, a 
structural protein that forms the viral capsid, a protein that 
induces apoptosis of host cells, and a protein that inhibits 
caspase activity and regulates CD4 and CD8T lymphocytes 
[13, 31]. However, PCV2 lacks transcription factors, which 
means that the replication of PCV2 strongly relies on host 
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factors [32]. Some factors, such as protein kinase C (PKC) 
and human 3-hydroxy-3-methylglutaryl-coenzyme A reduc-
tase (HMGCR), can affect the replication of PCV2 [27]. 
PCV2 is able to infect the porcine kidney cell line PK-15 [1, 
17]. PCV2 infection in piglets is associated with postwean-
ing multisystemic wasting syndrome [2] and has become a 
destructive factor in the swine industry.

The Cap protein is the only virion-associated structural 
protein, and it plays an important role in immunity and 
induction of antibodies [29]. Vaccination is a good strat-
egy for controlling damage due to PCV2. There are some 
reports that have suggested that PCV2 virus-like particles 
(VLPs) are similar to the native virus in their structure and 
immunogenicity [4]. Due to the presence of multiple repeats 
of the surface epitopes, PCV2 VLPs provide high sensitiv-
ity in diagnostic tests and are suitable for the preparation 
of a vaccine [38]. There have been many studies reporting 
the production of the Cap protein using different expression 
systems, including E. coli, phage display, baculovirus, and 
pseudorabies virus expression systems [6, 8, 30, 39]. Meth-
ods such as CsCl and sucrose density gradient centrifugation 
are used to purify VLPs directly. Cap protein monomers 
can also be purified by nickel affinity chromatography and 
allowed to self-assemble into VLPs in vitro [8].

To improve cost efficiency, a baculovirus-silkworm lar-
vae expression system that expresses multiple genes and 
produces VLPs was developed [20, 34]. In this system, 
recombinant bacmid DNA was introduced into insect cells 
without lipofection using invasive diaminopimelate (DAP) 
auxotrophic E. coli to infect insect cells [35]. In contrast to 
the traditional Bac-to-Bac method, this system contained 10 
genes for expression [41]. A zero-background transposition 
system was used to construct recombinant bacmids rapidly 
and effectively [24]. In this study, we focused on the purifi-
cation of PCV2 Cap proteins produced using two expression 
systems and tested whether the protein could self-assemble 
into VLPs.

Materials and methods

Bacterial strains, cells, plasmids, and reagents

E. coli BL21(DE3), E. coli TOP10, and the plasmid pET30a 
were purchased from Thermo Fisher, USA. The viral bacmid 
Ac/BmBacmid modified with a mini-attTn7 site was con-
structed previously in our laboratory. The PCV2 Cap gene 
containing restriction enzyme recognition sequences for 
NdeI and XhoI with a 6× His tag sequence was synthesized 
previously. Restriction enzymes were purchased from New 
England Biolabs (NEB), and the T4 ligase was purchased 
from Thermo Fisher. The rTaq and Primestar used for gene 
amplification were purchased from TaKaRa. Grace’s insect 

cell culture medium and fetal bovine serum were purchased 
from Gibco.

Construction of a prokaryotic expression vector 
and transfer vector

The recombinant plasmid pET30a-PCV2Cap was transferred 
into E. coli BL21(DE3) and verified by PCR and sequenc-
ing using specific primer pairs. The PCV2 Cap with the 
6× His tag and eGFP gene was amplified by PCR using 
primers containing specific restriction enzyme recognition 
sequences. The PCV2 Cap gene was digested with XmaI 
and XhoI, and the eGFP gene was digested with XbaI and 
SacI. These fragments were then ligated into pFBDM. The 
recombinant plasmid was named pF-PCV2Cap-eGFP.

The recombinant plasmid pF-PCV2Cap-eGFP was 
introduced by Tn7 transposition into the asd-deleted E. coli 
sw106-inv containing AcMultiBac [23]. The recombinant 
strain was cultured on solid medium with gentamicin (Gm), 
kanamycin (Kan), tetracycline (Tet), spectinomycin (Spe), 
and diaminopimelic acid (DAP) and was subsequently veri-
fied by PCR.

Production of the recombinant baculovirus

The Sw106 strain with the recombinant bacmid was grown 
to an optical density at 600 nm  (OD600) of 0.4–0.6 and col-
lected by centrifugation at 5000 × g for 3 min. The pellet was 
resuspended in double-distilled water, and the procedure was 
repeated three times or until the culture medium had been 
removed. It was then and resuspended in 500 μL of Grace’s 
insect medium. The suspension was adjusted to three differ-
ent densities  (106–108 cells/mL) in Grace’s medium. Insect 
cells were incubated in a 24-well plate for 12 h (80% of the 
base area). After removing the medium, 500-μL bacterial 
suspensions were added to the Sf9 insect cells and 500 μL 
of Grace’s insect medium. After incubation for 4 h, the Sf9 
cells were incubated with complete Grace’s insect medium 
with 10% fetal bovine serum (FBS) and 0.075% penicillin/
streptomycin for 3–5 days. The recombinant baculovirus was 
named AcBV-PCV2Cap-eGFP and verified by fluorescence 
microscopy.

E. coli sw106 with the Tn7 site blocked contained 
BmNPV bacmids or AcNPV bacmids. The target genes, 
which were cloned into pFBDM plasmids, were introduced 
into the bacmids through Tn7 transposition. Using this 
technique, recombinant bacmids were obtained with zero 
background transposition. The recombinant bacmids from 
invasive diaminopimelate (DAP) auxotrophic E. coli were 
introduced into the insect cells after disrupting the cell walls 
of the E. coli to release the recombinant bacmids, which 
were then able to generate infectious recombinant baculo-
virus particles in insect cells.
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Production of the PCV2 Cap protein in E. coli 
BL21(DE3)

The bacterial strains containing the recombinant plasmid 
pET30a-PCV2 Cap were cultured on  OD600 of 0.4–0.6 
(in 50 mL of LB medium with 10 μg of kanamycin per 
mL at 37  °C and 220  rpm). Then, isopropyl-β-D-1-
thiogalactopyranoside (IPTG) was added to the bacteria 
at four concentrations (0.4 M, 0.6 M, 0.8 M, and 1.0 M). 
Samples of the bacterial suspensions were collected every 
hour from 0 h to 6 h (1 mL per sample). Samples were cen-
trifuged at 12000 × g, 4 °C for 5 min, and the pellets were 
resuspended in 80 μL of phosphate-buffered saline (PBS) 
(pH = 7.4) containing 20 μL of SDS-PAGE loading buffer 
and then heated at 100 °C for 10 min and centrifuged at 
4 °C, 12,000 × g for 10 min. Samples of the IPTG-treated 
recombinant bacteria were disrupted in a lysis buffer by 200 
cycles of sonication at 400 W (operation for 5 s, pause for 
10 s). The homogenate was centrifuged at 4 °C, 12,000 × g 
for 30 min, and the supernatants and pellets were collected. 
All of the samples were analyzed by SDS-PAGE followed 
by Coomassie blue staining or transfer to a 0.22-μM poly-
vinylidene fluoride (PVDF) membrane for western blotting. 
Protein binding the PVDF membrane was detected with anti-
His mouse antibodies and HRP-labeled goat anti-mouse IgG 
(H+L; purchased from Beytime, China).

Expression of the PCV2 Cap protein in insect cells 
and silkworm larvae

A monolayer of Sf9 cells was cultured for three days in 
Grace’s insect medium with 10% FBS and 0.075% penicillin 
and streptomycin at 28 °C. The cultured cells were infected 
with a high titer of virus. The virus infection was confirmed 
by eGFP fluorescence after 72 h. The Sf9 cells were har-
vested by centrifugation at 4 °C, 1000 × g for 10 min. The 
supernatant and pellet were collected and resuspended in 
0.1 M PBS (pH 7.4). The pellets were disrupted by sonica-
tion for 10 min (operation for 5 s, pause for 10 s, 30 W). The 
supernatant was frozen at -80 °C and concentrated for 40 h. 
The same process was applied to BmN cells.

The recombinant virus BmBV-PCV2Cap-eGFP was 
collected from the culture medium and centrifuged at 
12,000 × g for 5 min. Fifth-instar silkworm larvae were 
divided into two groups. One group was injected with the 
virus BmBV-PCV2Cap-eGFP, and the other was injected 
with Grace’s insect medium. A total of 10 μL was used for 
injection. About 15 min later, the injected larvae were fed 
fresh mulberry leaves and allowed to grow at 28 °C with 
60-70% humidity. After four days, the larvae were tested 
using a blue shield detector at 475 nm and bled to obtain 
skin and hemolymph, which were analyzed by 12% SDS-
PAGE and western blotting.

SDS‑PAGE and western blotting of PCV2 Cap 
in BL21(DE3), insect cells, and silkworm larvae

Protein samples were separated by 12% SDS-PAGE and 
stained either with Coomassie brilliant blue or transferred 
electrophoretically onto a PVDF membrane. To test the 
antigenicity of the PCV2 Cap protein, the membrane was 
incubated with anti-His mouse polyclonal antibodies 
(1:4000) for 12 h at 4 °C. Horseradish peroxidase (HRP)-
conjugated goat anti-mouse antibodies were used as the 
second antibody.

Purification of Cap protein in silkworm larvae

A total of 100 silkworm larvae injected with the recombinant 
virus Bm-PCV2Cap-eGFP were bled, and their skins were 
resuspended with PBS (pH 7.4) containing phenylmethyl-
sulphonyl fluoride (PMSF), ground in liquid nitrogen, and 
centrifuged at 12,000 × g, 4 °C for 30 min. The supernatant 
was collected, and the recombinant protein was purified 
using an Ni-NTA affinity cartridge. The sample supernatant 
was loaded at a rate of 1.5 mL/min, and the cartridge was 
washed with 6 column volumes (CV) of buffer A (0.1 M 
PBS, 300 mM NaCl, 5 mM imidazole) at 5 mL/min. The 
cartridge was washed with 6 CV of buffer B (0.1 M PBS, 
300 mM NaCl, 10 mM imidazole) at 5 mL/min, and the puri-
fied protein was eluted with 10 CV of 0.1 M PBS, 300 mM 
NaCl, and a concentration gradient of imidazole (from 0 to 
500 mM) at 5 mL/min.

Purification of Cap proteins from BL21(DE3)

BL21 cells were cultured in 200 mL of LB medium and 
treated with 20 µL of 1.0 M IPTG for 6 h to induce Cap 
protein expression. The harvested cells were centrifuged at 
4 °C, 5000 × g for 20 min, and the pellets were washed three 
times with washing buffer (0.1 M PBS, pH 7.5) and then 
resuspended in buffer A (300 mM NaCl, 0.1 M PBS, 6 M 
urea, 5 mM imidazole) and disrupted by 200 cycles of soni-
cation (400 W) on ice. The homogenate was centrifuged at 
4 °C and 12,000 × g for 30 min. The supernatant was then 
filtered through a 0.22-µm filter immediately before applica-
tion to an Ni-NTA affinity cartridge (NGC, Bio-Rad). The 
cartridge was washed with  ddH2O at a flow rate of 10 mL/
min, for 5 min and equilibrated with buffer A. The sample 
supernatant was loaded at 2 mL/min and the cartridge was 
washed with 6 CV of buffer A at 5 mL/min. The cartridge 
was washed with 6 CV of 300 mM NaCl, 0.1 M PBS, 6 M 
urea, and 10 mM imidazole (buffer B) at 5 mL/min, and the 
purified protein was eluted with 10 CV of 300 mM NaCl, 
0.1 M PBS, 6 M urea, and 350 mM imidazole (elution 
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buffer) at 5 mL/min. The samples were collected and sub-
jected to SDS-PAGE and western blot analysis.

Transmission electron microscopy (TEM) to detect 
VLPs of PCV2

The purified Cap protein was negatively stained with uranyl 
acetate for 45 s and fixed on a copper mesh. The samples 
were viewed using a 200-kV transmission electron micro-
scope (FEI, USA).

Immunization of mice and enzyme‑linked 
immunosorbent assay (ELISA)

The Cap protein purified from silkworm larvae was dialyzed 
in 0.1 M PBS, pH 7.5 to remove the imidazole. The Cap 
protein was then allowed to self-assemble into VLPs in this 
buffer. Six-week-old female Kunming mice were divided 
into two groups: treatment and control groups. For immuni-
zation, the treatment group mice were injected with 400 μL 
of VLPs (1 μg/mL), while the mice in the control group 
were injected with protein purified from larvae injected 
with viruses that expressed the His tag alone. The mice in 
both groups were injected once a week, four times in total. 
Before the first injection, the samples were mixed with com-
plete Freund’s adjuvant. Subsequently, the samples used in 
the second, third, and fourth injections were mixed with 

incomplete Freund’s adjuvant. The mice were kept at 25 °C 
for a week.

All of the mice were bled to obtain serum. Five samples 
were obtained from each group (treatment and control). To 
measure the concentration of PCV2 Cap polyclonal antibod-
ies, a standard curve was generated using a Porcine Circovi-
rus Antibody (PCV-Ab) ELISA Kit (Ziker Biological Tech-
nology, China). The samples, standards, and HRP-labeled 
detection antibodies were sequentially added to microwells 
that had been pre-coated with PCV2 Cap, incubated, and 
thoroughly washed. The substrate 3,3′,5,5′-tetramethylben-
zidine (TMB) was used for color development. TMB is con-
verted to a blue product by peroxidase and becomes yellow 
when acidified. The absorbance was measured at 450 nm 
using a microplate reader (Bio-Rad, USA) for quantitation.

Results

Establishment of two expression systems

The recombinant construct pF-PCV2Cap-eGFP was made 
and confirmed by PCR scanning and DNA sequencing. PCV2 
Cap and eGFP were placed under the control of the p10 and 
polyhedron promoter, respectively (Fig 1a). PCV2 Cap and 
eGFP were successfully introduced into bacmids (Fig. 1b) 
by mini-Tn7 transposition, resulting in the recombinant bac-
terial strains E. coli sw106MultiAcBac-pF-PCV2Cap-eGFP 

Fig. 1  Establishment of baculovirus-silkworm and E. coli expres-
sion systems for expression of PCV2 Cap proteins. a. Construction 
of recombinant vector pF-p10-PCV2Cap-polyh-eGFP. PCV2Cap and 
eGFP were placed under the control of the p10 and polyhedron pro-
moter, respectively, and a recombinant vector was used for Tn7 trans-
position. b. and c. Construction of a recombinant bacmid contain-
ing the PCV2 Cap and eGFP genes through Tn7 transposition. The 

recombinant bacteria were screened with Tet, Spe, Gm, and Kan. d. 
Production of the recombinant virus Ac/BmNPV-PCV2Cap-eGFP. 
e. Production of Cap proteins using the baculovirus-silkworm larvae 
system. The silkworm larvae using injected with the recombinant 
virus BmNPV-PCV2Cap-eGFP. f. Three-dimensional structure of the 
Cap proteins. g. E. coli BL21(DE3) expression system with the Cap 
gene under the control of the T7 promoter
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and E. coli sw106MultiBmBac-pF-PCV2Cap-eGFP 
(Fig. 1c). The recombinant bacmids (AcBac and BmBac) 
were introduced into insect cells successfully without lipo-
fection. In the insect cells, the recombinant bacmids were 
assembled into the recombinant baculoviruses AcMNPV-
PCV2Cap-eGFP and BmNPV-PCV2Cap-eGFP (Fig. 1d). 
The recombinant baculovirus BmNPV-PCV2Cap-eGFP was 
used in the baculovirus-silkworm larvae expression system 
(Fig. 1e and f). For the prokaryotic expression system, a 
recombinant bacterial strains E. coli BL21(DE3)-pET30a-
PCV2Cap were constructed. The presence of the PCV2 Cap 
gene was confirmed by PCR scanning and DNA sequencing 
(Fig. 1g).

Expression of Cap proteins in insect cells 
and silkworm larvae

The recombinant bacterial strains sw106-Ac-pF-PCV2Cap-
eGFP and sw106-Bm- pF-PCV2Cap-eGFP, which were 
incubated with Sf9 and BmN insect cells, successfully pro-
duced the recombinant viruses AcNPV-pF-PCV2Cap-eGFP 
and BmNPV-pF-PCV2Cap-eGFP. At 72 h postinfection, 
eGFP fluorescence was observed under a 450-nm-wave-
length light (Fig. 2a and b). Using the multiBac expression 
system, the recombinant virus was constructed successfully, 
which was demonstrated by the fluorescence of eGFP.

The insect cells (Sf9 and BmN) were infected with the 
recombinant viruses AcNPV-pF-PCV2Cap-eGFP and 
BmNPV-pF-PCV2Cap-eGFP. After the cells were disrupted 
and centrifuged, the supernatant and medium were subjected 
to western blotting. As shown in Fig. 2c and d, almost all of 
the Cap protein was located inside the cells.

The recombinant virus BmNPV-pF-PCV2Cap-eGFP was 
injected into silkworm larvae, which were observed continu-
ously for four days, after which most of the larvae exhibited 

behavioral changes and their skin became transparent. The 
larvae were observed under a 450-nm wavelength light 
(Fig. 2e). Silkworm larvae were dissected, and their skin 
and hemolymph were collected for SDS-PAGE and western 
blotting, which showed that the Cap protein was expressed 
successfully in silkworm larvae (Fig. 2f).

Cap protein expression in E. coli BL21(DE3)

Treatment with 0.8 mM IPTG for 5 h at 37 °C resulted in 
maximal expression of Cap proteins in bacteria (Fig. 3a–d). 
SDS-PAGE analysis revealed that the Cap proteins induced 
by both 0.4 and 0.8 mM IPTG were present in the form of 
inclusion bodies (Fig. 3e). Western blotting confirmed the 
expression of Cap protein induced by 0.8 mM IPTG col-
lected after 5 h (Fig. 3f)

Purification of Cap proteins

Samples from silkworm larvae were purified using an NGC 
medium-pressure chromatography system (Bio-Rad, USA). 
Imidazole gradients from 0 mM to 500 mM were used for 
elution (Fig. 4a). SDS-PAGE and western blotting showed 
that Cap proteins had been purified successfully and com-
pletely eluted with 350 mM imidazole (Fig. 4b and c). About 
55 mg of the Cap protein was purified from 60 silkworm 
larvae injected with the recombinant virus. Cap protein 
produced in bacteria purified in a similar manner (data not 
shown).

Examination of PCV2 VLPs by TEM

Cap protein purified from silkworm larvae was dialyzed 
against 0.1 M PBS, pH 7.4. TEM images (Fig. 4d) revealed 
that the purified Cap protein self-assembled into VLPs 

Fig. 2  Observation of infected insect cells and silkworm larvae and 
confirmation of Cap protein expression. a. Sf9 cells infected with the 
recombinant virus AcNPV-PCV2Cap-eGFP after 72 h. b. BmN cells 
infected with the recombinant virus BmNPV-PCV2Cap-eGFP after 
72  h. The images were taken with bright and blue light (450  nm). 
Bar = 2.5 μm. c. Western blot analysis of the Cap proteins expressed 

in Sf9 cells. d. Western blot analysis of the Cap proteins expressed in 
BmN cells. e. Silkworm larvae infected with the recombinant virus 
BmNPV-PCV2Cap-eGFP observed using a blue shield instrument at 
450  nm. f. Western blot analysis of Cap proteins expressed in silk-
worm larvae
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in vitro. The PCV2 VLPs were about 25 nm in diameter, 
and were nearly round in shape (Fig. 4e). The Cap protein 
purified from E. coli BL21(DE3) did not self-assemble 
into VLPs (data not shown).

Immunization of mice and ELISA

The mice from the treatment and control groups were bled 
to obtain serum. A standard curve was constructed to deter-
mine the concentration of polyclonal antibodies (Fig. 5a), 

Fig. 3  Optimization of conditions for Cap protein expression in E. 
coli and solubility analysis. a. Expression of Cap proteins in E. coli 
BL21(DE3) induced using 0.4 mM IPTG. Lane 1, bacteria harvested 
at 0  h. Lanes 2 to 7, bacteria harvested 1 to 6  h after induction. b. 
Expression of Cap proteins in E. coli BL21(DE3) induced using 
0.6 mM IPTG. Lanes 2 to 7, bacteria harvested 1 to 5 h after induc-
tion. c. Expression of Cap proteins in E. coli BL21(DE3) induced 
using 0.8 mM IPTG. Lane 1, bacteria harvested at 0 h. Lanes 2 to 7, 
bacteria harvested 1 to 6 h after induction. d. Expression of Cap pro-

tein in E. coli BL21(DE3) induced using 1.0 mM IPTG. Lane 1, bac-
teria harvested at 0 h. Lanes 2 to 7, bacteria 1 to 6 h after induction. 
e. Solubility of Cap proteins induced using 0.4 and 0.8 mM IPTG for 
5  h. Lanes 1 and 4, total protein from the bacteria. Lanes 2 and 5, 
the supernatant of suspensions disrupted by sonication. Lanes 3 and 
6, the pellet after suspension. f. Western blot analysis of Cap protein 
expressed in E. coli BL21(DE3) induced using IPTG for 5  h. Lane 
1, bacteria at 0 h. Lanes 2 to 5, 1 induction using 0.4, 0.6, 0.8, and 
1.0 mM IPTG for 5 h

Fig. 4  Purification and identification of Cap protein and VLPs. a. 
Elution of Cap proteins with 500 mM imidazole, as indicated by the 
absorption peak. b. and c. Analysis of purified Cap proteins using 
12% SDS-PAGE and western blotting. Lane 1, an unpurified E. coli 

BL21(DE3) sample. Lanes 2 to 6, proteins eluted with 500 mM imi-
dazole. d. Cap proteins that were purified from silkworm larvae skin 
and allowed to assemble into VLPs. e. Higher magnification with the 
PCV2 VLPs indicated by arrows. Bar = 50 nm
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which was found to be about 1500 ng/mL (Fig. 5b). Mice 
injected with VLPs made from PCV2 Cap proteins were 
successfully immunized (Fig. 5c).

Discussion

The Cap protein of the PCV2 is the sole structural protein 
of the viral capsid and plays an important role in immune 
responses during the PCV2 infection [19]. Three expression 
systems for PCV2 Cap protein expression were established: 
prokaryotic expression, insect cell expression, and silkworm 
larvae expression systems. For the prokaryotic expression 
system, the Cap gene was introduced into the vector pET30a, 
which was used for gene expression. The prokaryotic expres-
sion system is a low-cost and convenient way to produce the 
recombinant protein, but the formation of inclusion bodies 
is a problem [10]. It is easier to introduce a recombinant 
virus into insect cells using the insect cell expression sys-
tem. However, this is not a good approach for expressing 
large amounts of recombinant proteins. It is usually used 
for multigene expression and antigen display systems [40]. 
Our results showed that the baculovirus-silkworm larvae 
expression system yielded a higher level of expression than 
insect cells, suggesting that using baculovirus-silkworm lar-
vae expression system is a good strategy for obtaining Cap 
proteins.

The fatal disease called postweaning multisystemic wast-
ing syndrome (PMWS), which occurs in piglets, is associ-
ated with PCV2 [2]. This disease is prevented by vaccination 
or by treatment of infected piglets with specific antibodies 

[3]. Due to their structural similarity to native virions, VLPs 
can be used for immunization. The 60-monomer VLPs of 
the Cap protein are strongly immunoreactive and bind to 
specific antibodies [4, 18]. In this study, we optimized the 
purification conditions to produce and purify large amounts 
of Cap protein. VLPs containing PCV2 produced in silk-
worm larvae were used for immunization and detection of 
antibodies. Examination by TEM showed the Cap proteins of 
PCV2 from silkworm larvae self-assembled into VLPs. The 
fact that a large amount of VLPs can be efficiently produced 
with the baculovirus-silkworm larvae expression system 
suggests that this system can be used for antibody detection 
and vaccine preparation.

Wu and Yin obtained PCV2 VLPs from E. coli. Other 
reports have described Cap protein expression in insect 
cells. Cap protein produced in silkworm pupae can also self-
assemble into VLPs [12, 15, 33, 36]. In our research and 
other studies [14], Cap protein expressed in E. coli failed to 
self-assemble into VLPs. We suggest that this could be due 
to differences in post-translational modifications in different 
expression systems. For example, N-glycosylation and phos-
phorylation occur in eukaryotic but not prokaryotic expres-
sion systems. Such post-translational modifications might be 
necessary for the protein to attain its proper structure [25]. 
In addition, in this study, the Cap proteins expressed in the 
bacterial system were present in inclusion bodies, which, 
during the process of purification, were denatured by treat-
ment with urea, which also might have prevented the forma-
tion of VLPs.

Comparing the baculovirus-silkworm larvae expression 
system to the E. coli BL21(DE3) expression system, we 

Fig. 5  Detection and quantitation of PCV2 antibodies. a. The stand-
ard curve for measuring the concentration of PCV2 antibodies based 
on the  OD450 and the standard samples. b. Five antibody samples 

obtained from mice. c. Western blot analysis of the five samples. The 
antibodies were detected using an HRP-conjugated goat anti-mouse 
antibody



2308 Q. He et al.

1 3

concluded that the baculovirus silkworm expression system 
is preferable for production of PCV2 VLPs. An advantage 
of the E. coli expression system is that Cap proteins can be 
easily obtained in large quantities. However, in this research, 
we focused on the production of VLPs for immunization. 
Our study showed that the Cap protein from silkworm lar-
vae self-assembled into VLPs, whereas that from E. coli 
did not. It is possible that the Cap protein from silkworm 
larvae underwent post-translational modifications that are 
necessary for protein structure and self-assembly into VLPs. 
Expression of the Cap protein in fifth-instar baculovirus silk-
worm larvae saves time, and large amounts of recombinant 
protein can be produced. In this study, about 55 mg of Cap 
protein was purified from 60 injected silkworm larvae. After 
injection, expression was observed by monitoring eGFP 
fluorescence.

Using the E. coli BL21(DE3) system, we also expressed 
Cap proteins using a T7 promoter and pelB signal peptide to 
localize the Cap protein to the periplasmic space [5, 16, 22, 
28]. This approach successfully solved the inclusion body 
problem, but the Cap proteins were expressed at a low level.

To summarize, two systems were applied to produce a 
large quantity of Cap proteins. After purification, only the 
Cap protein monomers from the silkworm larvae system 
assembled into VLPs. To determine the best conditions for 
expressing Cap protein in E. coli, the concentration of IPTG, 
induction time, and temperature were optimized. For large-
scale production, it was best is to perform induction using 
0.8 mM IPTG at 37 °C for 5 h. For expression of the Cap 
protein in the baculovirus-silkworm larvae system, it was 
advantageous to delete the asd gene, which saved time and 
increased the output of recombinant protein. Using the bac-
ulovirus-silkworm larvae expression system is an efficient 
method for producing Cap proteins and VLPs for vaccines 
and antibody detection.
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