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Sciences and Medicine, Zhejiang Sci-Tech University, Hangzhou, China

The capsid (Cap) protein encoded by the ORF2 gene of porcine circovirus type 2
is the major immunogen for the development of vaccines and can effectively
reduce the incidence of porcine circovirus-associated diseases. In order to
explore an efficient expression pathway of the recombinant Cap protein, using
the Chlamydomonas reinhardtii chloroplast as the expression platform of the
Cap protein, C. reinhardtii chloroplast expression vector pCR02 of the optimized
ORF2 gene was constructed and transferred into the C. reinhardtii chloroplast
using the biolistic bombardment method. After multiple rounds of resistance
screening and culturing, PCR, RT-PCR, Western blotting, and ELISA were used to
detect the ORF2 gene and the expression of the Cap protein in C. reinhardtii
transformants. The results of the study showed that the ORF2 antigen gene had
been correctly integrated into the specific site of the C. reinhardtii chloroplast
genome, and the Cap protein was effectively expressed. These results suggested
that the C. reinhardtii chloroplast is a potential platform for the production of
recombinant antigen proteins and provided important support for exploring new
production pathways of recombinant pharmaceutical proteins.
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porcine circovirus type 2, ORF2 antigen gene, capsid protein, Chlamydomonas
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1 Introduction

Porcine circovirus type 2 (PCV2), a member of the Circoviridae family, is the main
pathogen of post-weaning multisystemic wasting syndrome (PMWS). PCV2 is not only
related to a series of diseases, such as porcine respiratory disease complex and porcine
dermatitis, but also susceptible to co-infection with other pathogens (Segales et al., 2004;
Opriessnig et al., 2007; Ramamoorthy and Meng, 2009; Alarcon et al., 2014; Lv et al., 2014),
which has caused great economic losses to the swine industry around the world (Gillespie
etal., 2009; Chietal., 2014; Zhai et al., 2014). Since management strategies and co-infection
control show limited efficacy in reducing porcine circovirus-associated disease (PCVAD)
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incidence, vaccination remains the most effective approach for
preventing PCV2 infection (Chae, 2012). The immunogenic
capsid (Cap) protein encoded by the ORF2 gene is the target
antigen of commercial vaccines due to its multiple antigenic
epitopes (Cheung, 2003; Khayat et al,, 2011; Zhang et al., 2015;
Gava et al,, 2018). Recombinant Cap proteins have been expressed
in the Escherichia coli expression system (Wu et al., 2016), the yeast
expression system (Bucarey et al,, 2009; Tu et al., 2013), and the
baculovirus/insect cell expression system (Liu et al., 2015; Lopez-
Vidal et al, 2015), and several baculovirus/insect cell-expressed
proteins have successfully entered the marketing stage (Chae, 2012).
However, the high production costs remain a significant bottleneck
in expanding the application of the Cap antigen protein (Alarcon
et al.,, 2014; Chi et al., 2014).

In recent years, the expression of pharmaceutical proteins in
plant chloroplasts has become a research hotspot in plant
biotechnology. Compared with the nucleus expression system, the
chloroplast expression system has some unique advantages. For
example, there is no gene silencing phenomenon and mechanism
that inhibits the expression of recombinant proteins (Bock, 2007); the
exogenous genes do not escape with the transmission of pollen, which
contributes to improving bio-safety (Daniell, 2007). Chlamydomonas
reinhardtii, also known as the “green yeast”, is the lower model plant
in chloroplast genetic transformation research (Rochaix, 1995). Its
growth cycle is short and culture is simple, which greatly reduces the
production costs (Rochaix, 1995; Specht et al, 2010; Rasala and
Mayfield, 2015). In addition, C. reinhardtii has a single large
chloroplast, which contains many molecular chaperones and
foldable enzymes (disulfide isomerase, proline isomerase, etc.) and
provides a certain guarantee for the correct folding and assembly of
recombinant proteins (Tran et al, 2013). At present, several
pharmaceutical proteins have been successfully expressed in C.
reinhardtii chloroplasts. In 2015, Barrera et al. (2015) expressed
antitoxin drugs containing different domains of camel VyH
antitoxin that can neutralize botulinum neurotoxin; in 2016,
Ochoa-Meéndez et al. (2016) constructed the expression vector of
an anti-hypertensive drug (AHD) and successfully expressed it in the
C. reinhardtii chloroplast; feeding results in mice with severe
hypertension also showed that the drug can significantly decrease
blood pressure. However, to date, there are a few reports on
recombinant proteins expressed in the algal chloroplast (You-hong
et al, 2017). Tt is unclear if this is due to a few attempts or to
limitations of the system that preclude the expression of many
proteins. In this study, we transformed the optimized ORF2 gene of
PCV2 into the chloroplast genome of C. reinhardtii by biolistic
bombardment and expressed it to assess the capacity of transgenic
algae as a recombinant protein production platform.

2 Materials and methods
2.1 Algal strains and materials

The wild-type C. reinhardtii strain is CC-137. Wild-type strains
were cultured in 50 mL liquid Tris-acetate-phosphate (TAP)
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medium at 160 rpm and 25 °C under a photoperiod of 12 h/12 h
(Harris, 1989). The precipitates were collected from 1.5 mL algal
fluid of the logarithmic growth stage (3,000 rpm, 5 min), then
suspended and coated on solid medium, and used for biolistic
bombardment transformation after being cultured for 3-4 days.

Plasmids patpX (approximately 3.95 kb) and p64D
(approximately 9.8 kb) were preserved in our laboratory. patpX
contains a group of polyclonal sites and carries the 5 promoter
(including 5'-UTR) of the atpA gene and the 3’ terminator of the
rbcL gene, which were the C. reinhardtii chloroplast genomic
endogenous genes. Plasmid p64D contains the aadA resistance
gene cassette and the homologous recombinant fragment (clpP-
trnL—petB—chlL-rpl23-rpl2).

2.2 Optimization and synthesis of ORF2
gene

In order to improve the expression efficiency of the major
antigen gene-ORF2 (GenBank: AY035820.1) of PCV2, the ORF2
gene sequence was optimized and synthesized according to the
preference of the chloroplast genome of C. reinhardtii by GenScript
(Nanjing) Co., Ltd, Nanjing China. The Ncol and Xbal restriction
sites were added at the 5'- and 3'-terminals of the codon-optimized
ORF2 sequence, respectively, to facilitate the construction of a
chloroplast expression vector.

2.3 Construction of C. reinhardltii
chloroplast expression vector

Plasmid patpX and the optimized ORF2 gene were both excised
by digestion with Ncol and Xbal, and the ORF2 gene was ligated to
the large fragment of patpX. The ORF2 coding region was located
between the chloroplast-specific promoter PatpA, 5°-UTR of atpA
and the terminator of rbcL. ORF2 gene expression cassette was
obtained from the chloroplast expression intermediate vector
pAF25. Plasmid pAF25 was excised by digestion with EcoRV and
Notl, and then the smaller fragment (approximately 1.8 kb) was
blunted with the Klenow large fragment enzyme and subcloned into
p64D plasmid, which was excised with EcoRV. The specific C.
reinhardtii chloroplast expression vector pCR02 of the ORF2 gene
was constructed.

2.4 C. reinhardtii chloroplast
transformation and resistance screening

Gold particles coated with plasmid pCR02 were bombarded
into the wild-type C. reinhardtii using the biolistic device PDS100/
He (Bio-Rad, California, USA) (Kindle et al., 1991). After being
cultured in darkness for 12 h, the bombarded C. reinhardtii cells
were washed with TAP liquid medium and distributed on TAP solid
medium containing 100 pg/mL spectinomycin. Under the
conditions of a photoperiod of 12 h/12 h and 25 °C for
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approximately 10-14 days, the cells of C. reinhardtii without
resistance gradually whitened and died, and the resistant cells
grew into single green colonies on the solid selective medium.
The single colonies of C. reinhardtii were selected and cultured in
liquid selective medium (containing 100 pg/mL spectinomycin) for
PCR analysis.

2.5 PCR detection of resistant algal cells

The total DNA of resistant algal cells and the wild-type strain was
extracted using the cetyltrimethylammonium bromide (CTAB)
method. Specific primers P1 (5-CCATGGCTATGACTTATCCAC-
3’) and P2 (5-TCTAGATTATTTTGGATTTAATGGT-3’) were
designed to detect the ORF2 gene in resistant algal cells. Plasmid
PCRO2 was used as the positive control and wild-type C. reinhardtii as
the negative control. The PCR procedures were as follows: 98 °C 3 min,
98°C10s,50°C10s,72°C15s, and 72 °C 2 min, 35 cycles.

In addition, the integration site of the ORF2 gene cassette in the
C. reinhardtii chloroplast genome was detected using primers P3
(5'"-CCGAACAATGTTTTTATTCCTGGAG-3") and P4 (5'-
TTCGAAAGCTGTACCTAAACCTACA-3'), which are
complementary to the ORF2 gene and chlL gene of the
chloroplast genome of C. reinhardtii, respectively. Plasmid pCR02
was used as the positive control and wild-type C. reinhardtii as the
negative control. PCR was performed as follows: 94 °C 5 min, 94 °C
30 s, 55°C 30 s, 72 °C 2 min, and 72 °C 5 min, 35 cycles.

2.6 RT-PCR analysis of the transgenic algal
cells

The total RNA of transgenic algal cells and wild-type C.
reinhardtii was prepared to detect the transcription level of the
ORF2 gene using a total RNA extraction kit [Tiangen Biotech
(Beijing) Co., Ltd., Beijing, China]. Total RNA (1 pg) was used to
produce the cDNA of each line with the PrimeScriptTM RT reagent
kit with gDNA Eraser (Perfect Real Time, Takara, Dalian, China),
and the RT-PCR detection of cDNA was performed using ORF2-
specific primers P1 and P2 under the following conditions: 94 °C 5
min, 94 °C 305,55 °C 30's, 72 °C 1 min, and 72 °C 5 min, 35 cycles.

2.7 SDS—-PAGE and Western blotting
analysis

Crude proteins of C. reinhardtii transformants and the wild-type
strain were extracted as described previously (Franklin et al., 2002).
Liquid algal cells (15 mL) at the logarithmic growth phase were
collected through centrifugation. The precipitate was suspended in
200 puL protein lysate (750 mM Tris-HCI, pH 8.0, 15% sucrose, 100
mM B-mercaptoethanol, and 1 mM Phenylmethanesulfonyl Fluoride
(PMSF)) and centrifuged for 20 min at 12,000 r/min and 4 °C. The
supernatants were composed of total soluble protein (TSP) and used
for Cap protein analysis. Protein concentrations were determined

Frontiers in Plant Science

10.3389/fpls.2025.1661360

using the Bradford protein assay. Approximately 10 g total soluble
protein from each sample was boiled for 5 min and loaded in the
wells of a 12% polyacrylamide gel.

Protein samples were separated by 12% sodium dodecyl sulphate-
polyacrylamide gel electrophoresis (SDS-PAGE) and directly
transferred onto a polyvinylidene fluoride (PVDF) membrane
(300 mA, 1 h). The membrane was then saturated in 5% skim milk
powder for 2 h. After washing with tris-buffered saline with tween 20
(TBST), the membrane was successively incubated with rabbit anti-
PCV2 Cap polyclonal antibody (1:10,000) (Beijing Biosynthesis
Biotechnology Co., Ltd., Beijing, China) at 4 °C overnight and
then incubated with 1:5,000 diluted goat anti-rabbit IgG antibody
for 1-2 h at room temperature. The target protein was visualized by
adding Enhanced Chemiluminescence (ECL) chemiluminescence
chromogenic solution (Yeasen Biotech Co., Ltd., Shanghai China).

2.8 ELISA analysis

The antigenicity of the Cap protein in the crude extract of C.
reinhardtii transformants was determined using ELISA. The
extraction of protein samples was the same as above. Crude protein
samples were added to a 96-well microtiter plate that had been coated
with PCV2 Cap antibody to react at 37 °C for 30 min, washed with
PBST, and treated with Horseradish Peroxidase (HRP)-PCV2 Cap
antibody at 37 °C for 30 min. Then, the color solution was added and
incubated at 37 °C for 15 min, and the absorbance was monitored at
A450 after termination of the color reaction.

3 Results

3.1 Construction of the C. reinhardtii
chloroplast expression vector

The ORF2 gene sequence was optimized by GenScript (Nanjing)
Co., Ltd., according to the preference of chloroplast gene expression
in C. reinhardtii. A fragment of the ORF2 gene expression cassette
was excised from pAF25 with EcoRV and Notl, blunted with the
Klenow large fragment enzyme, and then inserted into the EcoRV site
of vector p64D to construct C. reinhardtii chloroplast expression
vector pCR02. The construction process is shown in Figure 1.

3.2 Acquisition of resistant algal cells

Wild-type C. reinhardtii cells were bombarded with gold
particles coated with plasmid pCR02 using the biolistic PDS1000/
He (Bio-Rad) system (1,100 psi) and cultured on the TAP solid
medium containing 100 pg/mL spectinomycin. After 10-14 days,
13 resistant green algal colonies appeared on the plates, while most
algal cells were albino and died (Figure 2). This indicated that the
ORF2 gene and the aadA resistance gene may have been introduced
into the chloroplast of C. reinhardtii, and the resistance gene has
been expressed.
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pAF25 —\v—]Parp4 5'UTRF ORF2 |-{3°-TrbeL |—\v—
EcoRV Not1 (blunted)
P64D —\— 5chIL Patp4 5’UTR —| aadA —{3°rbeL —] 3°chiL —\v—
EcoRV
pCR0O2  —\— 5°chiL}{Patp4 5’"UTR }— ORF2 | 3’-TrbcL | Patp4 5’UTR —|aadA}—| 3’rbeL}— 3°chiL }—v—
FIGURE 1

Construction of chloroplast expression vector pCR02. The pCR02 vector contains the optimized ORF2 antigen gene cassette, aadA resistance gene
cassette, and the homologous fragment (clpP—trnL—petB—chlL-rpl23—-rpl2). The ORF2 antigen gene is flanked by Chlamydomonas reinharadtii

chloroplast-specific regulatory elements PatpA and TrbcL.

3.3 PCR analysis of resistant algal cells

The total DNA of wild-type and resistant algal cells was
extracted and detected using specific primers P1 and P2 of the
ORF?2 gene. As shown in Figure 3A, the expected ORF2 fragment,
the 0.75-kb PCR product, was detected in four resistant algal cells
and the positive control, but not in the wild-type algal strain. This
indicated that the ORF2 gene may be integrated into the chloroplast
genome of C. reinhardtii.

To verify whether the ORF2 gene was correctly integrated into the
specific site of the chloroplast genome, primers P3 and P4, which are
complementary to the chloroplast chiL gene and ORF2 gene,
respectively, were designed to detect the insertion site. Approximately
1.4-kb products were expected in algal transformants and the positive
control, but no corresponding size product appeared in the wild-type.
As shown in Figure 3B, 1.4-kb fragments were obtained in algal
transformants that had undergone seven rounds of spectinomycin
resistance screening, but did not appear in wild-type algal cells. The
results suggested that the exogenous ORF2 gene had been site-
specifically integrated into the chloroplast genome of C. reinhardtii.

FIGURE 2

Acquisition of resistant algal cells. Resistant green algal colonies
were obtained using the TAP solid medium containing 100 pg/mL
spectinomycin. The other three resistant green algal colonies are
not shown. TAP, Tris—acetate—phosphate.
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3.4 Transcription level assay of the ORF2
gene in transgenic C. reinhardtii

The transcription level of the ORF2 gene was determined through
RT-PCR of the cDNA using specific primers P1 and P2 of the ORF2
gene. As indicated in Figure 4A, the single 0.5-kb band in transgenic
algal transformants displayed normal transcriptional status, whereas
no band was amplified in wild-type algal cells. In addition, total RNA
was directly used for PCR amplification to remove the samples that
were possibly contaminated with DNA. The results showed that no
bands were found in the same system and conditions, thus verifying
the specificity of the RT-PCR (Figure 4B).

3.5 Western blotting analysis

To verify the expression of the Cap protein in transgenic algal
transformants, total soluble protein of transformants and wild-type
C. reinhardtii were extracted and analyzed using SDS-PAGE and
Western blotting. Rabbit anti-PCV2 Cap polyclonal antibody and
goat anti-rabbit IgG antibody were used for hybridization. As
shown in Figure 5, the 28-kDa protein was only detected in four
C. reinhardtii transformants, but no protein was detected in the
wild-type strain, which indicates that the Cap protein had
accumulated in the chloroplast of C. reinhardtii.

3.6 ELISA analysis

The antigenicity of the Cap protein expressed in C. reinhardtii
chloroplasts was detected using ELISA. Total soluble protein samples
extracted from wild-type and transgenic C. reinhardtii were reacted
with PCV2 Cap antibody and HRP-conjugated PCV2 Cap antibody,
and the absorbance was monitored at OD,5,. The results showed that
significant color reactions were observed in four C. reinhardtii
transformants (Figure 6A) and that absorption values were all
detected (Figure 6B), indicating that the Cap protein expressed in
C. reinhardtii chloroplasts had antigenicity.
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PCR analysis of resistant algal cells. (A) PCR detection of ORF2 gene in resistant algal transformants. (B) Integration site analysis. Lane M, 5.0-kb DNA
marker; Lane 1, the positive control; Lane 2, wild-type algal cells; Lanes 3-6, transformants of Chlamydomonas reinhardtii

4 Discussion

Although the Cap antigen vaccine expressed in the insect/
baculovirus system is available, the production of genetically
engineered vaccines in C. reinhardtii has received much attention
recently due to several advantages: low production cost, the product
enables oral delivery without purification, and both eukaryotic and
prokaryotic proteins can be expressed in C. reinhardtii chloroplasts
(Rasala and Mayfield, 2015). In this study, the optimized ORF2 gene
was recombined and expressed in the chloroplast of C. reinhardtii. The
results showed that the Cap protein had been successfully expressed
and had antigenicity, which proved that the C. reinhardtii chloroplast
is a feasible expression platform for important recombinant proteins.

At present, the expression levels of exogenous proteins
expressed in Chlamydomonas chloroplasts are generally low
(Mayfield and Franklin, 2005; Liang et al., 2022; Jiang et al,
2025). The early-expressed B-glucuronidase (GUS) (Ishikura
et al., 1999) and Renilla luciferase reporter proteins (Minko et al.,
1999) in the chloroplasts of C. reinhardtii were almost undetectable
in high endogenous protein backgrounds. There are several factors
that may affect the expression of exogenous gene and protein

A)

0.75kb
0.5kb
0.25kb

FIGURE 4

1
1

.0kb
.5kb

accumulation in the C. reinhardtii chloroplast, including the
promoter, 5'-UTR, and 3’-UTR, and optimization of the gene
according to the preference of the chloroplast genome of C.
reinhardtii. The transcription and expression of chloroplast genes
are mainly determined using the promoter and 5'-UTR.
Endogenous promoters from the C. reinhardtii chloroplast
genome are required for the transcription and expression of
exogenous genes (You-hong et al, 2017). The promoters of
chloroplast endogenous genes, such as atpA, psbA, and psbD,
were usually used to regulate the expression of foreign genes
(Ishikura et al,, 1999). Ishikura et al. (1999) expressed the unid
gene in C. reinhardtii chloroplasts using the promoters of rbcL,
psbA, and atpA genes and found that the atpA promoter had the
best effect on the expression of the unid gene, while the promoter of
psbA was almost ineffective. Michelet et al. (2011) found that the
psaA-exonl promoter was stronger than atpA and psbA in
regulating the expression of vap A and acr V genes. The atpA
promoter was examined and effectively regulated the transcription
and expression of the ORF2 gene in C. reinhardtii chloroplasts in
this study. Other regulatory factors, such as 5'-UTRs of endogenous
genes from the C. reinhardtii chloroplast genome, also affect the

®)

RT-PCR analysis of the ORF2 gene in transgenic Chlamydomonas reinhardltii of resistant algal cells. (A) RT-PCR was performed using ORF2-specific
primers P1 and P2. Lane M, 5.0-kb DNA markers; Lane 1, plasmid pCR02; Lane 2, cDNA of wild-type C. reinhardltii; Lanes 3—-6, cDNA of independent
transgenic C. reinhardtii. (B) RT-PCR analysis using total RNA without reverse transcription as templates. Lane M, 5-kb DNA marker; Lane 1, total RNA

of wild-type C. reinhardltii; Lanes 2-5, total RNA of algal transformants.

Frontiers in Plant Science

05

frontiersin.org


https://doi.org/10.3389/fpls.2025.1661360
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Song et al.

10.3389/fpls.2025.1661360

FIGURE 5

Western blotting analysis of the Cap protein in transgenic Chlamydomonas reinhardtii. Lane M, 10-250-kDa protein markers; Lane 1, wild-type C.

reinhardtii; Lanes 2-5, C. reinhardtii transformants.

FIGURE 6

ELISA assay of Cap protein in Chlamydomonas reinhardtii transformants. (A) Color reaction of the Cap protein in four C. reinhardtii transformants
and wild-type C. reinhardtii. Lane 1, wild-type C. reinhardltii; Lanes 2—-5, C. reinhardtii transformants. (B) Absorbance of the Cap protein in four
independent transgenic algal transformants and wild-type C. reinhardtii. Lane 1, wild-type C. reinhardtii; Lanes 2-5, C. reinhardtii transformants.
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expression of foreign genes (Kasai et al., 2003; Barnes et al., 2005).
Barnes et al. (2005) studied the effects of 5-UTR and 3’-UTR of
different genes on gfp gene expression and found that the 5-UTR
has a greater impact on the accumulation of exogenous proteins and
mRNA than the 3’-UTR, which is almost ineffective on mRNA and
protein accumulation. The 5'-UTR, including the promoter, of the
plastid atpA and psbD genes produced the highest levels of chimeric
mRNA and protein accumulation, while the 5'-UTR of the rbcL and
psbA genes produced less mRNA and protein. Here, we show that
the 5-UTR of the atpA gene fusing with the atpA promoter can
effectively drive mRNA and protein accumulation in C. reinhardtii
chloroplasts. The C. reinhardtii chloroplast genome shows a high
adenine and thymidine content as much as 66.3% and 80% of the
third nucleotide of the codon including adenine or thymidine. It
was reported that the expression level of GUS structural gene (#idA)
(Ishikura et al., 1999) and Renilla luciferase reporter genes (Minko
et al,, 1999) in Chlamydomonas chloroplasts is almost undetectable
under a high endogenous protein background. Mayfield et al.
(Franklin and Mayfield, 2004; Mayfield and Franklin, 2005)
suggested that the preference for codons in the chloroplast
genome of C. reinhardtii may be one of the reasons for the low
expression of exogenous genes in C. reinhardtii chloroplasts. To
achieve protein expression, the sequence of the ORF2 gene was
optimized according to the preference of the C. reinhardtii
chloroplast genome, and the Cap protein was expressed effectively.
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