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Abstract | Porcine reproductive and respiratory syndrome virus (PRRSV), the causative agent of Porcine reproductive
and respiratory syndrome (PRRS) in pigs, is an enveloped positive strand RNA virus belongs to the family Arteriviri-
dae. PRRSV poses severe threat to swine industry worldwide. Routine surveillance, rapid timely diagnosis of PRRSV
infection is crucial for effective monitoring and disease control. Serological tests based on highly conserved viral nu-
cleocapsid (N) protein are widely used for the detection of antibodies to PRRSV. Here, we investigated the potential
of plant system to produce PRRSV N-protein in order to use as a reagent for the diagnosis of PRRSV infection. In
this regard, the codon-optimised PRRSV N-protein coding sequence was cloned in geminiviral vector and expressed
in Nicotiana benthamiana. The transient expression conditions such as effective gene construct, leaf harvesting time and
Agrobacterium cell density were optimized for maximal protein production. Further, by using western blot assay, with
a plant-produced protein we sought to detect the antibodies against PRRSV in pig sera. Preliminary testing revealed
that the recombinant protein was identified by antibodies present in pig sera. However sensitivity/specificity and cor-
relation of results with other assays needs to be evaluated. This proof of concept study indicated that plant-produced
N-protein can likely be used as diagnostic reagent and demonstrate the potential of plant expression system for the
production of recombinant PRRSV antigens.
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INTRODUCTION

orcine reproductive and respiratory syndrome virus
(PRRSV) is an economically important infectious
pathogen causing respiratory disease and reproductive
failures in pigs leading to substantial economic losses and
poses severe threat to swine industry. It is an enveloped
virus belongs to the genus Arterivirus, family Arteriviridae,

and order Nidovirales. It contains positive strand RNA ge-
nome of about 15 Kb encoding for 11 known open reading
frames (ORFs) (Lunney et al., 2016). The virus was first
reported in North America in 1987 and in Western Eu-
rope in 1990 (Collins et al., 1992; Wensvoort et al., 1992).
Initially the syndrome was recognized as mystery swine
disease (Lunney et al., 2010). The ORF1la and ORF1ab

comprises ~60-80% of the genome which encodes for
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non-structural proteins with protease and replicase func-
tions and ORFs 27 encodes for viral structural proteins
ie., GP2, GP3, GP4, GP5, membrane, envelope, nucleo-
capsid. The nucleocapsid protein (N) is the most abundant,
immunogenic part of the virus which forms nucleocapsid
core of 20-30 nm diameter and is considered as best target
for serodiagnosis. Pigs infected with PRRSV produce de-
tectable antibody 5 days after infection and can be detected
up to 300 days post infection (Nelson et al., 1994; Yoon et
al., 1995). The commercial ELISAs were developed based
on N-protein for serodiagnosis of PRRSV.

Several protein production platforms have been developed
to produce recombinant viral antigens including E. co/i, in-
sect, yeast, and mammalian cell cultures. Although bacteri-
al system is considered as efficient, inexpensive production
system, the lack of post-translational machinery and high
cost, safety issues related to protein production in mam-
malian system demands to explore for other efficient alter-
native system. Recently plants are considered as potential
platform, as it offers many advantages including time ef-
ficiency, high yield, scalability, low or no risk of pathogen
contamination and eukaryotic-specific post-translational
modifications of recombinant proteins (Ma et al., 2003).
In recent decade, enormous progress has been made in re-
combinant protein production in plants to overcome the
limitations associated with traditional protein production
platforms (Ma et al., 2015; Fox, 2012; Lomonossoft and
D’Aoust 2016). Furthermore, the recombinant antigens
and therapeutic antibodies can be rapidly produced in
plant expression system by transient expression meditated
by agroinfiltration and is always a method of choice over
time-consuming stable expression (Shanmugaraj et al,

2020a).

'The major goal of this study was to evaluate the feasibility
of transient expression of N- protein in N. benthamiana
that can be used as a diagnostic reagent for the detection
of PRRSV infection in pigs. To investigate the influence
of the presence of signal peptide and location of histidine
tags either at N-terminal or C-terminal, we designed four
different constructs and the construct that showed high
expression was selected and used to optimize the transient
expression conditions for high protein production. The
PRRSV N-protein in the plant crude extract was detected
by anti-histidine antibodies and serum antibodies collect-

ed from pigs.

MATERIALS AND METHODS

PLANT MATERIAL

All the wild-type N. benthamiana plants used in the study
were grown in a greenhouse at 25 “C under a 16 h light/8
h dark cycle. Six to eight weeks old V. benthamiana plants

were used for the experiments.

BACTERIAL STRAINS AND EXPRESSION VECTOR
Agrobacterium tumefaciens strain GV3101 harboring plant
expression vector was used for transient transformation.
'The geminiviral vector (Diamos and Mason 2019; Chen et
al., 2011) was kindly provided by Professor Hugh S Ma-
son at Arizona State University, USA. All plant expression
constructs used in this study are listed in Figure 1.
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Figure 1: Schematic diagram of the plant expression vector
used in the present study. LB and RB, the left and right
borders of the gene region transferred by Agrobacterium into
plant cells; Pin2 3': the terminator from potato proteinase
inhibitor IT gene; P19: the RNA silencing suppressor from
tomato bushy stunt virus; TMVQ 5'-UTR: 5 untranslated
region of tobacco mosaic virus Q; P35S: Cauliflower Mosaic
Virus (CaMV) 35S promoter; LIR: long intergenic region
of BeYDV; Gene of Interest: (A) SP-N-His, (B) N-His,
(C) SP-His-N, (D) His-N; Ext3'FL: 3’ region of tobacco
extension gene; Rb7 5" del: tobacco RB7 promoter; SIR:
short intergenic region of BeYDV; C1/C2: Bean Yellow
Dwarf Virus (BeYDV) ORFs C1 and C2 encoding for
replication initiation protein (Rep) and RepA.

CLoNING oF PRRSV N SEQUENCE INTO PLANT
EXPRESSION VECTOR

'The sequence which encodes for PRRSV N-protein was re-
trieved from the Genbank (Accession No.: ABU87671.1)
and codon-optimised for expression in N. benthamiana by
invitrogen GeneArt® Gene Synthesis (Thermo Fischer
Scientific, USA). The codon-optimised gene was used as a
template for making different plant expression constructs
which differs in the presence of signal peptide and loca-
tion of 8x histidine tag (N or C-terminal). Primers based
on the synthetic gene were designed that include cleav-
age sites for restriction enzymes. There was a restriction
site for Xhol in the forward primer (5" - CTCGAGCAT-
CATCACCACCATCACCATCATATGGCCGGCAA-
GAACCAGTC-3') and a restriction site for Sacl in the
reverse primer (5" - GAGCTCTCAAAGCTCATCCT-
TTTCAGAACTAGCACCCTGTGAAGCAG-3").The

polymerase chain reaction (PCR) reaction was performed
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with Q5 high fidelity DNA polymerase (New England
Biolabs, UK) under the following conditions: 94°C for
10min, then 30cycles of 94°C for 30 sec, 52°C for 30
sec, and 72 °C for 30 sec, and a final extension of 72°C for
10min. The PCR product was separated on a 1% agarose
gel and gel purified using fragment DNA purification kit
(iNtRON Biotechnology, South Korea), according to the
manufacturer’s instructions. The PCR product was cloned
into expression vector pBYR2eK2Md (pBYR2e) by T4
DNA ligase (New England Biolabs, UK). The plant ex-
pression constructs were transformed into E. co/i strain
DH10B competent cells by heat-shock method and the
recombinant clones were confirmed by using gene specific
primers by following the standard PCR protocol (as men-
tioned above). The plasmid was isolated from the positive
clones and used for Agrobacterium transformation.

AGROBACTERIUM MEDIATED TRANSIENT EXPRESSION OF
PRRSV N-PROTEIN

'The plant expression constructs containing N-protein cod-
ing gene was transformed into Agrobacterium tumefaciens
strain GV3101 by electroporation. Transformed cells were
plated on luria bertani (LB) agar plates supplemented with
kanamycin (50 pg/mL), rifampicin (50 pg/mL), and gen-
tamicin (50 pg/mL) and incubated for 2 days at 28°C. Re-
combinant clones were analyzed by PCR and the positive
colonies were cultured in LB broth containing the above
mentioned antibiotics on a shaker (200 rpm) at 28°C over-
night. Then the cells were harvested by centrifugation and
resuspended in 1x infiltration buffer (10 mM 2-N-mor-
pholino-ethane sulfonic acid (MES) and 10mM MgSO,,
pH 5.5).The cell density was adjusted to 0.4 at OD, , and
infiltrated into the leaves V. benthamiana wild type plants.
The infiltrated leaves were harvested on 4 day post-infil-
tration (dpi) and the plant crude extract was collected from
the harvested leaves by grinding with extraction buffer
phosphate buffered saline (PBS, pH 7.4). The crude ex-
tracts were centrifuged at 26,000 g at 4°C for 45 min and
the supernatant was collected. The supernatants were ana-
lyzed by sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) and western blot.

OPTIMIZATION OFRECOMBINANT PROTEIN EXPRESSION
IN V. BENTHAMIANA

In order to obtain the maximal protein production, the leaf
harvesting time post infiltration was optimized. Agroin-
filtration was performed same like mentioned above and
the infiltrated V. benthamiana samples were collected on
2,3,4 and 5 dpi. The plant crude extract was collected
from the infiltrated leaves and analyzed by SDS-PAGE

and western blot.

Similarly, the eftect of Agrobacterium cell density on infil-
tration efficiency was also assessed. V. benthamiana plants

were infiltrated with different cell suspension densities of
Agrobacterium (OD,) of 0.2, 0.4, 0.6, 0.8, and 1.0 and
then the infiltrated leaves were collected at 4 dpi. The plant
crude extract was collected from the infiltrated leaves and

analyzed by SDS-PAGE and western blot.

SDS-PAGE AND WESTERN BLOT

The proteins were denatured under non-reducing condi-
tion by heating for 5 min with loading buffer (125mM
Tris-HC, 12% (w/v) SDS, 10% (v/v) glycerol, and 0.001%
(w/v) bromophenol blue) and separated in 15% acrylamide
gel. Proteins were electroblot transferred to nitrocellulose
membrane (Thermo Fischer Scientific, USA). The mem-
brane was blocked for 60 min in 5% skim milk dissolved in
1x PBS. The membrane was washed thrice with 1x PBST
(PBS with 0.05% tween 20) and incubated with anti-his-
tidine antibody conjugated with HRP (Abcam, UK) di-
luted 1:5000 in 3% skim milk in 1x PBS. After washing
three times with 1x PBST, the membrane was developed
by chemiluminescence using ECL plus detection reagent

(GE Healthcare, UK).

WESTERN BLOT OF RECOMBINANT IN-PROTEIN USING
SERA SAMPLES COLLECTED FROM PIGS

The pig sera samples were kindly provided by B.F. Feed
Company Limited, Thailand. The western blot was per-
formed as described previously. After electroblot transfer,
the membrane was blocked with 5% skim milk in 1x PBS
for 1 h. After washing with 1x PBST, the blots were cut
into 10 strips and the different pig sera diluted 1:500 in
1x PBS was added and incubated for 90 min. Commer-
cial porcine anti-PRRS serum (IDEXX, USA) was used
as primary antibody in the positive control. After washing
step, anti-porcine IgG antibody conjugated with horse-
radish peroxidase (HRP) (IDEXX, USA) at a dilution of
1:5000 was added and incubated for 1 h. After incubation,
the membrane was washed and the protein fractions recog-
nized by the sera was revealed by using chemiluminescence
using ECL plus detection reagent.

RESULTS

CLONING OF N-PROTEIN CODING GENE IN PLANT
EXPRESSION VECTOR

The PRRSV nucleocapsid gene encoding nucleocapsid
protein was codon-optimised and cloned into plant expres-
sion geminiviral vector pBYR2e. Four different expression
vector constructs SP-N-His, N-His, SP-His-N, His-N
were constructed that differs in signal peptide and location
of histidine tag. The 8x histidine tag either C-terminal or
N-terminal was included for detection by western blot. The
restriction sites used for cloning respective fragments into
plant expression vector pPBYR2e are mentioned in the Fig-
ure 1. The expression vector contains p19 PTGS suppres-
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sor, ER retention signal SEKDEL and the gene of interest
was cloned under the transcriptional control of CaMV 355
promoter. The identity of recombinant PRRSV-N protein
was confirmed by western blot probed with the anti-his-
tidine antibodies conjugated with HRP. The band size of
N-protein (~37kDa) was observed on the western blot
which could possibly be the dimeric form of the N-protein.
The results showed that the construct SP-His-N showed
high expression compared to other constructs. Hence this
construct was used for further experiments.

EXPRESSION OF RECOMBINANT N-PROTEIN IN V.
BENTHAMIANA

The levels of recombinant protein expression at different
time points were evaluated. We evaluated the nucleocapsid
expression in plants on 2, 3,4 and 5 dpi to obtain a time
course of expression. The strongest expression was detected
on 4 dpi (Figure 2). Similarly, we investigated the effect of
Agrobacterium cell density during infiltration; Agrobacteri-
um cell suspension harboring the construct pPBYR2e- SP-
His-N, at a concentration of OD, , 0f0.2,0.4,0.6,0.8,and
1.0 was tested by infiltrating into the leaves of N. denth-
amiana independently. Following infiltration, the infiltrat-
ed plant leaves were collected at 4 dpi and the protein ex-
pression was assessed by western blot. As shown in Figure
3, western blot data on the infiltrated samples collected at
4 dpi, showed highest expression at OD, of 0.6.
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Figure 2: Expression of recombinant N-protein in V.
benthamiana by using four different expression cassettes.
The leaves were infiltrated with A. fumefaciens strain
GV3101 containing either one of the four gene constructs.
The crude proteins were extracted from the infiltrated
leaves and the protein was separated on SDS-PAGE gel
and transferred to nitrocellulose membrane. The proteins
on the blot were probed with a rabbit polyclonal anti-his
antibody conjugated to horseradish peroxidase. Lane A:

SP-N-His; Lane B: N-His; Lane C: SP-His-N; Lane
D: His-N. The arrowhead indicates the position of the

recombinant protein.
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Figure 3: Optimization of leaf harvesting time and 4.
tumefaciens cell density for optimum transgene expression.
(A) N. benthamaina leaves were infiltrated with A.
tumefaciens  containing plasmid pBYR2e-SP-His-N
and the leaves were harvested on day 2, 3, 4 and 5 post
infiltration. The protein was extracted from the infiltrated
leaves and western blot was performed with rabbit
polyclonal anti-His antibody conjugated to horseradish
peroxidase. (B) V. benthamaina leaves were infiltrated with
A. tumefaciens containing plasmid pBYR2e-SP-His-N at
OD,,, 0f0.2,0.4,0.6 and 0.8. The leaves were harvested 4
dpi and western blot was performed with rabbit polyclonal
anti-his antibody conjugated to horseradish peroxidase.
'The arrowhead indicates the position of the recombinant
protein.
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Figure 4: Western blot analysis of plant-produced
recombinant N-protein detected with sera collected
from pigs. The plant-produced N-protein was separated
on SDS-PAGE gel and the proteins were transferred to
nitrocellulose membrane. The blot (1-10) was incubated
with panel of porcine sera at the dilution of 1:500 and then
the bound antibody was detected with anti-porcine IgG
antibody conjugated with HRP (1:5000). Commercial
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porcine anti-PRRSV serum was used as primary antibody
in the positive control. The arrowhead indicates the
position of the recombinant protein.

DETECTION OF RECOMBIANT N-PROTEIN WITH SERUM
SPECIMENS FROM PIGS.

The ability of plant-produced recombinant N-protein to
use as a diagnostic antigen was demonstrated by western
blot. To determine whether the purified plant-produced
PRRSV N- protein can detect antibodies in serum from
the pig samples, plant-produced N-protein was separated
on SDS-PAGE gels and detected with pig sera. All sera
samples recognized a dimeric N-protein band at ~37kDa
(Figure 4).

DISCUSSION

PRRSV aftect swine health and productivity thereby have
great economic and social impact. PRRSV surveillance is
essential for early diagnosis, implementing control meas-
ures and effective disease management (Nathues et al.,
2017).’The potent immune response against PRRSV anti-
gens have been documented (Molina et al., 2008) and en-
zyme-linked immunosorbent assay, immunofluorescence
assay, immunoperoxidase monolayer assay based assays are
available for detection of antibodies to PRRSV infection
in laboratory setting (Ouyang et al., 2013; Seuberlich et
al., 2002). N-protein elicits rapid humoral immune re-
sponse after PRRSV infection. Hence, the available diag-
nostic tests employ N-protein to detect PRRSV-specific
antibodies and regarded as potential biomarker for early
diagnosis.

'The recombinant antigens are mainly produced in mam-
malian expression system (Shanmugaraj and Ramalingam
2014). For virological studies, recombinant proteins are
widely used as capturing antigens for the diagnosis of
many diseases (Loa et al., 2004; Ndifuna et al., 1998; Yu et
al., 2006; Marques et al., 2020). Although PRRSV N-pro-
tein has been produced in E. co/i (Seuberlich et al., 2002),
the improper folding and aggregation of recombinant
proteins might have an impact on diagnostic utility and
assay sensitivity (Peternel and Komel, 2011). Recombi-
nant proteins produced in plants are shown to be properly
folded and functional; with rapid scalability, safety, speed
and most likely cost saving benefits, plants are considered
as alternative protein production platform (Rattanapisit et
al., 2020; Schillberg et al., 2019; Nandi et al., 2016; Shan-
mugaraj et al., 2020b).

Extensive evidences are available that showed the possibil-
ity of expressing viral antigens in plants in order to use as
a vaccine candidate or diagnostic reagent (Rybicki, 2017;
Marques et al., 2020; Shanmugaraj et al., 2020a). In this

study, we have successfully cloned the PRRSV N- protein
coding gene in plant expression geminiviral vector and ex-
pressed the N-protein in N. benthamiana. The expression
conditions were optimized and the recombinant N-protein
in the plant crude extract was detected with anti-histidine
antibodies. The size of the plant-produced N-protein was
as expected. The results indicated that the harvesting time
of 4 dpi was suitable for maximum protein production and
Agrobacterium cell density of 0.6 at OD600 was optimal
for infiltration and maximal transgene delivery. Ten sera
samples collected from pigs were used to evaluate the di-
agnostic capability of plant-produced protein. Western
blotting confirmed that the recombinant N-protein react-
ed with antibodies present in pig serum. Specific ~37kDa
bands were obtained with all of the sera tested. Recent
studies demonstrated the potential of plant-produced
NS1 protein for dengue diagnosis (Xisto et al., 2020;
Marques et al., 2020). Similarly, Hepatitis E Virus (HEV)
capsid protein and Rift Valley fever virus (RVFV') nucleo-
protein produced in N. benthamiana have also shown to
detect the infection in the sera collected from respective
infected organism (Mbewana et al., 2018; Mazalovska et
al., 2017). Our results confirmed that the plant-produced
N-protein was intact and truly the recombinant version of
PRRSV N-protein having diagnostic potential. The future
tasks should be the assessment of diagnostic applicability,
specificity, sensitivity of the recombinant plant-produced
N-protein in comparison with other methods for PRRSV
diagnosis.

In conclusion, we have produced N-Protein of PRRSV in
N. benthamiana by using geminiviral vector. Preliminary
testing of plant-derived N-protein by western blot showed
that the protein was detected by the pig sera suggesting
the feasibility of the plant-produced antigen for the diag-
nosis of PRRSV. However, other parameters including the
sensitivity, specificity in comparison with those of other
serologic methods needs to be investigated. This proof of
concept study helps to utilize plant expression platform
for the production of diagnostic antigens against infec-
tious diseases.
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