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Abstract: Blue eye disease (BED) is a swine viral infection that affects the pork industry of Mexico.
Porcine orthorubulavirus (PRV) is the etiological agent, and the hemagglutinin-neuraminidase protein
(HN) is characterized as the best antigen for serological tests, although other structural proteins,
including the nucleoprotein (NP) and the matrix (M) protein, have been investigated during the
infection of members of the Paramyxoviridae family, generating promising results. Herein, for the first
time, we successfully produced and characterized both the NP and M proteins of PRV by using a
recombinant strategy in the E. coli heterologous system. The ORF of the NP and M genes were cloned
in-frame with the pET-SUMO expression vector. Recombinant proteins proved to be a sensitive target
to detect seroconversion at 7 days until 28 days in vaccinated mice (BALB/c) by indirect ELISAs.
Immunoreactivity was also tested using porcine serum samples, in which antibodies were recognized
from early stages to a persistence of PRV infection, which is indicative that these proteins contain
properties similar to native antigens. The predicted tertiary structure showed that both proteins have
a conserved structure that resembles those found in others Paramyxovirus. Our results pave the way
for developing biotechnological tools based on these proteins for the control and prevention of BED.

Keywords: Porcine orthorubulavirus; matrix protein; nucleoprotein; recombinant protein; E. coli

1. Introduction

Porcine orthorubulavirus, La Piedad Michoacán Mexico Virus (PRV-LPMV) [1], pre-
viously named Porcine Rubulavirus, is the etiological agent of blue eye disease (BED) in
pigs. Similarly to other rubulaviruses, the genomic structure of PRV contains a single
promoter in the untranslated 3’region, which is followed by the NP, P, M, F, HN, and L open
reading frames (ORFs) that code for 10 proteins with structural, regulatory, and enzymatic
functions [2]. The virion consists of a lipid bilayer or outer surface envelope derived from
the plasma membrane of the host cell. Inserted into this bilayer are two glycoproteins:
the fusion (F) and the hemagglutinin/neuraminidase (HN) [3,4]. Positioned right under
the envelope is the matrix (M) protein, which is associated with part of the glycoproteins
and the nucleocapsid. The nucleocapsid consists of a nonsegmented negative-sense single-
stranded genomic RNA (approximately 15,000 nucleotides) that is tightly encapsulated by
the nucleoprotein (NP). The P gene has the capacity to encode four possible polypeptides,
namely, P, V, C, and I, from the same gene via editing and the alternative initiation of
translation [5–7].
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The first reports of BED were in La Piedad, Michoacán, Mexico, in 1980, and they were
associated with respiratory, reproductive, and central nervous system disorders in swine.
As a part of the lesions, the eyes showed a uni- or bilateral corneal opacity with a blue color
in piglets [8,9]. Piglets are most susceptible to infection, showing high morbidity and mortal-
ity. The piglets often die within 2–7 days after the appearance of clinical signs. Clinical signs
in adult pigs have mainly been associated with reproductive disorders, while mortality is
lower than in piglets [9]. The pathogenesis of PRV depends on a positive organ tropism,
associated with the receptors of sialic-acid-expressing cells and viral adhesion proteins [2].
After primary propagation in the respiratory tract and tonsils, the virus spreads throughout
the brain via the trigeminal and olfactory nerves combined with low-level viraemia and
passage through the immature blood–brain barrier. The virus has shown to be localized,
and excretion occurs mainly via the respiratory tract and urine [10]. PRV infection has only
been diagnosed in Mexico, and it is considered one of the most important diseases affecting
the Mexican swine industry. It is an endemic disease in the central and western–central
regions of Mexico (including the states of Michoacán, Guanajuato, Jalisco, and Estado de
Mexico) with a seroprevalence ranging from 9 to 23.7% [11]. PRV diagnosis is difficult
due to the variability in symptoms that are associated with cases with coinfections with
other agents [12]. Clinical symptoms, necropsy findings, and histopathological changes
can often provide insights into the etiology of the disease. Current methods used for the
diagnosis of PRV infections in Mexico include serological tests and virus isolation [13–15].
The PRV has been shown to grow in many different cells, including pig kidney cells, with
the characteristic of typical syncytial formations, demonstrating fusion activity [8]. Virus
isolation, electron microscopy, direct immunofluorescence, classical RT-PCR, and real-time
qPCR of P and NP proteins have been used for the detection of the infectious virus or the
viral RNA of the PRV for various research purposes [15–18].

Since the first report of BED outbreaks, the pathogenesis of PRV has solely been based
on the antigenicity and immunodominance analyses of the increase in HN proteins [19,20].
Nevertheless, recent studies suggested that the HN protein is not the only antigenic determinant
participating in antigenic changes among different PRV strains [21].

For serological diagnosis, the most commonly used test is associated with hemag-
glutination inhibition due to the binding of the HN protein to the cellular receptor in the
infected host. However, there is evidence that during PRV experimental infections in adult
pigs, antibodies against the NP and the M proteins are also produced [22]. However, the
antigenicity potential of these two proteins has not yet been fully investigated, even though
the NP protein is highly conserved, and the most abundant viral protein is expressed in
infected cells by PRV. Moreover, along the same lines, the M protein structure and sequence
are also highly conserved among Paramyxovirus, with similar functions in the different
members of the family; however, its antigenicity remains largely unknown [23–25]. In
addition, studies of the genome organization and sequence homologies of the encoded
proteins (i.e., NP, P, F, M, and L) as well as phylogenetic analyses revealed a high-sequence
conservation in current circulating strains of the pig population compared to the original
viral strain PRV-LPMV/1984 [26]. Hence, both proteins (i.e., NP and M) could serve as
potential antigens in either vaccine development or serological diagnosis [27,28]. Thus, the
overall objective of this study was to produce recombinant NP and M proteins in order
to investigate in detail their antigenicity and immunogenicity to help in the diagnostic
field. Lastly, the prediction of the quaternary structure of both NP and M proteins was
also performed.

2. Materials and Methods
2.1. NP and M Proteins Prediction Structure and Amino Acid Alignment Comparison

Amino acid sequences from the NP and M proteins were analyzed to determine the
relevant structural features and important molecular epitopes in the PRV reference strain
(access number: BK005918). Different algorithms were utilized to predict the transmem-
brane regions of the protein, the potential antigenic sites and epitopes described by Kyte and
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Doolittle (1982) [29], Jameson-Wolf (1988) [30], and Kolaskar and Tongaonkar (1990) [31].
The probability that a given region lies on the surface of the protein was evaluated using
the approach described by Emini et al. (1985) [32]. Molecular modeling was performed via
the SWISS-MODEL server (Swiss Institute of Bioinformatics, Switzerland) using templates
for the M protein and NP protein the X-ray structure of the Newcastle disease virus ma-
trix protein (PDB accession code: 4G1G) [33] and the structure of the parainfluenza virus
5 nucleocapsid-RNA complex (PDB accession code: 4XJN), respectively [34]. The predic-
tions of the protein structures were visualized and analyzed using the program PyMOL.
In addition, to determine the conservation of the M and the NP proteins from PRV-LPMV,
a sequence alignment comparison was performed, which includes other viral isolations
and sequences from the Paramyxovirus family. Briefly, in the case of the NP protein, the
sequence alignment was performed using 13 sequences (each composed of 519 amino acids)
using the program MEGA X and the clustalW algorithm. An analysis of the percentage
identity was performed using the NCBI blast tool. The sequences were taken from the
NCBI Genbank database; similar protocols were used in the case of the M protein, but here,
the alignment was performed using 14 sequences (each composed of 345 amino acids).

2.2. PRV NP and M Genes Amplification

The cDNA synthesis was carried out on RNA from PK15-infected cells by the reference
strain, PRV-LPMV (access number: BK005918) [17], using the RevertAid First Strand cDNA
Synthesis Kit, according to the manufacturer’s protocol (Invitrogen Life Technologies,
Carlsbad, CA, USA). The amplification of full-length ORFs encoding the PRV nucleocapsid
(NP) and matrix (M) protein was performed using PCR Master Mix 2x (Thermo Fisher
Scientific, Waltham, MA, USA) and using the designed primers shown in Table 1. The PCR
was performed as follows: 95 ◦C for 2 min; 35 cycles at 95 ◦C for 30 s; 72 ◦C for 60 s to
extension. For the NP gene, primer alignment was conducted for 30 s at 65 and 60 ◦C for
the M gene, followed by a final extension at 72 ◦C for 10 min. The resulting PCR products
were purified from the gel using the Wizard® SV Gel and PCR Clean-Up System Columns,
according to the manufacturer’s protocol (Promega, Madison, WI, USA).

Table 1. Primers used to amplify the open reading frames of the M and NP gene of PRV.

Gene Forward Primer Reverse Primer Amplicon

M ACTGCACAACTTCAACCATTTCC GCTACTACTTACGGAAAGGATTCCAG 1066

NP CTCCAGGATAGAGGAGCCGA CTACTAAAGCTGCTGAAACATGGC 1563

2.3. Bacterial Transformation with the Vector pJET 1.2/Blunt

The NP and M protein ORFs were used for the transformation of the Escherichia coli
(E. coli) strain TOP10, which was applied as a cloning host, and the E. coli strain One
Shot™ BL21 (DE3) cells, as the expression host (Invitrogen, Carlsbad, CA, USA) with
MgCl2 and CaCl2. Briefly, for the preparation of competent cells, 25 mL of LB medium was
inoculated with a BL21 (D3) colony and incubated at 37 ◦C while shaking (250 rpm) until
the culture reached mid-log growth at a wavelength of 600 nm (0.35 of OD600), followed
by incubation at 4 ◦C for 10 min. Then, cells were harvested by centrifugation (4000 rpm
for 10 min) at 4 ◦C. The pellet was resuspended in 15 mL of a MgCl2-CaCl2 solution (i.e.,
80 mM MgCl2 and 20 mM CaCl2) and centrifuged (4000 rpm for 10 min) at 4 ◦C. The
cell pellet was suspended in 1 mL of 0.1 M CaCl2 solution, and 200 µL of competent cells
was used for transformation by heat shock at 42 ◦C for 90 s using Plasmid pJET1.2/blunt
(Thermo Fisher Scientific, Waltham, MA, USA) and 50 ng of purified DNA of the NP or M
gene, respectively. Transformant cells were selected on LB agar plates supplemented with
ampicillin (50 µg/mL) (LB-Amp). The bacterial plasmid was extracted using the Favor Prep
Plasmid Extraction Mini Kit columns (Favorgen Biotech Corporation, Pingtung, Taiwan),
according to the manufacturer’s instructions. The correct cloning of the ORFs of the NP-
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and M-positive colonies was verified using the PCR described previously. The resulting
selected plasmids were designated as pJET-NP and pJET-M, respectively.

2.4. Cloning and Construction of the pET SUMO-NP and pET SUMO-M Plasmids

For cloning in the Champion™ pET SUMO expression vector (Thermo Fisher Scientific,
Waltham, MA, USA), the selected positive bacterial plasmids (i.e., pJET-NP and pJET-M)
were used as a template, and a modification was included in the final extension of the
PCR for 30 min to place an adenine tail and to perform the ligation correctly. The purifi-
cation of the PCR product was carried out at room temperature to avoid the degradation
of the adenine tail and subcloning in the Champion™ pET SUMO vector. The colonies
obtained were cultivated in 3 mL of LB-Amp medium at 37 ◦C for 16 h at 250 rpm for a
subsequent extraction of plasmids in which it was evaluated to corroborate the correct
orientation (5′-3′) of the ORFs; therefore, a PCR, as previously described, was carried out
using a forward primer that hybridized in the high sequence of the expression vector
(5′-AGATTCTTGTACGACGGTATTAG-3′) and as a reverse primer, which is the one de-
scribed for the M and NP genes in Table 1. Recombinant plasmids were confirmed by
sequencing with Sanger technology at the Biotechnology Institute of UNAM. The plasmid
of a positive 5′-3′ colony was selected for the transformation of One Shot BL21 (DE3) cells,
following the manufacturer’s recommendations (Invitrogen, Carlsbad, CA, USA), on an LB
agar added with kanamycin (50 µg/mL) (LB-KA). Positive colonies were selected to carry
out the expression test.

2.5. Expression and Purification of the Recombinant NP and M Proteins

For the expression of recombinant NP and M proteins, a colony from an LB-KA agar
plate was inoculated into 3 mL of LB-KA and incubated in a bacterial shaker (250 rpm)
at 37 ◦C for 12 h. Then, a second culture of 10 mL of LB-KA medium was inoculated
with 100 microliters of previous bacterial culture and induced with 1.5 mM/L of isopropyl
b-D-1-thiogalactopyranosid (IPTG) (Merck KGaA, Darmstadt, Germany) when the optical
density of the culture reached between 0.5 and 0.6 OD600 nm, followed by incubation for
an additional 6 h at 37 ◦C in a bacterial shaker. Induced cells were recovered from the
medium by centrifugation (4000 rpm for 10 min), and supernatants and pellets were boiled
for 10 min in a reducing sample buffer (0.0625 M Tris-HCl, 2% SDS, 10% v/v glycerol,
1.25% 2-mercaptoethanol, 0.01% bromophenol blue, and pH 6.8) and analyzed by 12%
SDS-PAGE and visualized by Coomassie Brilliant Blue G-250 stain [35,36]. Subsequently,
for purification, 100 mL of induced bacterial cultures was aliquoted into 50 mL centrifuge
tubes and pelleted by centrifugation (4000 rpm for 10 min). The pellets were washed two
times: first, with 50 mL of distilled water, centrifuged and pelleted at 4000 rpm for 10 min
(4 ◦C), and then with 2% sucrose as indicated above. The pellets were resuspended with
400 mL of 0.1 M Tris-HCl buffer (5 mM, pH 7.5) and disrupted by mechanical rupture with
a Gaulin Laboratory Homogenizer at 550 kg/cm for 15 min (APV Homogenizer Group,
Wilmington, MA, USA). The inclusion bodies (insoluble phase) obtained by centrifugation
(4000 rpm for 20 min, 4 ◦C) were washed with 50 mL of 1:1 water/1% Triton X-100 and
recovered by centrifugation at 4000 rpm for 20 min (4 ◦C). The inclusion bodies were
solubilized with 7% N-lauroylsarcosine sodium salt, 50 mM Tris-HCl buffer at pH 8, with
agitation at 250 rpm for 12 h at 25 ◦C. The solubilized inclusion bodies of recombinant
proteins were purified using 5 mL of HiTrap® Chelating High Performance (GE Healthcare,
Chicago, IL, USA) according the manufacturer’s instructions. The purified recombinant
proteins were dialyzed versus the Tris-HCl 5 mM pH 8 buffer. The protein concentration
was determined according to the Bradford methods (1976), resolved on SDS-PAGE gel,
and transferred onto PVDF membranes (Merck Millipore, Darmstadt, Hesse, Germany) in
order to be analyzed by WB. Briefly, the membranes were blocked with 5% nonfat milk in
TBS-Tween buffer (20 mM Tris-HCl, pH 8, 0.15 M NaCl, and 0.05% Tween 20) at 4 ◦C for
16 h with moderate agitation. The blocked membranes were washed with TBS-Tween buffer
and incubated with different antibodies; anti-histidine (diluted 1:5000) or a polyclonal
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swine serum sample (1:500) as the primary antibody, respectively, and a mouse anti-
IgG conjugated to horseradish peroxidase (dilution 1:5000) or anti-pig IgG+ horseradish
peroxidase (HRP)-conjugated as the secondary antibody (1:5000), respectively. Protein
bands were visualized with DAB™ substrate (3,3′-diaminobenzidine tetrahydrochloride)
(Sigma-Aldrich, St. Louis, MO, USA) with 10 mL of development solution (PBS, 12 mg of
DAB, and 300 µL 3.4% H2O2).

2.6. Antigenicity of NP and M Recombinant Proteins by Mice Immunization

BALB/c mice were immunized at 21 old days with recombinant proteins NP and M.
Five experimental groups were included: one negative control group immunized with
sterile PBS (n = 8); one immunized group with recombinant NP protein (without adjuvant)
(n = 8); one immunized group for recombinant M protein (without adjuvant) (n = 8); one
control group immunized with the NP protein plus adjuvant (n = 8); one control group
immunized with the M protein plus adjuvant (n = 8). Briefly, the immunization and
bleeding scheme was as follows: All mice were inoculated into a fold of skin in the neck
with a volume of 0.2 mL, and two doses at 0 and 14 days were administrated. The protein
dose was 5 µg plus PBS or 5 µg of adjuvant AbISCO-100 (Isconova AB, Uppsala, Sweden)
per mouse; blood samples were obtained by tapping the tail on days 0, 7, 14, 21 and 28.
The animals were euthanized according to NOM-062-ZOO-1999. The protocol for the
use of laboratory animals was previously approved by the INIFAP internal committee,
previously approved under a permit from the IACUC (Institutional Animal Care and Use
Committee), CENID-SAI, INIFAP. All procedures were in accordance with the Mexican
legislation (NOM-062-ZOO-1999; SAGARPA), based on the Guide for the Care and Use of
Laboratory Animals, NRC.

To evaluate the antigenicity of the recombinant proteins (i.e., NP and M), an indirect
ELISA test was carried out using the serum samples obtained from the mice; briefly,
100 ng of purified protein was absorbed per well in a microplate and subsequently incubated
with mice sera samples (diluted to 1:150). A secondary antibody (mouse anti-IgG-HRP)
was used with a dilution of 1:5000. The chromogenic reaction was developed using 3,3′,5,5-
tetramethylbenzidine (TMB) substrates, as previously described [35,36], and measured at
an absorbance of 450 nm.

Statistical analyses of the results were performed using two-way ANOVA to compare
immunized groups with protein plus adjuvant versus protein alone on different days.
Differences at p < 0.05 were considered statistically significant with a 95% confidence
interval, (* p < 0.05; ** p < 0.005; *** p < 0.0005) and graphs were constructed using SigmaPlot
version 12.5 (Systat Software Inc., San Jose, CA, USA). All summary data are presented as
means ± Standard Error of Mean (SEM).

2.7. Immunoreactivity of the NP and M Recombinant Proteins with Pig Serum Samples

For this assay, twelve pig sera samples from experimentally and naturally PRV-infected
pigs were provided by a research project at the National Research Center, INIFAP (Instituto
Nacional de Investigaciones Forestales, Agrícolas y Pecuarias) in Mexico City. Briefly, for
experimentally infection; piglets (6 days of age) were infected by intranasal instillation
with the PRV/PAC3/1992 (EF413173) low-virulence strain, provided by the Departamento
de Microbiología e Inmunología, Facultad de Medicina Veterinaria y Zootecnia, UNAM,
Mexico. The viral titer was determined by the calculation of 50% endpoint by serial
dilution, and the titer of virus stock was 1 × 106 TCID50/mL. Post-infection, the piglets
were evaluated daily by a veterinarian, and clinical scores were observed and written
down. The animals were handled at the house facility at the National Microbiology
Research Centre (INIFAP), and they were fed with a commercial diet twice daily, having
free access to water. All procedures followed the Mexican legislation (NOM-062-ZOO-1999;
SAGARPA) based on the Guide for the Care and Use of Laboratory Animals, NRC. The
experiment was previously approved under a permit from the IACUC (Institutional Animal
Care and Use Committee), INIFAP. The serum samples collection consisted of six sera per
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day from different experimentally infected piglets (10 days old) at 5, 6, 10, 14, 30 and
75 days post-experimental infection; six serum samples from different natural PRV-infected
pigs with persistent infection (>1 year) and blue eye as sequel, from a farm (Guanajuato,
Mexico) with a history of sporadic outbreaks of BED. All sera were analyzed by Western
blot tests using 250 ng of purified protein to determine the recognition capacity of the
antibodies against the recombinant proteins NP and M. The PRV hyperimmune pig serum
(75 days post-infection) previously tested by ELISA was used as a positive reference control.
The WB results were categorized by comparing the pixel intensity between positive control
and serum samples with ImageJ program [37] as follows: high grade had a four mark (+ +
+ +) recognition; +++ (moderate); ++ (slight); + (light); pig serum as a negative control with
one negative mark (-).

3. Results
3.1. Tertiary Structure of the NP and M proteins and Amino Acid Alignment Comparison

The PRV-NP protein had a high sequence identity (58.82%) with the nucleoprotein
parainfluenza virus 5 (PIV5-N); therefore, the same subdomain separation of the latter
was utilized in the former. The different subdomains were the Narm segment consisting
of the first 31 a.a, the NTD segment spanning from residues 32 to 262, the CTD segment
from residues 263 to 371, and the Carm segment ranging from residues 372 to 401. The
NTD and CTD subdomains have a significant role in forming the core of the promoter,
while Narm and Carm segments seem to be involved in interfacial interactions with other
protomers. We found 22 antigenic determinants in the PRV-NP protein that were mainly
distributed along the NTD and CTD subdomains. As expected, based on their interfacial
positions, the Narm and Carm subdomains did not seem to contain relevant information
regarding possible epitopes. The identified epitopes were located in segments with high
helical content. In the case of the PIV5-N protein, we found 19 antigenic determinants
distributed similarly, as in the case of the PRV-NP (Figure 1A,B panel). Interestingly (and
expected), the PRV-NP protein contained very low hydrophobic contents (blue plots in
Figure 1) along the regions identified as antigenic regions, which were mainly distributed
in the NTD and CTD domains (pink plots in Figure 1). Moreover, two regions identified as
highly surface exposed were located in the NTD and the CTD subdomains (yellow plots
in Figure 1). Finally, similar results were found in the case of the PIV5-N protein but with
higher scores and more regions highly exposed to the protein surface (Figure 1A,B below).
On the other hand, the PRV-M protein had a 25.27% sequence identity with the sequence of
the Newcastle disease virus matrix protein (NDV-M); hence, the PRV-M structure could
be similarly separated into two domains as in the case of NDV-M. Here, the N-terminal
domain extended from residues 1 to approximately 186, while the C-terminal domain
ranged from residues 191 to 369. These similar structures consisted of several β-sheets
segments that were flanked by some α-helices. Most of the 14 antigenic determinants
found in the PRV-M protein were positioned in segments with high β-sheet content in
these two domains. A similar antigenic distribution was found in the case of the NDV-
M protein with only 12 antigenic determinants (Figure 1C,D). Both PRV-M and NDV-M
proteins displayed segments with very low hydrophobic content (blue plots in Figure 1)
overlapping the antigenic regions. These regions were clearly distributed along the N-
and C-terminal domains (pink plots in Figure 1). Lastly, both proteins had close to two
regions with highly surface exposed protein regions in the N- and C-terminal domains
(Figure 1C,D, yellow plots).
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Figure 1. Tertiary structure of the NP and M proteins. Top panel: the structure of the PRV-NP
monomer (A); PIV5-NP monomer (B); PRV-M monomer (C); NDV-M monomers (D) are displayed
with epitopes colored in red. Bottom panel: Kyte and Doolittle hydrophobicity plot (blue: positive val-
ues indicate hydrophobic regions); Jameson–Wolf antigenic index (pink); Emini surface accessibility
prediction (yellow).

The amino acid alignment comparison showed that a sequence identity resulted in
values ranging from 100% to 99.44% between the PRV NP protein and the different viral
isolates reported in GenBank database; for the case of the PRV M protein, it produced
values from 100% to 97.846% (Figure 2A,B). The alignment of both PRV proteins with
different Paramyxovirus (Parainfluenza 5, Mumps and Mapuera virus) sequences resulted in
several conserved regions located principally at the N-terminus of NP protein. The analysis
resulted in the identification of 196 conserved sites through the length of the regions ranges
from one to eight amino acid residues. As for the M protein, several conserved regions,
distributed along the entire protein sequence, were identified and resulted in 56 conserved
sites (Figure 2C,D).
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Figure 2. Multiple sequence alignment comparisons of the M and the NP proteins from PRV-LPMV. (A) Alignment for the PRV-LPMV NP protein with others viral
isolations. (B) Alignment for the PRV-LPMV M protein with others viral isolations. (C) Comparison between the PRV NP protein and various members from the
Paramyxovirus family. (D) Comparison between the PRV M protein and various members from Paramyxovirus family. Changes in amino acid identities into the
protein systems are shown in yellow, while conserved regions are highlighted in green.
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3.2. Construction of an Expression System for NP and M Proteins

The ORFs of the NP and M proteins were amplified from the pJET-NP and M vectors.
The PCR products were analyzed on agarose gels to corroborate adequate amplifications
at the expected molecular weights (i.e., 1563 and 1066 bp, respectively). Then, the PCR
products were cloned into the pETSUMO expression vector. This plasmid allowed for the
insertion of the gene in one-step cloning through A’, and that was generated by the Taq
polymerase. After the ligation of the M and NP genes, the correct orientations of the inserts
into the recombinant plasmids were analyzed by the PCR product with 1668 bp for the
pETSUMO-NP vector and 1171 bp for the pETSUMO-M vector (Figure 3A,C). All tests and
subsequent sequencing validated the expected results. The expression system produced
recombinant proteins fused not only to 6-his tags to facilitate affinity purification but also
to SUMO tags to increase protein solubility (all of which were under IPTG induction).

Figure 3. Construction of an expression system for NP and M proteins. (A,B) Analysis of the
cloned NP gene by PCR: (1) negative control, (2–3) amplification of NP gene from pJET-NP, and
(4) amplification of NP gene in-frame cloning with the pETSUMO vector. (C) Analysis of the
cloned M gene by PCR: (5–6) amplification of the M gene from pJET-M, (7–8) negative controls,
(9–10) amplification of the M gene in-frame cloning with the pETSUMO vector, (11) negative control,
and (M) molecular weight marker.

3.3. Expression of the PRV-NP and M Proteins in E. coli

The transformed BL21 (D3)-competent cells with the pETSUMO vector were selected
to produce NP and M recombinant proteins using IPTG as an inductor into LB medium.
After 12 h of expression, induced cells were collected for analysis via SDS-PAGE Coomassie
staining and Western blot. As shown in Figure 4, some clones analyzed for the NP protein
did not produce proteins at the expected molecular weight possibly due to the fact of
incorrect transformation. However, other clones produced an overexpression protein
band at the expected molecular weight (71 kDa) that was subsequently confirmed by
WB, resulting in a clear band (Figure 4A). On the other hand, other different clones of
BL21-M protein were analyzed by SDS-PAGE showing a negligible increase in the protein
band at the expected molecular weight (53 kDa) in the conventional Coomassie staining
process compared to the positive control (BL21-CAT that produced a recombinant protein of
37 kDa). The WB analyses confirmed the presence of the recombinant proteins with different
grades of production (Figure 4B). All controls displayed expected results. With this assay,
the production of the NP and M proteins was confirmed in the E. coli expression system,
and the strains were named BL21-PRV-NP and BL21-PRV-M, respectively.
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Figure 4. Expression of M and NP proteins in E. coli. (A) Production of the NP protein into the
BL21-M strain: (above) Coomassie stain and (below) Western blot with anti-his antibodies of different
clones induced with IPTG; (M) molecular weight marker, (-) negative control of BL21 strain, (+)
positive control of BL21-CAT, and (1–6) different clones of BL21-NP. (B) Production of the M protein
into the BL21-M strain: (above) Coomassie stain and (below) Western blot with anti-his antibodies of
different clones induced with IPTG; (M) molecular weight marker, (-) negative control of BL21 strain,
(+) positive control of BL21-CAT, and (1–6) different clones of BL21-M.

3.4. Purification of the NP and M Recombinant Proteins

The produced recombinant proteins were purified from the insoluble fraction (in-
clusion bodies) because we observed that the major production was in this phase (data
not shown). Inclusion bodies were recovered from cell pellets by mechanical rupture and
dissolved into a sarcosyl buffer solution. The dissolved inclusion bodies were charged into
a Ni-NTA agarose resin column and eluted with imidazole. The elution of the purification
process was analyzed by SDS-PAGE Coomassie staining and the WB technique (Figure 5).
As shown in Figure 5A, the NP protein presented a clear band with a high protein concen-
tration in the elution phase with an average protein yield of 150 µg/mL from 100 mL of
culture. In the case of the M protein, there was a band with the expected molecular weight
of 53 kDa (Figure 5B) with a high degree of purity in the Coomassie stain. The average
yield of this process for the M protein was 70 µg/mL of purified recombinant protein from
100 mL of culture. Finally, these one-step purified proteins were confirmed by WB analysis
and by the presence of a signal for the recombinant proteins at the expected molecu-
lar weight.
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phy: (above) Coomassie stain and (below) Western blot with anti-his, (M) molecular weight marker,
and (2) elution phase from column. (B) Elution of the M protein from affinity chromatography:
(above) Coomassie stain and (below) Western blot with anti-his, (M) molecular weight marker, and
(1) elution phase from column.

3.5. Antigenicity Assays

Purified proteins were used to immunize mice, and antibody production was mea-
sured by indirect ELISA. As shown in Figure 6, both proteins produced specific antibodies
with similar absorbance values at the end of the immunization. The antibody response
of the NP protein displayed the capacity to induce an immune response at 7 days post-
immunization, lasting until the end of the experiment (day 28), and it was significantly
higher (p < 0.001) than the response of mice immunized with the NP recombinant protein
alone, i.e., without an adjuvant (Figure 6A). In the case of the M recombinant protein, the
antibody’s response increased after the second dose given from day 14, and it was signifi-
cantly higher (p < 0.001) than the response of mice immunized with the M recombinant
protein alone (Figure 6B). The control group of mice remained seronegative with OD values
less than 0.05 in both assays. These results indicate that both proteins produced by the
recombinant strategy had the capacity to induce an immune response in animals despite
the modification in the amino acidic sequence during the cloning process. This is strong
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evidence that the recombinant NP and M proteins had similar characteristics to the native
viral proteins and, thus, they may be an advantageous alternative for the development of a
new generation of diagnostic tools for BED.
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Figure 6. Antigenicity of NP and M proteins. (A) Indirect ELISA for the NP and (B) M proteins
measured from antibodies produced in mice; (–N–) antibodies from NP and M proteins produced
with adjuvant, (–�–) antibodies from the NP and M proteins without adjuvant, and (–•–) negative
control of non-immunized animals. Two-way ANOVA was used to compare immunized groups with
protein plus adjuvant versus protein alone on different days. Differences at p < 0.05 were considered
statistically significant with a 95% confidential interval (** p < 0.005).

3.6. Immunoreactivity Assays

For the determination of the immunodetection of the NP and M recombinant proteins,
serum samples from experimentally and naturally PRV-infected pigs were tested by Western
blot analysis (Figure 7). For the NP recombinant protein, the serum from the experimental
infected pigs recognized the protein with a low degree from 5 until 6 days PI, with two
positive marks (+ +). However, the recognition degree increased starting at 10 days PI with
the maximum recognition (+ + + +) at 30 days PI. All serum samples from persistently
infected pigs recognized the NP recombinant protein with three or more positive marks
(representative results in Figure 7A).

For the M recombinant protein, the serum from experimentally infected pigs recog-
nized the protein with high specificity after 6 days post-infection (PI). This recognition
degree increased until 14 days PI, reaching three positive marks. An unexpected sample
(30 days PI) slightly recognized the protein possibly due to the specific low response in this
animal. Then, at 75 days PI, the recognition degree reached three positive marks again in
all tested samples. For persistently infected animals (animals from farms and with more
than 1 year PI), all samples recognized the protein with different degrees, demonstrating
the presence of M antibodies in the animals for a long period of time (representative results
in Figure 7B). This result indicates that the recombinant NP protein produced antibodies
before the M protein and at high amounts in the infected animals. Finally, these recombi-
nant proteins had necessary elements for the recognition of antibodies from infected pigs
with different stages of PRV infection; therefore, they may have similar characteristics to
those observed in the native protein, including conserved immunogenic epitopes.
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(B) M protein with infected serum swine: (positive LPMV) hyperimmune serum (75 days post-
infection) previously tested by indirect ELISA; (negative) Sweden serum; (5–75 PI) serum from
experimentally infected swine after 5 days until 75 days post-infection; (persist) serum from naturally
infected swine more than 90 days post-infection. The WB results were categorized by comparing the
pixel intensity between positive control and serum samples with ImageJ program as follows: high
grade had four marks (+ + + +) of recognition; +++ (moderate); ++ (slight); + (light); pig serum as a
negative control with one negative mark (-).

4. Discussion

Since the blue eye disease (BED) appeared in Mexico, several studies focused on
developing strategies for the diagnosis, prevention, and control of the disease. However,
the viral disease remains endemic in the region denominated Bajio Mexicano, with sporadic
outbreaks and new neurovirulent strains (2008–2015) with genetic differences being re-
ported. These findings suggest that genetically and antigenically different PRV strains were
circulating in the swine population, imposing challenges to diagnostic and vaccination
efforts [20,26,38]. Thus, the virus is continuously adapting along the Mexican territory and
prevails in the swine population. Moreover, classical techniques for BED diagnostics in
laboratories, including hemagglutination inhibition tests, immunoperoxidase monolayer
assays, and serum neutralizing tests that detect antibodies, are considered somehow ob-
solete, because they exhibit several disadvantages such as the use of chicken red blood
cells, elution that occurs in a short incubation time, and a decrease in specificity [39]. In
this context, significant efforts focused in producing new-generation strategies for the
development of diagnostic methods or treatments have produced antigens in a yeast or
bacterial heterologous system. Unfortunately, thus far, only the protein hemagglutinin-
neuraminidase (HN) has been produced with favorable results [29,30]. Recently, the F
protein of Porcine orthorubulavirus was studied, and several predictions regarding anti-
genicity were proposed including seven linear B-cell epitopes, six conformational B-cell
epitopes, and twenty-nine T-cell MHC class I epitopes [40]. However, others structural
proteins with interesting characteristics remain neglected, e.g., the nucleoprotein (NP) and
the matrix (M) proteins. In the case of the NP protein, only nucleic acid-based identification
methods (i.e., quantitative RT-PCR) were developed for the detection and quantification of
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the expression of the nucleoprotein gene for different strains [18]. In addition, Hernández
et al., in 1998 [22], determined that the M and NP protein antibodies were produced by
infected animals at 3 and 4 weeks post-infection during a 7-week study. As a consequence,
the interest and relevance for producing new antigens from the PRV remain very attractive.
Herein, the NP and M proteins were successfully produced using a bacterial heterologous
expression system with the pETSUMO expression vector. Noticeably, others produced
truncated versions of both the NP and the Matrix proteins from Paramyxovirus in E. coli by
following a similar strategy with favorable results for the development of indirect ELISA
and for protection against the disease following lethal viral challenges [27,41]. On the other
hand, the production of recombinant proteins in pETSUMO generated large amounts of
functional viral antigens with excellent immunogenic and antigenic properties, regardless
of the 6-his and SUMO tag modifications [42,43]. In this study, the production yields for
the NP and M recombinant proteins were 150 and 70 µg/mL, respectively, which were
sufficient for mice immunization and WB analysis. Furthermore, the produced quantities
of the recombinant proteins may still be adequate for pig immunization and vaccination
studies based on previous studies in which authors used 400 µg per dose of the recombinant
protein [44]. In antigenicity assays, we found that infected PRV animals produced anti-NP
and anti-M protein antibodies starting from 5 days of PI and not after weeks of infection,
as described in the only study that evaluated antibody production in infected swine [22].
The detection of recombinant proteins in the early stages of the PRV infection was possible
because of the nanogram detection capabilities of the Western blot technique. Similarly, WB
has allowed different authors to detect, with high specificity and from the first days of the
infection, antibodies in serums of infected swine with viral recombinant proteins produced
in E. coli [45]. Immunogenicity tests in mice described that both NP and M proteins had the
capacity to induce an immune response in animals with detectable antibodies produced
after 7 days post-immunization, with a sustained production that lasted during the 28 days
of the experiment. Other investigations produced recombinant proteins in bacterial systems
and used animal models (e.g., rabbits) to evaluate their antigenicity [37–47]. The results
showed that the purified protein can react with positive serum (using the Western blot
technique), displaying high antigenicity, which indicated that the protein could be used
as an antigen for the detection of virus-specific antibodies in ELISA testing [46]. Finally,
the PRV-NP protein had a similar domain organization as PIV5-N and Nipah virus-N
proteins [37,47]. This fact allowed us to separate the structure into similar discrete subdo-
mains, namely, the Narm, NTD, CTD, and Carm subdomains. The regions with the largest
number of antigenic determinants were found in the NTD and CTD subdomains. On the
other hand, the PRV-M protein had two similar domains that interact with other M protein
domains to form dimers. These domains exhibit the principal antigenic determinants
resembling the results found in the NDV-M protein [36]. These results substantiate our
conclusions regarding the conservation of structural and antigenic determinants in the
PRV based on similar findings with homologous proteins from other paramyxoviruses and
between others PRV isolations reported in GenBank. In addition, amino-acid alignment
comparisons between other PRV isolations reported in GenBank showed high amino acid
identity, which is indicative that M and NP protein have been conserved for long time.
Varsanyi et al., 1985, mentioned that the particular case of the conserved regions of the
Paramyxovirus family that exhibit conserved sequences is highly likely to preserve their
tertiary structure so that they can maintain their biological function. [48]. Therefore, the
probability of finding failures in the development of diagnostic test with these antigens
is low.

5. Conclusions

Finally, in this study and for the first time, we successfully produced nucleoprotein
(NP) and matrix (M) proteins from PRV by using a recombinant strategy in the E. coli
heterologous expression system. These proteins were fused to 6-his and SUMO tags at the
N-terminus to facilitate the purification process and to increase their solubility, respectively.
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Despite these modifications, both proteins conserved antigenic characteristics and were
recognized by infected swine serum since the early stages of the infection until persistence
(more than 90 days PI). The present study showed that recombinant NP and M proteins
induced immune responses in an animal model (mice) with detectable antibodies starting
from the 7th day until 28 days post-immunization. Additionally, the predicted tertiary
structure showed that both proteins had antigenic determinants that were conserved
with members of the Paramyxoviridae family. Our results pave the way for developing
biotechnological tools based on these proteins for the control and prevention not only of
the blue eye disease but also other infections caused by paramyxoviruses.

Author Contributions: Conceptualization, R.L.-R. and J.L.C.-S.; methodology, J.B.G.-C. and M.A.C.-
M.; validation, J.L.C.-S., J.B.G.-C. and R.L.-R.; formal analysis, J.L.C.-S. and J.M.P.-A.; investigation,
R.L.-R., J.L.C.-S., J.B.G.-C. and M.A.C.-M.; resources, J.S.C.-R.; writing—original draft preparation,
R.L.-R., J.S.C.-R. and J.L.C.-S.; writing—review and editing, J.M.P.-A., J.S.C.-R. and J.L.C.-S.; visualiza-
tion, S.M.-E.; supervision, J.L.C.-S.; project administration, J.S.C.-R. and J.L.C.-S.; funding acquisition,
J.S.C.-R. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by SEP-CONACYT [288942].

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Mexican legislation (NOM-062-ZOO-1999; SAGARPA) based on the Guide for the Care and Use
of Laboratory Animals, NRC. The experiment was previously approved under a permit from the
IACUC (Institutional Animal Care and Use Committee), INIFAP.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: Asociación IPVS México 2014 A.C. (International Pig Veterinary Society). CENID-
Salud Animal e Inocuidad INIFAP (México). JLCS received a postdoctoral scholarship from CONA-
CYT (Estancias Posdoctorales Vinculadas al Fortalecimiento de la Calidad del Posgrado Nacional)
with CVU number: 333268. RLR received a scholarship awarded by CONACYT (300988). ABISCO®-
100 from Isconova AB (Uppsala, Sweden) was kindly supplied by Karin Lovgren-Bengtsson.

Conflicts of Interest: The authors declare no conflict to interest.

References
1. Amarasinghe, G.K.; Ayllón, M.A.; Bào, Y.; Basler, C.F.; Bavari, S.; Blasdell, K.R.; Buchholz, U.J. Taxonomy of the order Monone-

gavirales: Update 2019. Arch. Virol. 2019, 164, 1967–1980. [CrossRef] [PubMed]
2. Santos-López, G.; Hernández, J.; Borraz-Argüello, M.T.; Ramírez-Mendoza, H.; Vallejo, V.; Reyes-Leyva, J. Estructura, función e

implicaciones patológicas de las proteínas del Rubulavirus porcino. Arch. Med. Vet. 2004, 36, 119–136. [CrossRef]
3. Sundqvist, A.; Berg, M.; Hernandez-Jauregui, P.; Linn, T.; Moreno-Lopez, J. The structural proteins of a porcine paramyxovirus

(LPMV). J. Gen. Virol. 1990, 71, 609–613. [CrossRef]
4. Sundqvist, A.; Berg, M.; Moreno-Lopez, J.; Linne, T. The hemagglutinin-neuraminidase glycoprotein of the porcine paramyxovirus

LPMV: Comparison with other paramyxoviruses revealed the closest relationship to simian virus 5 and mumps virus. Arch. Virol.
1992, 122, 331–340. [CrossRef] [PubMed]

5. Berg, M.; Sundqvist, A.; Moreno-López, J.; Linné, T. Identification of the porcine paramyxovirus LPMV matrix protein gene:
Comparative sequence analysis with other paramyxoviruses. J. Gen. Virol. 1991, 72, 1045–1050. [CrossRef]

6. Berg, M.; Hjertner, B.; Moreno-López, J.; Linné, T. The P gene of the porcine paramyxovirus LPMV encodes three possible
polypeptides P, V and C: The P protein mRNA is edited. J. Gen. Virol. 1992, 73, 1195–1200. [CrossRef]

7. Berg, M.; Bergvall, A.C.; Svenda, M.; Sundqvist, A.; Moreno-López, J.; Linné, T. Analysis of the fusion protein gene of the porcine
rubulavirus LPMV: Comparative analysis of paramyxovirus F proteins. Virus Genes 1997, 14, 55–61. [CrossRef]

8. Moreno-López, J.; Correa-Girón, P.; Martinéz, A.; Ericsson, A. Characterization of a paramyxovirus isolated from the brain of a
piglet in Mexico. Arch. Virol. 1986, 91, 221–231. [CrossRef]

9. Stephano, H.A.; Gay, G.M.; Ramirez, T.Z. Encephalomyelitis, reproductive failure and corneal opacity (blue eyes) in pigs,
associated with a paramyxovirus infection. Vet. Rec. 1988, 122, 6–10. [CrossRef]

10. Allan, G.M.; McNeilly, F.; Walker, I.; Linne, T.; Moreno-Lopez, J.; Hernandez, P.; Kennedy, S.; Carroll, B.P.; Herron, B.; Foster, J.C.;
et al. A sequential study of experimental porcine paramyxovirus (LPMV) infection of pigs: Immunostaining of cryostat sections
and virus isolation. J. Vet. Diagn. Investig. 1996, 8, 405–413. [CrossRef]

http://doi.org/10.1007/s00705-019-04247-4
http://www.ncbi.nlm.nih.gov/pubmed/31089958
http://doi.org/10.4067/S0301-732X2004000200003
http://doi.org/10.1099/0022-1317-71-3-609
http://doi.org/10.1007/BF01317194
http://www.ncbi.nlm.nih.gov/pubmed/1731697
http://doi.org/10.1099/0022-1317-72-5-1045
http://doi.org/10.1099/0022-1317-73-5-1195
http://doi.org/10.1023/a:1007987407250
http://doi.org/10.1007/BF01314282
http://doi.org/10.1136/vr.122.1.6
http://doi.org/10.1177/104063879600800401


Viruses 2022, 14, 1946 16 of 17

11. Escobar-López, A.C.; Rivera-Benítez, J.F.; Castillo-Juárez, H.; Ramírez-Mendoza, H.; Trujillo-Ortega, M.E.; Sánchez-Betancourt, J.I.
Identification of antigenic variants of the porcine rubulavirus in sera of field swine and their seroprevalence. Transbound. Emerg.
Dis. 2012, 59, 416–420. [CrossRef] [PubMed]

12. Rivera-Benitez, J.F.; Luz-Armendáriz, J.D.; Saavedra-Montañez, M.; Jasso-Escutia, M.A.; Sánchez-Betancourt, I.; Pérez-Torres, A.;
Reyes-Leyva, J.; Hernández, J.; Martínez-Lara, A.; Ramírez-Mendoza, H. Co-infection of classic swine H1N1 influenza virus in
pigs persistently infected with porcine rubulavirus. Vet. Microbiol. 2016, 184, 31–39. [CrossRef] [PubMed]

13. McNeilly, F.; McNeilly, F.; Walker, I.; Allan, G.M.; Foster, J.C.; Linne, T.; Merza, M.; Hernandez, P.; Kennedy, S.; Adair, B. A
comparative study on the use of virus and antibody detection techniques for the diagnosis of La Piedad Michoacan paramyxovirus
(LPMV) infection in pigs. J. Vet. Diagn. Investig. 1997, 9, 3–9. [CrossRef] [PubMed]

14. Nordengrahn, A.; Svenda, M.; Moreno-López, J.; Bergvall, A.; Hernández, P.; McNeilly, F.; Allan, G.; Merza, M. Development of a
blocking ELISA for screening anti-bodies to porcine rubulavirus, La Piedad Michoacán Virus. J. Vet. Diagn. Investig. 1999, 11,
319–323. [CrossRef]

15. Rivera-Benitez, J.F.; Martínez-Bautista, R.; Pérez-Torres, A.; García-Contreras, A.D.C.; Reyes-Leyva, J.; Hernández, J.; Ramírez-
Mendoza, H. Persistence of porcine rubulavirus in experimentally infected boars. Vet. Microbiol. 2013, 162, 491–498. [CrossRef]

16. Wiman, A.C.; Hjertner, B.; Linné, T.; Herron, B.; Allan, G.; McNeilly, F.; Berg, M. Porcine rubulavirus LPMV RNA persists in the
central nervous system of pigs after recovery from acute infection. J. Neurovirol. 1998, 4, 545–552. [CrossRef] [PubMed]

17. Cuevas-Romero, S.; Blomström, A.-L.; Alvarado, I.A.; Hernández-Jauregui, P.; Rivera-Benitez, F.; Ramírez-Mendoza, H.; Berg, M.
Development of a real-time RT-PCR method for detection of porcine rubulavirus (PoRV-LPMV). J. Virol. Methods 2013, 189, 1–6.
[CrossRef] [PubMed]

18. Rivera-Benitez, J.F.; García-Contreras, A.C.; Reyes-Leyva, J.; Hernández, J.; Sánchez-Betancourt, J.I.; Ramírez-Mendoza, H.
Efficacy of quantitative RT-PCR for detection of the nucleoprotein gene from different porcine rubulavirus strains. Arch. Virol.
2013, 158, 1849–1856. [CrossRef] [PubMed]

19. Stephano, H.A. Blue eye disease: Clinical signs and lesions. In Trends in Emerging Viral Infections of Swine; Morilla, A., Yoon, K.,
Zimmerman, J., Eds.; University Press: Ames, IA, USA, 2002; pp. 47–50.

20. Sánchez-Betancourt, J.I.; Santos-López, G.; Alonso, R.; Doporto, J.M.; Ramírez-Mendoza, H.; Mendoza, S.; Hernández, J.; Reyes-
Leyva, J.; Trujillo, M.E. Molecular characterization of the hemagglutinin-neuraminidase gene of porcine rubulavirus isolates
associated with neurological disorders in fattening and adult pigs. Res. Vet. Sci. 2008, 85, 359–367. [CrossRef]

21. Sánchez-Betancourt, J.I.; Trujillo, M.E.; Mendoza, S.E.; Reyes-Leyva, J.; Alonso, R.A. Genetic and antigenic changes in porcine
rubulavirus. Can. J. Vet. Res. 2012, 76, 33–37.

22. Hernández, J.J.; Reyes-Leyva, J.; Zenteno, R.; Ramírez, H.; Hernández-Jauregui, P.; Zenteno, E. Immunity to porcine rubulavirus
infection in adult swine. Vet. Immunol. Immunopathol. 1998, 64, 367–381. [CrossRef]

23. Svenda, M.; Hjertner, B.; Linné, T.; Berg, M. Both the P and V proteins of the porcine rubulavirus LPMV interact with the NP
protein via their respective C-terminal unique parts. Virus Res. 2002, 83, 31–41. [CrossRef]

24. Lamb, R.A.; Parks, G.D. Paramyxoviridae: The Viruses and Their Replication. In Fields Virology, 5th ed.; Knipe, D.M., Howley,
P.M., Eds.; Lippincott-Raven Publishers: Philadelphia, NY, USA, 2007; pp. 1449–1496.

25. Pentecost, M.; Vashisht, A.A.; Lester, T.; Voros, T.M.; Beaty, S.M.; Park, A.; Wang, Y.E.; Yun, T.E.; Freiberg, A.N.; Wohlschlegel, J.A.;
et al. Evidence for ubiquitin-regulated nuclear and subnuclear trafficking among Paramyxovirinae matrix proteins. PLoS Pathog.
2015, 11, e1004739. [CrossRef]

26. Cuevas-Romero, S.; Rivera-Benítez, J.F.; Blomström, A.-L.; Ramliden, M.; Hernández-Baumgarten, E.; Hernández-Jauregui, P.;
Ramírez-Mendoza, H.; Berg, M. Molecular characterisation of Porcine rubulavirus (PorPV) isolates from different outbreaks in
Mexico. Virus Genes 2016, 52, 81–90. [CrossRef]

27. Sui, Z.; Chen, Q.; Fang, F.; Zheng, M.; Chen, Z. Cross-protection against influenza virus infection by intranasal administration of
M1-based vaccine with chitosan as an adjuvant. Vaccine 2010, 28, 7690–7698. [CrossRef] [PubMed]

28. Zhao, N.; Grund, C.; Beer, M.; Harder, T.C. Engineered recombinant protein products of the avian paramyxovirus type-1
nucleocapsid and phosphoprotein genes for serological diagnosis. Virol. J. 2018, 15, 8. [CrossRef] [PubMed]

29. Kyte, J.; Doolittle, R.F. A simple method for displaying the hydropathic character of a protein. J. Mol. Biol. 1982, 157, 105–132.
[CrossRef]

30. Jameson, B.A.; Wolf, H. The antigenic index: A novel algorithm for predicting antigenic determinants. Comput. Appl. Biosci. 1988,
4, 181–186. [CrossRef]

31. Kolaskar, A.S.; Tongaonkar, P.C. A semi-empirical method for prediction of antigenic determinants on protein antigens. FEBS Lett.
1990, 276, 172–174. [CrossRef]

32. Emini, E.A.; Hughes, J.V.; Perlow, D.S.; Boger, J. Induction of hepatitis A virus-neutralizing antibody by a virus-specific synthetic
peptide. J. Virol. 1985, 55, 836–839. [CrossRef]

33. Battisti, A.J.; Meng, G.; Winkler, D.C.; McGinnes, L.W.; Plevka, P.; Steven, A.C.; Rossmann, M.G. Structure and assembly of a
paramyxovirus matrix protein. Proc. Natl. Acad. Sci. USA 2012, 109, 13996–14000. [CrossRef] [PubMed]

34. Alayyoubi, M.; Leser, G.P.; Kors, C.A.; Lamb, R.A. Structure of the paramyxovirus parainfluenza virus 5 nucleoprotein–RNA
complex. Proc. Natl. Acad. Sci. USA 2015, 112, E1792–E1799. [CrossRef] [PubMed]

http://doi.org/10.1111/j.1865-1682.2011.01286.x
http://www.ncbi.nlm.nih.gov/pubmed/22171991
http://doi.org/10.1016/j.vetmic.2016.01.005
http://www.ncbi.nlm.nih.gov/pubmed/26854342
http://doi.org/10.1177/104063879700900102
http://www.ncbi.nlm.nih.gov/pubmed/9087918
http://doi.org/10.1177/104063879901100404
http://doi.org/10.1016/j.vetmic.2012.10.037
http://doi.org/10.3109/13550289809113499
http://www.ncbi.nlm.nih.gov/pubmed/9839652
http://doi.org/10.1016/j.jviromet.2012.12.009
http://www.ncbi.nlm.nih.gov/pubmed/23305816
http://doi.org/10.1007/s00705-013-1672-0
http://www.ncbi.nlm.nih.gov/pubmed/23525730
http://doi.org/10.1016/j.rvsc.2007.10.007
http://doi.org/10.1016/S0165-2427(98)00169-X
http://doi.org/10.1016/S0168-1702(01)00406-3
http://doi.org/10.1371/journal.ppat.1004739
http://doi.org/10.1007/s11262-015-1281-y
http://doi.org/10.1016/j.vaccine.2010.09.019
http://www.ncbi.nlm.nih.gov/pubmed/20870054
http://doi.org/10.1186/s12985-018-0924-8
http://www.ncbi.nlm.nih.gov/pubmed/29325564
http://doi.org/10.1016/0022-2836(82)90515-0
http://doi.org/10.1093/bioinformatics/4.1.181
http://doi.org/10.1016/0014-5793(90)80535-Q
http://doi.org/10.1128/jvi.55.3.836-839.1985
http://doi.org/10.1073/pnas.1210275109
http://www.ncbi.nlm.nih.gov/pubmed/22891297
http://doi.org/10.1073/pnas.1503941112
http://www.ncbi.nlm.nih.gov/pubmed/25831513


Viruses 2022, 14, 1946 17 of 17

35. Cerriteño-Sánchez, J.L.; Santos-López, G.; Rosas-Murrieta, N.H.; Reyes-Leyva, J.; Cuevas-Romero, S.; Herrera-Camacho, I. Pro-
duction of an enzymatically active and immunogenic form of ectodomain of Porcine rubulavirus hemagglutinin-neuraminidase
in the yeast Pichia pastoris. J. Biotechnol. 2016, 223, 52–61. [CrossRef]

36. Cuevas-Romero, J.S.; Rivera-Benítez, J.F.; Hernández-Baumgarten, E.; Hernández-Jaúregui, P.; Blomström, A.-L.; Berg, M.; Baule,
C. Cloning, expression and characterization of potential immunogenic recombinant hemagglutinin-neuraminidase protein of
Porcine rubulavirus. Protein Expr. Purif. 2016, 128, 1–7. [CrossRef]

37. Schneider, C.A.; Rasband, W.S.; Kevin, W.E. NIH Image to ImageJ: 25 years of image analysis. Nat. Methods 2012, 9, 671–675.
[CrossRef] [PubMed]

38. Garcia-Barrera, A.A.; Del Valle, A.; Montaño-Hirose, J.A.; Barrón, B.L.; Salinas-Trujano, J.; Torres-Flores, J. Full-genome sequencing
and phylogenetic analysis of four neurovirulent Mexican isolates of porcine rubulavirus. Arch. Virol. 2017, 162, 1765–1768.
[CrossRef]

39. Hidalgo-Lara, D.R.; Luz-Armendáriz, J.D.; Rivera-Benítez, J.F.; Gomez-Nuñez, L.; Salazar-Jiménez, E.N.; Madrigal-Valencia,
T.L.; Ramírez-Mendoza, H. Comparison of hemagglutination inhibition tests, immunoperoxidase monolayer assays, and serum
neutralizing tests in detecting antibodies against blue eye disease in pigs. J. Immunol. Methods 2021, 496, 113088. [CrossRef]

40. Siañez-Estrada, L.; Rivera-Benítez, J.F.; Rosas-Murrieta, H.R.; Reyes-Leyva, J.; Santos-López, G.; Herrera-Camacho, I. Im-
munoinformatics approach for predicting epitopes in HN and F proteins of Porcine rubulavirus. PLoS ONE 2020, 15, e0239785.
[CrossRef]

41. Iram, N.; Shah, M.S.; Ismat, F.; Habib, M.; Iqbal, M.; Hasnain, S.S.; Rahman, M. Heterologous expression, characterization and
evaluation of the matrix protein from Newcastle disease virus as a target for antiviral therapies. Appl. Microbiol. Biotechnol. 2014,
98, 1691–1701. [CrossRef]

42. Bugli, F.; Caprettini, V.; Cacaci, M.; Martini, C.; Sterbini, F.P.; Torelli, R.; Longa, S.D.; Papi, M.; Palmieri, V.; Giardina, B.; et al.
Synthesis and characterization of different immunogenic viral nanoconstructs from rotavirus VP6 inner capsid protein. Int. J.
Nanomed. 2014, 9, 2727–2739. [CrossRef]

43. Xiao, Y.; Zhang, S.; Yan, H.; Geng, X.; Wang, Y.; Xu, X.; Wang, M.; Zhang, H.; Huang, B.; Pang, W.; et al. The High Immunity
Induced by the Virus-Like Particles of Foot-and-Mouth Disease Virus Serotype O. Front. Vet. Sci. 2021, 8, 633–706. [CrossRef]
[PubMed]

44. Makadiya, N.; Brownlie, R.; Van den Hurk, J.; Berube, N.; Allan, B.; Gerdts, V.; Zakhartchouk, A. S1 domain of the porcine
epidemic diarrhea virus spike protein as a vaccine antigen. Virol. J. 2016, 13, 57. [CrossRef] [PubMed]

45. Alcaraz, C.; Rodriguez, F.; Oviedo, J.M.; Eiras, A.; De Diego, M.; Alonso, C.; Escribano, J.M. Highly specific confirmatory western
blot test for African swine fever virus antibody detection using the recombinant virus protein p54. J. Virol. Methods 1995, 52,
111–119. [CrossRef]

46. Wu, X.; Xiao, L.; Peng, B.; Wang, Y.; Yang, Z.; Yao, X.; Hu, L.; Lin, X. Prokaryotic expression, purification and antigenicity analysis
of African swine fever virus pK205R protein. Pol. J. Vet. Sci. 2016, 19, 41–48. [CrossRef] [PubMed]

47. Yabukarski, F.; Lawrence, P.; Tarbouriech, N.; Bourhis, J.M.; Delaforge, E.; Jensen, M.R.; Ruigrok, R.W.; Blackledge, M.; Volchkov,
V.; Jamin, M. Structure of Nipah virus unassembled nucleoprotein in complex with its viral chaperone. Nat. Struct. Mol. Biol.
2014, 21, 754–759. [CrossRef]

48. Varsanyi, M.; Jörnvall, H.; Norrby, E. Isolation and characterization of the measles virus F1 polypeptide: Comparison with other
paramyxovirus fusion proteins. Virology 1985, 147, 110–117. [CrossRef]

http://doi.org/10.1016/j.jbiotec.2016.02.035
http://doi.org/10.1016/j.pep.2016.08.002
http://doi.org/10.1038/nmeth.2089
http://www.ncbi.nlm.nih.gov/pubmed/22930834
http://doi.org/10.1007/s00705-017-3267-7
http://doi.org/10.1016/j.jim.2021.113088
http://doi.org/10.1371/journal.pone.0239785
http://doi.org/10.1007/s00253-013-5043-2
http://doi.org/10.2147/IJN.S60014
http://doi.org/10.3389/fvets.2021.633706
http://www.ncbi.nlm.nih.gov/pubmed/33718472
http://doi.org/10.1186/s12985-016-0512-8
http://www.ncbi.nlm.nih.gov/pubmed/27036203
http://doi.org/10.1016/0166-0934(94)00150-F
http://doi.org/10.1515/pjvs-2016-0006
http://www.ncbi.nlm.nih.gov/pubmed/27096786
http://doi.org/10.1038/nsmb.2868
http://doi.org/10.1016/0042-6822(85)90231-4

	Introduction 
	Materials and Methods 
	NP and M Proteins Prediction Structure and Amino Acid Alignment Comparison 
	PRV NP and M Genes Amplification 
	Bacterial Transformation with the Vector pJET 1.2/Blunt 
	Cloning and Construction of the pET SUMO-NP and pET SUMO-M Plasmids 
	Expression and Purification of the Recombinant NP and M Proteins 
	Antigenicity of NP and M Recombinant Proteins by Mice Immunization 
	Immunoreactivity of the NP and M Recombinant Proteins with Pig Serum Samples 

	Results 
	Tertiary Structure of the NP and M proteins and Amino Acid Alignment Comparison 
	Construction of an Expression System for NP and M Proteins 
	Expression of the PRV-NP and M Proteins in E. coli 
	Purification of the NP and M Recombinant Proteins 
	Antigenicity Assays 
	Immunoreactivity Assays 

	Discussion 
	Conclusions 
	References

