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Abstract

Parainfluenza virus 5 (PIV5), a member of paramyxoviruses, causes respiratory and

neurological infection in several animal species. Whereas information on PIV5 infec-

tion in digestive system is very scarce. Here, we successfully isolated one PIV5 strain

from diarrheic piglets. After four times plaque purification and ultracentrifugation, the

paramyxovirus-like particleswere observed by electronmicroscopy. The genome-wide

phylogenetic analysis showed that the isolated strain was closely related to the PIV5

strain from a lesser panda and pigs in China. Therefore, we characterized this isolated

PIV5 and found that this virus could haemagglutinate red blood cells from both guinea

pigs and chickens. Further, we observed that this PIV5 could infect cell lines from var-

ious host species including pig, human, monkey, bovine, dog, cat, rabbit, hamster and

mouse, whichwas confirmedwith the immunofluorescent assay. To evaluate the distri-

bution of PIV5 in the field, we developed an indirect ELISA (iELISA) for the first time

to detect the specific antibodies based on recombinant nucleocapsid protein. A total

of 530 porcine serum samples were tested and the PIV5-positive rate was 75.7%. To

our knowledge, this is the first report describing the full characterization of PIV5 strain

isolated from a diarrheic piglet. The ability of this PIV5 strain to infect a wide range of

mammalian cell types indicates that PIV5 can transmit across different species, provid-

ing a remarkable insight into potential zoonosis. The virus strain and iELISA developed

in this study can be used to investigate the pathogenesis, epidemiology, and zoonotic

potential of PIV5.
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1 INTRODUCTION

Paramyxoviruses comprise a large family of negative-strand RNA

viruses, which contain important respiratory and systemic pathogens

in both animals and humans (Knipe & Hetsley, 2007; Philbey et al.,

1998; Thibault et al., 2017; Zeltina et al., 2016). The family Paramyx-

oviridae possesses one of the highest rates of cross-species transmis-

sion among RNA viruses, leading to zoonotic infections (Kitchen et al.,

2011). Over the last few decades, several paramyxoviruses have been

emerging or re-emerging in humans and animal species (Thibault et al.,

2017). Under the family Paramyxoviridae, parainfluenza viruses (PIV)

are classified into five types, designated PIV 1−5.

Parainfluenza virus 5 (PIV5) was renamed to mammalian ortho-

rubulavirus 5 in 2016 (Adams et al., 2017); however, the term PIV5

has been used in this article to provide a better connection to the

scientific context. PIV5 belongs to genus Orthorubulavirus within sub-

family Rubulavirinae and has the smallest genome among the family

Paramyxoviridae with 15,246 nucleotides, and a pleomorphic-shaped
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virion of 50−200 nm in diameter (Chen, 2018; Rima et al., 2019; Ter-

rier et al., 2009). The genome of PIV5 contains seven genes encod-

ing eight proteins in the order of 3′-N (nucleocapsid protein)-V (V

protein)-P (phosphoprotein)-M (matrix protein)-F (fusion protein)-

SH (small hydrophobic protein)-HN (haemagglutinin-neuraminidase)-

L (large protein)−5′(Parks et al., 2011; Tompkins et al., 2007). During

virus replication, HN and F proteins facilitate virus attachment, entry

and the fusion between viral and cellular membrane (Samuel et al.,

2010).

Recently, PIV5 infection has been increasingly reported and causes

respiratory and neurological diseases in a variety of host species,

including human, pig, dog, cattle, cat, hamster, guinea pig, pangolin,

lesser panda and horse (Charoenkul et al., 2021; Lee & Lee, 2013; Liu

et al., 2015; Wang et al., 2019; Xie et al., 2020; Zhai et al., 2017). The

co-infection of PIV5 with porcine reproductive and respiratory syn-

drome virus in pigs was found to be associatedwith respiratory clinical

signs (Heinen et al., 1998; Lee et al., 2013). However, the prevalence of

PIV5 and its impact on swine health are largely unknown, especially the

information regarding PIV5 infection in the porcine digestive system is

scarce.

Currently, diagnosis of PIV5 infection is generally based on the

detection of nucleic acid by PCR and confirmed by virus isolation

(Charoenkul et al., 2021; Yang et al., 2014). Although direct detection

of the presence of viral RNA by PCR is sensitive, ELISA test can be

more simple, less expensive, and applicable to wider field-based appli-

cations. To our knowledge serology assays to diagnose PIV5 infection

are not yet available. Based on these facts, highly sensitive and effec-

tive serodiagnosis assays are crucial to investigate the epidemiology of

PIV5. This study aimed to characterize the PIV5 strain associated with

porcine diarrhoea and develop an indirect ELISA to assess the preva-

lence of PIV5 in swine farms.

2 MATERIALS AND METHODS

2.1 Sample collection

Faecal samples fromdiarrheic piglets inHeilongjiang province of China

were collected and submitted to our lab for routine diagnostic pur-

poses. In addition, a total of 530 serum samples were collected from

randomly selected pigs from different age groups in Heilongjiang

province, China. Serum samples and stool suspensions were stored at

−80◦C until use.

2.2 Cell culture

Twenty-one cell lines derived from different species were used, includ-

ing, porcine (PK15, ST, IPEC-J2), human (293T, Huh7, HepG2, A549,

Hela, CaCo2), primate (Marc145, Vero E6), bovine (MDBK), canine

(MDCK), feline (CRFK), rabbit (RK13), hamster (BHK21, CHO), mouse

(NIH/3T3, RAW 264.7), duck (DEF) and chicken (DF-1) cell lines.

Marc145 cell was cultured in RPMI-1640 medium (Gibco), DEF and

DF-1 cells in Eagle’s Minimum Essential Medium (Multicell) and the

remaining cells were cultured in Dulbecco’s modified Eagle’s medium

(DMEM, Gibco). All media were supplemented with 10% (v/v) foetal

bovine serum (Biological Industries), 100 U/ml penicillin and 100 U/ml

streptomycin.

2.3 Isolation of PIV5 strain

To identify the causative agent of diarrheic piglets, faecal sampleswere

examined by RT-PCR for common porcine enteric viruses, including

transmissible gastroenteritis virus (TGEV), porcine epidemic diarrhoea

virus (PEDV), porcine deltacoronavirus (PDCoV), genogroup A and C

rotavirus (RVAandRVC), porcine astrovirus (PAstV), porcine sapovirus

(PSaV), porcine norovirus (PNoV), mammalian orthoreovirus (MRV)

andporcine parvovirus (PPV), using specific primers (Table S1) as previ-

ously described (Ding et al., 2020; He et al., 2021; Kim et al., 2006; Kim

et al., 2010; Lelli et al., 2013;Reuter et al., 2011;Wanget al., 2006). Fae-

cal sample tested negative for above enteric viruses was subjected to

virus isolation. Briefly, faecal sample was diluted to prepare a 10% sus-

pension in PBS. The suspension was vigorously homogenized by vor-

tex for 5 min, clarified by centrifugation at 10,000 g for 30 min, and fil-

tered througha0.22µmfilter (MerckMillipore Ltd.UnitedStates).One

millilitre of filtered faecal suspension was diluted 1:1 in DMEM con-

taining1%penicillin and streptomycin, inoculatedonto confluentPK15

cells and incubated at 37◦C and 5% CO2 for 1 h. The inoculum was

discarded, and cells were then washed two times with PBS, replaced

withDMEMwithout FBS, incubated at 37◦Cand5%CO2 andobserved

daily for cytopathic effects (CPEs). After 4 days, cell lysates were col-

lected and re-inoculated into PK15 cells for three blind passages under

the same conditions.

2.4 Viral plaque assay

To purify the isolated virus, plaque assay was performed according

to the previously described procedure with slight modifications (Guo

et al., 2014). PK15 cells were inoculated with diluted viruses, overlaid

with 1% agarose in DMEM containing 1% penicillin and streptomycin

and 2% FBS, and incubated at 37◦C and 5% CO2. After plaque devel-

opment, uniform and clear plaques were picked using sterile pipette

tips, and the agarose plug was placed into a 0.2 ml medium and re-

inoculated into cell monolayer to harvest the positive clone. After

four rounds of plaque purification, the virus clones with the highest

titre were successfully obtained. The plates were also fixed with 4%

paraformaldehyde and stained with 1% crystal violet for visualization

the production of CPEs.

2.5 Transmission electron microscopy (TEM) of
virus particles

The virus supernatant was passed through 0.22 µm filters and cen-

trifuged at 35,000 rpm for 4 h in Beckman SW32Ti rotor. The resulting
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pellet was resuspended in DMEM and then centrifuged through

13 ml 20−50% (w/v) sucrose cushion (Beckman SW55Ti rotor, 4 h,

35,000 rpm, 4◦C). The virus particles which formed a white opalescent

band at the interface of the sucrose solutionswere collected and resus-

pended in 0.5mlDMEMand centrifuged for 3h (BeckmanTLA55 rotor,

35,000 rpm, 4◦C). The purified viruswas examined under TEM (Hitachi

Model H-7650). To further determine the viral particles, cell super-

natants were analysed for paramyxoviruses including parainfluenza

viruses (PIV1, PIV2, PIV3, PIV4 and PIV5), porcine parainfluenza virus

1 (PPIV1), porcine rubulavirus LPMV (La Piedad Michoacan Mexico

Virus), Nipah virus and paramyxoviruses under subfamily of Rubulaviri-

nae using RT-PCR with the specific primers (Table S2) as previously

reported (Aguilar et al., 2000;Déneset al., 2021; Jianget al., 2018; Tong

et al., 2008;Wiman et al., 1998).

2.6 Haemagglutination assay (HA)

The protein spikes of parainfluenza viruses have haemagglutinating

activity, thus a direct HA was used to determine whether the isolated

PIV5hashaemagglutinating activity. In brief, chickenandguineapig red

blood cellswerewashed three timeswithPBSand resuspendedas a1%

suspension. HA test was performed by preparing serial twofold dilu-

tions of isolated PIV5 against chicken and guinea pig red blood cells.

The HA titre was expressed as the reciprocal of the highest dilution of

PIV5 showing HA.

2.7 Virus growth kinetic

To determine the growth curve of the isolated virus, PK15 cells were

infected in triplicate with PIV5 at 0.01 multiplicity of infection (MOI).

Cell supernatants were harvested at 1, 12, 24, 36, 48, 72, 96 and

120 h post-inoculation and stored at−80◦Cuntil use. Virus titres were

measured by 10-fold serial dilutions in PK15 cells. The Reed-Muench

method was used to calculate viral titres as 50% tissue culture infec-

tious dose (TCID50) per ml (Reed &Muench, 1938).

2.8 Whole-genome sequencing and phylogenetic
analysis

To better understand the molecular characteristics of the isolated

PIV5, the whole genome was sequenced. In brief, total RNA was

extracted from plaque-purified virus clones using the TIANamp virus

RNA Kit (Tiangen Biotech, Beijing), cDNA was transcribed using the

PrimeScript cDNA Synthesis Kit (Takara, Dalian, China) and cDNA

libraries were prepared using the Agencourt AMPure XP-Medium

kit (Beckman Coulter, A63881, USA) according to the manufac-

turer’s instructions. The prepared libraries were then sequenced using

BGISEQ-500 Sequencing System. After filtering out low-quality raw

reads, the viral genome was assembled using CAP3, IDBA, SPAdes

and Edena as described previously (Bankevich et al., 2012; Hernan-

dez et al., 2014; Huang & Madan, 1999; Peng et al., 2012). The pre-

diction of viral genes was performed using the software GeneMarks

(http://topaz.gatech.edu/GeneMark/genemarks.cgi), and annotation

of the predicted virus was carried out through the non-redundant pro-

tein database (NR) using BLASTn and BLASTx. Phylogenetic analysis

of whole-genome, N, F and NH genes was performed by comparing

nucleotide sequences of the isolated PIV5 with reference sequences

from GenBank (Table 2). Nucleotide and amino acid sequences were

aligned using Clustal W software. Phylogenetic analysis was con-

structed via the maximum-likelihood method using MEGA v.6.0 soft-

ware with the neighbor-joining method with Kimura 2-parameter and

1000 bootstrap replicates (Hall, 2013; Tamura et al., 2013).

2.9 Cell susceptibility test to the PIV5 isolate

To determine the viral tropism, 21 cell lines derived from differ-

ent species (Table 1) were subjected to PIV5 at MOI of 0.01 and

observed for CPEs. To confirm PIV5 infection in different cell lines, an

immunofluorescence assay (IFA) was performed to determine viral N

protein production as described previously (Zhang et al., 2021). Briefly,

21 cell monolayers were inoculatedwith PIV5 atMOI of 0.01 and incu-

bated for 24 h. After fixation with 4% paraformaldehyde, cells were

permeabilized with 0.1% Triton X-100 and blocked with 2% bovine

serum albumin. Mouse polyclonal antibody specific for PIV5 N protein

at dilution of 1:200, or porcinePIV5positive serum (this serumwas col-

lected from swine positive to PIV5 tested by RT-PCR and confirmed

by WB) at 1:100 dilution was used as primary antibody and incubated

at 37◦C for 1 h. Then cells were incubated with fluorescein isothio-

cyanate (FITC) conjugated goat anti-mouse IgG (Thermo Fisher Scien-

tific, 1:500) or rabbit anti-pig IgG (Sigma, catalogue #F1638, 1:50) for

1 h at 37◦C. Cellular nuclei were stained with 10 µg/ml DAPI (Solar-

bio, China) for 10 min at 37◦C, and cells were then visualized under

an inverted fluorescencemicroscope equippedwith a camera (Evos FL,

USA).

2.10 Expression and purification of recombinant
PIV5 N protein

The PIV5 N gene was amplified by RT-PCR, and the purified PCR

product was inserted into prokaryotic expression vector pMAL-c5X.

Recombinant N protein was expressed as maltose-binding protein

(MBP)-tagged fusion protein in Escherichia coli ER2523. The fusion

protein was expressed in the presence of 1 mM isopropyl-D-1-

thiogalactoside (IPTG) andexaminedbySDS-PAGE.The recombinantN

protein was purified using a pre-packedMBP Trap column (GE Health-

care Bioscience) by AKTA AVANT liquid chromatography system

(Cytiva, USA), and its purity was evaluated by SDS-PAGE andWestern

blot. The purified fusion protein was used to immunize BALB/c mice

for antibody production. Animal experiments were performed under

the guidelines of the Animal Ethics Committee of the School of Harbin

http://topaz.gatech.edu/GeneMark/genemarks.cgi
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TABLE 1 Summary of human and animal cell lines and their susceptibility to PIV5 infection as determined by CPE and IFA

Cells infection

NO Name ATCC®Number Tissue origin Species CPE IFA

1 293T CRL-11268 Embryonic kidney Human + +

2 A549 CCL-185EMT Lung carcinoma Human + +

3 Hela CCL-2 Cervix adenocarcinoma Human + +

4 HepG2 HB-8065 Hepatocellular carcinoma Human + +

5 Huh7 N/A Hepatocellular carcinoma Human + +

6 Caco2 HTB-37 Colon adenocarcinoma Human + +

7 PK15 CCL-33 Porcine Kidney Swine + +

8 ST CRL-1746 Swine testicular Swine + +

9 IPEC-J2 N/A Small intestinal epithelium Swine + +

10 Marc145 N/A African greenmonkey kidney Monkey + +

11 Vero E6 CRL-1586 African greenmonkey kidney Monkey + +

12 RAW264.7 TIB-71 Mousemonocyte /macrophage Mouse + +

13 NIH-3T3 CRL-1658 Mouse embryonic fibroblasts Mouse + +

14 MDBK CCL-22 Madin-darby bovine kidney Bovine + +

15 MDCK CCL-34 Madin-darby canine kidney Canine + +

16 BHK-21 CCL-10 Baby hamster kidney Hamster + +

17 CHO CCL-61 Chinese hamster ovary Hamster + +

18 CRFK CCL-94 Crandell Reese Feline Kidney Feline + +

19 RK13 CCL-37 Rabbit kidney Rabbit + +

20 DEF CCL-141 Duck embryo fibroblasts Duck – –

21 DF-1 CRL-12203 Embryo fibroblasts Chicken – –

N/A: not available; (+) infection; (–) no infection or obvious lesions.

Veterinary Research Institute of the Chinese Academy of Agricultural

Sciences (Approval Number: 210602-01).

2.11 Western blot analysis

Western blot analysis was conducted as previously described with a

slight modification (Zhang et al., 2021). Lysates of PIV5-infected PK15

cells and recombinantN protein tagged toMBPwere separated in 10%

SDS-PAGE and transferred into a PVDFmembrane. After blocking, the

membrane was incubated with primary antibodies, either mouse poly-

clonal antibody against recombinant N protein (1:200), mouse anti-

MBP mAb (1:10,000), or porcine serum (1:100). The IRDye 680 con-

jugated goat anti-mouse IgG (Li-Cor Biosciences, USA), or goat anti-pig

IgG (Biodragon-immunotech, China) was used as secondary antibodies

at 1:10,000 dilution. Lastly, the membrane was scanned using Odyssey

infrared imaging system (Li-Cor Biosciences, USA).

2.12 Development of iELISA

The N protein-based indirect ELISA (iELISA) was established to detect

anti-PIV5 antibodies as described previously with some modifications

(Domańska-Blicharz et al., 2019). For iELISA optimization, IFA assay

was used as a standard evaluating method for verifying truly positive

and truly negative serum, and Western blot was used as a confirma-

tory assay. Tooptimize iELISAconditions, antigen concentration, serum

dilution and secondary antibody dilution were determined by checker-

board titration. Briefly, 96well plateswere coatedwith purified recom-

binant N protein (0.1–0.5 mg/ml) at 4◦C overnight. The plates were

washed five times with PBST and blocked with 200 µl 5% skimmed

milk for 2 h at 37◦C. After washing five times, the positive and nega-

tive serum against PIV5 at dilution of 1:100 to 1:6400 was added at

50 µl/well and incubated for 2 h at 37◦C. After washing, HRP conju-

gated goat anti-pig IgG (Sigma, catalogue #SAB3700434) was diluted

1:10,000 to 1:60,000, added at 50 µl/well and incubated at 37◦C for

1 h. After washing, the substrate was added at 50 µl/well and incu-

bated at room temperature for 15min. Lastly, the reactionwas stopped

by adding 50 µl 2 M sulphuric acid per well. The results were read at

450 nm optical density (OD). The dilution with the highest OD 450 nm

ratio between positive and negative serum (P/N value) was consid-

eredoptimal. The cut-off valuewasdeterminedaspreviouslydescribed

(Zhang et al., 2020), by analysing 39 PIV5-seronegative samples, which

were verified by IFA and confirmed byWestern blot assay.

To validate the specificity of this developed iELISA, porcine posi-

tive sera against other pathogens such as porcine epidemic diarrhoea
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virus (PEDV), porcine circovirus type 2 (PCV2), classical swine fever

virus (CSFV), African swine fever virus (ASFV) and Seneca Valley virus

(SVV) were tested in triplicates and the mean OD 450 nm value was

calculated based on the cut-off value. These sera were certified by

HarbinGuoshengBiological TestingTechnologyCo., Ltd,Harbin, China.

To evaluate the validity of the developed iELISA, 230 porcine serawere

tested by the iELISA and IFA, respectively. The sensitivity was deter-

mined by the ratio of iELISA positive to IFA positive samples, whereas

the specificitywasdeterminedby the ratioof iELISAnegative to the IFA

negative samples. Finally, the developed iELISA was used to test 530

sera randomly collected from swine of different age groups.

2.13 Statistical analysis

All statistical analysis was done using GraphPad Prism software (ver-

sion8.0.2) (GraphPadSoftware Inc. La Jolla, CA,USA). The experiments

were carried out at least three times independently.

3 RESULTS

3.1 Isolation and identification of PIV5

PK15 cells were inoculated with diarrheic stool samples which were

tested negative for other common enteric viruses such as TGEV, PEDV,

PDCoV, RVA, RVC, PAstV, PSaV, PNoV and MRV by RT-PCR (data

not shown). In the first two passages, no CPE was observed, but at

passage three the cells started to show CPEs characterized by initial

cell rounding, aggregation and detaching (Figure 1a–c). Again, RT-PCR

of cell supernatants was negative for the enteric viruses mentioned

above, suggesting that the CPEswere caused by other virus. After four

rounds of plaque purification, the purified virus formed clear plaques

with approximately 0.5–1 mm in diameter (Figure 1d). After ultra-

centrifugation, the plaque-purified virus was examined under TEM,

and the enveloped paramyxovirus-like particles of approximately 80–

200 nm in diameter were observed (Figure 1e). In addition, enveloped

viruswith burst envelope and typical herringbone appearancewas also

observed (Figure 1f). These results suggest that the isolated virus is

associated with paramyxovirus. To further determine this unknown

virus isolate, we utilizedRT-PCRby using specific primers for paramyx-

oviruses. Interestingly, the RT-PCR results showed that the isolated

viruswasPIV5 (Figures 1g andFigure S1). Thewhole-genome sequenc-

ing confirmed the result (GenBank access No. OK505006).

To identify whether the newly isolated PIV5 has haemagglutination

activity, cell supernatants were subjected to haemagglutination assay,

and the results revealed that the isolated virus was able to haemagglu-

tinate red blood cells of chicken and guinea pig up to titre of 1:512 and

1:28, respectively. To determine the growth kinetics of the PIV5 iso-

late, PK15 cells were inoculated with the virus at MOI of 0.01 and the

mean titres of three independent experiments at indicated time points

weremeasured. The results showed that after a latent phase of approx-

imately 12 h the virus reached a peak of 106.7 TCID50/ml at 48 h, sug-

gesting that the cycle of PIV5 multiplication is completed within 48 h

(Figure 1h).

3.2 Analysis of whole-genome sequence

To understand the molecular characteristics of the isolated PIV5, we

performed whole-genome sequencing. The result revealed that iso-

lated PIV5 had a genome size of 15,246 bp, containing seven genes

in the order 3′-N-V/P-M-F-SH-HN-L-5′. Comparison of the whole-

genome sequence of the isolated PIV5 to published reference strains

F IGURE 1 Isolation and identification of PIV5. (a)Mock-infected PK15 cells at 72 hpi. PIV5-infected PK15 cells at 24 hpi (b) and at 72 hpi (c).
(d) Production of plaques of the PIV5 isolate in PK15 cells. (e, f) Paramyxovirus-like particles under TEM. (g) RT-PCR amplification results of
purified virus by using primers against different paramyxoviruses. LaneM, DNAMarker DL2000; lane 1, negative control; lane 2, PIV1; lane 3,
PIV2; lane 4, PIV3; lane 5, PIV4; Lane 6, PIV5. (h) Growth kinetic of PIV5
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TABLE 2 Pairwise comparison of nucleotide and amino acid sequences of whole genome, NP, F, HN and V genes of isolated PIV5with
reference strains

Nucleotide (nt) and amino acid (aa) sequence identity %

WGS NP F HN

No Strain Year Host Country Accession no nt aa nt aa nt aa nt aa

1 SH/122 2015 Swine China MT890698 99.9 99.8 99.9 99.8 99.9 99.8 99.8 99.8

2 HLJ/DP2-1 2015 Swine China MT890697 99.9 99.7 99.9 99.8 99.9 99.6 99.8 99.8

3 SH/1202 2015 Swine China MK028670 99.9 99.8 99.8 99.6 100 100 99.8 99.8

4 HuB/YC 2015 Swine China MT890699 99.9 99.7 99.9 99.8 99.9 99.6 99.8 99.8

5 JX/1221 2015 Swine China MT890700 99.9 99.7 99.9 99.8 99.9 99.6 99.6 99.8

6 HLJ/DP1-1 2015 Swine China MT890696 99.9 99.7 99.9 99.8 99.9 99.6 99.8 99.8

7 GD18 2017 Pangolin China MG921602 99.8 99.7 99.9 99.8 100 100 99.6 99.5

8 HMZ 2018 Tiger China MH370862 99.8 99.7 99.7 99.6 99.9 99.8 99.7 99.6

9 ZJQ-221 2015 Panda China KX100034 99.8 99.6 99.7 99.6 100 100 99.6 99.6

10 1168-1 2019 Canine Korea KC237064 99.8 99.6 99.8 99.8 99.8 99.3 99.7 99.5

11 CC-14 2000 Canine China KP893891 99.2 98.4 99.4 99.4 99.2 98.6 99.2 98.6

12 SER 1998 Swine Germany JQ743328 99.2 98.4 99.5 99.4 99.2 98.6 99.2 98.8

13 HB01 2019 Snake China MT124463 99.1 98.3 99.4 99.4 99.2 98.6 99.1 98.4

14 BC14 2014 Calf China KM067467 99.1 98.3 99.2 99.2 99.2 98.6 99.1 98.4

15 W3A 1964 Macaque cells USA JQ743318 99.0 97.9 99.2 99.2 98.7 98.2 98.3 97.3

16 KNU-11 2011 Swine Korea KC852177 99.0 97.9 99.0 98.4 99.0 98.4 98.9 98.2

17 H221 1998 Dog UK JQ743323 98.9 97.7 98.6 99.0 98.2 98.4 98.8 98.8

18 78524 1980 Dog UK JQ743319 98.9 97.6 98.5 99.0 98.2 98.4 98.8 98.8

19 CPI+ 1980 Dog USA JQ743321 98.5 97.1 98.4 99.2 98.2 97.5 98.3 98.2

20 CPI- 1980 Canine USA JQ743320 98.5 97.1 98.4 99.2 98.2 97.6 98.3 98.2

21 DEN 1980 Human UK JQ743322 98.5 96.8 98.2 99.0 98.2 98.2 97.7 97.9

22 MTL 1980 Human UK JQ743326 98.4 96.7 97.9 98.6 98.2 98.2 97.6 97.7

23 MEL 1980 Human UK JQ743325 98.4 96.7 97.9 98.4 98.1 97.8 97.7 97.9

24 RQ 1976 Human UK JQ743327 98.4 96.7 98.0 98.6 98.2 98.0 97.6 97.7

25 LN 1980 Human UK JQ743324 98.4 96.7 98.0 98.6 98.2 98.0 97.6 97.7

26 HPIV1/AUS/53 2007 Human Australia KF530221 36.3 20.2 – – – – – –

27 S033N 2009 Swine Hong Kong JX857410 36.9 20.3 – – – – – –

28 HPIV-2 1991 Human Japan NC003443 61.1 40.5 – – – – – –

29 HPIV3/AUS/3 2007 Human Australia KF530243 36.3 19.8 – – – – – –

30 Texas-81 1981 Swine USA EU439429 36.6 20.4 – – – – – –

31 HPIV4_DK (459) 2000 Human Denmark KF483663 48.3 28.7 – – – – – –

showed that nucleotide and amino acid sequence similarity of this

PIV5 to other strains were 98.4−99.9% and 96.7−99.8%, respectively.

The PIV5 isolate shared the highest similarity to swine PIV5 strains

SH/122 and SH/1202 identified in China, and the lowest similarity to

human PIV5 strains from the United Kingdm. Whereas, the PIV5 iso-

late had lower nucleotide and amino acid sequence similarity to PIV1-

4 36.3−61.1% and 19.8−40.5%. The pairwise comparison of N, F, HN

and V proteins showed that the PIV5 isolate possessed 98.4−99.8%,

97.5−100%, 97.3−99.8% and 97.8−99.6% amino acid similarity to ref-

erence PIV5 strains from various hosts, and the PIV isolate was more

closely related to swine strain SH/1202, pangolin strain GD18 and

panda strain ZJQ-221, and overall nucleotide and amino acid similar-

ity among PIV5 strains identified in China was 99.6–100% and 99.5–

100%, respectively (Table 2).

3.3 Phylogenetic analysis

Phylogenetic tree constructed from nucleotide sequences of whole-

genome showed that PIV5 strains identified in various hosts were

grouped together and separated from PIV1-4 clusters, and PIV5

strains were further divided into three groups (I, II and III). Group I
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consisted of PIV5 strains identified in swine (SH/122, HLJ/DP2-1,

SH/1202, JX/1221 and HLJ/DP1-1), pangolin (GD18), tiger (HMZ),

panda (ZJQ-221) fromChina and dog (1168-1, H221, and 78524) from

Korea and theUnited Kingdom. Group II was composed of PIV5 strains

identified in dog (CPI+, CPI–) USA, bovine (BC-14), dog (CC-14), snake

(HB01) from China, and swine (SER and KNU-11) from Germany and

Korea. Group III mainly included PIV5 strains identified in human

(DEN, LN, MIL, MEL and QR) from UK and simian (W3A) from USA.

The PIV5 isolate was classified within group I and closely related with

swine, pangolin, tiger and panda PIV5 strains identified in China, which

may indicate the presence of various PIV5 genetic strains depending

on geographic location (Figure 2a). Phylogenetic analysis based on the

N, F and HN genes exhibited similar results of topological structure

and branching of the evolutionary tree of PIV5, in which PIV5 strains

were classified into two groups (A and B) and five clades (I, II, III, IV

and V). Group A contains three clades I, II and III, and group B consists

of clades IV and V. The isolated PIV5 was classified in group A, within

clade I, and clustered with swine, pangolin, tiger and panda PIV5

strains identified in China and dog from Korea based on F, HN and N

genes. Of interesting, swine strain fromGermany was clustered within

clade I only in case ofN gene. Clade II consists of PIV5 strains identified

in human (DEN, LN, MIL, MEL and QR) from the United Kingdom and

simian (W3A) from the United States according to N, F and HN genes,

in addition to PIV5 strains identified in dog (CPI+, CPI–) in the United

States in case of HN gene (Figure 2b–d). While a distinct cluster of

PIV5 from calf, dog, and snake from China as well as PIV5 from pig in

SouthKoreawere observedwithin clade III, implying that these viruses

may originate from the common ancestor.

3.4 Cell susceptibility test to the PIV5 isolate

To examine the host tropism of the isolated PIV5 strain, 21 cell lines

were tested. We found that 19 out of 21 cell lines, namely, the porcine

(PK15, ST, IPEC-J2), human (293T, Huh7, HepG2, A549, Hela, CaCo2),

primate (Marc145, Vero E6), bovine (MDBK), canine (MDCK), feline

(CRFK), rabbit (RK13), hamster (BHK21, CHO) and mouse (NIH/3T3,

RAW 264.7) cell lines showed CPEs at days 2–3 after infection,

whereas the duck (DEF) and chicken (DF-1) cell lines did not show

CPEs (Table 1). The evidence of productive infection of PIV5 in the sus-

ceptible cell lines was confirmed by the detection of viral N protein

expression using IFA. As shown in Figure 3, the porcine, human, pri-

mate, bovine, canine, feline, rabbit, hamster andmouse cell lines had N

protein expression, while the duck and chicken cell line did not, which

was consistentwith theCPEs results. Thesedata indicate that thisPIV5

strain isolated from diarrheic piglet may have the potential to infect

mammalian hosts directly without adaptation.

3.5 Establishment and optimization of iELISA

To further investigate porcine PIV5, we established a serologic assay.

First, the PIV5 N gene was amplified, cloned into vector pMAL-c5X

andexpressed asMBP-tagged fusionprotein inEscherichia coliER2523,

as shown in SDS-PAGE result (Figure 4a). The recombinant N protein

at ∼75 KDa was confirmed by Western blot using MBP specific anti-

body (Figure 4b). The recombinant N protein was purified by AKTA liq-

uid affinity chromatography system using MBP trap column. The puri-

fied N protein was evaluated by SDS-PAGE andWestern blot, and the

result showed that the recombinant N protein was efficiently purified

(Figure 4c and d). The purified N protein was used to immunize mice,

and the specificity of mouse anti-N protein polyclonal antibody was

tested byWestern blot. The result showed that the resulting antibody

recognizedone specific bandat about65kDa inPIV5-infected cells and

75KDa in the purified recombinant protein (Figure 4e and f), indicating

that the mouse polyclonal antibody can specifically identify N protein

of porcine PIV5.

Second, an iELISA was developed based on the purified recombi-

nant N protein. Typically, the purified N protein was diluted in buffer

and used to coat 96-well polystyrene plates overnight at 4◦C. Plates

were blocked with skimmed milk, and sera from PIV5 positive and

negative pigs were serially diluted and placed into the wells of pre-

coated plates. The presence of IgG reacting with the PIV5 N protein

was revealed by incubating with goat anti-porcine IgG-HRP followed

by chromogenic substrate TMB. IFA was used as a standard evaluating

method, whereas Western blot was used as confirmatory method for

verifying seropositive and seronegative samples for iELISA optimiza-

tion (Figure 5a and b).

Third, the checkerboard titration was performed to deter-

mine the optimal concentration of the antigen and the positive or

negative serum. The results showed that the optimal antigen coating

concentration was 0.2 µg/ml, and the optical dilution for positive or

negative serumwas 1:100 (Figure 5c and d). Using this optimal dilution

of coating protein and primary antibody, the optimal dilution of the

HRP-conjugated anti-porcine IgGwas 1:20,000, as shown in Figure 5e.

Fourth, 39 negative serum samples were used to determine the

detection thresholdof the assay. The cut-off pointwasbasedon theOD

450nmof the39negative samples. Basedon themeanOD450nmplus

3 × SD (0.166795+ 3 × 0.061079; n= 39; Max= 0.341; Min= 0.069),

the cut-off valuewas determined to be0.350 (Figure 5f). The negative–

positive threshold was consequently set at 0.350, and serum sam-

ples with an absorbance >0.350 at OD 450 nm was considered PIV5

seropositive, and vice versa.

3.6 Evaluation of iELISA specificity and sensitivity

To determine the specificity of the developed iELISA, porcine positive

sera against other viruses including PEDV, PCV2, CSFV, ASFV and SVV

were examined. The results showed that there was no cross-reactivity

between the N protein of PIV5 and antibodies against other porcine

viruses, as shown in Figure 5g, and the average OD 450 nm of positive

serum for PEDV, PCV2, CSFV, ASFV and SVV was 0.261, 0.168, 0.193,

0.254 and 0.240, respectively.

Furthermore, a total of 230 porcine sera collected from the field

were tested in parallel using the iELISA developed in this study and
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F IGURE 2 Phylogenetic analysis of PIV5
based on the nucleotide sequence of the whole
genome (a), N gene (b), F gene (c), HN gene (d). The
phylogenetic trees were generated by using
MEGA v.6.0 with the neighbor-joiningmethod
with the Kimura 2-parameter with 1000 bootstrap
replication. The red circle indicates PIV5 isolated
in this study. The scale bars represent the number
of substitutions per site

IFA test. The results showed that positive and negative serum num-

bered 116 and 114 by IFA, but 119 and 111 by iELISA. In total,

112 samples were positive and 107 negatives in both cases, which

represents a consensus for 95.22%. Seven samples that were pos-

itive in the iELISA test were negative in the IFA test, and four

samples that were negative in the iELISA test were positive in

the IFA. Hence, the sensitivity of iELISA was 94.12% among PIV5-

seropositive samples, and the specificity was 96.4% among PIV5-

seronegative samples using IFAas standard evaluationmethod (Table 3

and Figure 5h). These data suggest that the iELISA developed here
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F IGURE 2 Continued
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F IGURE 3 Susceptibility of PIV5 to cell lines. All cell lines inoculated withmock control or PIV5 (MOI= 0.01) for 24 hpi, IFAwas performed
usingmouse anti-PIV5 polyclonal antibody except mouse cells (using swine anti PIV5 serum) as primary antibody, and FITC conjugated goat
anti-mouse IgG or rabbit anti-pig IgG as secondary antibody, and DAPI for visualization of cell nuclei. Green fluorescence indicates positive.
(a) Human (A549, HeLa, Huh-7, HepG2, Coca2 and 293T), (b) monkey (Marc-145 and Vero), (c) swine (PK15, ST, and IPEC-J2), (d) bovine (MDBK),
(e) canine (MDCK), (f) feline (CRFK), (g) mouse (NIH/3T3 and RAW264.7), (h) rabbit (RK13), (i) hamster (CHO and BHK-21), (j) chicken (DF-1) and
(k) duck (DEF)
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F IGURE 4 Expression, purification, and identification of the recombinant N protein. (a) SDS-PAGE analysis of theMBP-tagged recombinant
N-protein expression. LaneM, protein marker; lane 1 supernatant of bacteria lysate after induction with 1mM IPTG; lane 2, bacteria pellet.
(b)Western blot analysis of the recombinant N-protein using anti-MBP antibody. Lane 1, bacteria pellet; lane 2, supernatant of bacteria lysate.
(c) SDS-PAGE analysis of the purified N-protein. Lane 1 & lane 2, the purified protein. (d)Western blot analysis of the purified N protein using
anti-MBP antibody. Lane 1 & 2, the purified protein. (e)Western blot analysis of PK15 cells infected with PIV5. Lane 1, lysates of PK15 cells
infected with PIV5; lane 2, lysates of mock-infected cells. (f)Western blot analysis of the purified N protein usingmouse anti-N protein polyclonal
antibody. Lane 1, the purifiedMBP-taggedN protein; lane 2, bacteria lysate without IPTG

TABLE 3 Comparison of the indirect ELISAwith the IFA results

IFA results

Positive Negative Total

iELISA results Positive 112 7 119

Negative 4 107 111

Total 116 114 230

Data analysis Sensitivity 94.12%

Specificity 96.4%

Coincidence rate 95.22%

can be used for the detection of antibodies in large numbers of

samples.

3.7 PIV5 detection of field samples

The developed iELISA was applied to investigate the prevalence of

PIV5 in the field, and a total of 530 clinical porcine sera were ran-

domly collected from pig farms. As shown in Figure 5i, the positive rate

was 75.7% (401/530), indicating that PIV5 infection is common among

swine in China. Taken together, the prevalence of PIV5 among pigsmay

have pandemic potential.

4 DISCUSSION

The first report of porcine PIV5 is from Germany (Heinen et al., 1998);

however, the prevalence of porcine PIV5 and its impact on swine

health are largely unknown, especially the information on PIV5 infec-

tion in the porcine digestive system is scarce. Recently, Jiang et al.

have identified PIV5 from diarrheic piglet samples positive for PEDV

(Jiang et al., 2018), but it is not clear whether porcine PIV5 can cause

enteric symptoms alone. Previous reports have demonstrated that co-

infection with a diverse set of pathogens and environmental factors

contributes to the severity and virulence of PIV5 infections in swine

(Heinen et al., 1998; Lee et al., 2013). In this study, we have isolated a

porcine PIV5 strain from a diarrheic piglet, which is confirmed by TEM,

gene sequencing, and IFA. Our results suggest that the newly isolated

porcine PIV5 is strongly associated with diarrhoea in piglet, implying

the newly isolated PIV5 may be enteropathogenic, however, further

research is required to confirm the pathogenicity.

Currently, the whole genome sequences of porcine PIV5 in Gen-

Bank database are limited, and the complete genome sequence of PIV5

isolated herein provides additional information for understanding the

genetic diversity and pathobiology of PIV5 in general. Alignments of

whole-genome sequences showed that the isolated PIV5 shared rela-

tively high nucleotide and amino acid similarity with PIV5 strains from

swine, pangolin, tiger, and panda identified in China. These data indi-

cate that PIV5 strains identified from different hosts in China exhibit a

close relationship andmay be evolved from the same ancestor.

The phylogenetic analysis based on the whole genome sequence

revealed thatPIV5 strainsweredivided into three groups, and thePIV5

strain isolated in this study had higher similarity to PIV5 strains identi-

fied from pangolin and swine in China. Interestingly, PIV5 strains iden-

tified in swine intestine inChinaweregrouped together andgenetically

different from the other PIV5 strains identified in swine lung in Ger-

many and South Korea (Heinen et al., 1998; Lee & Lee, 2013). These

indicate that PIV5 strains identified from the same host may be genet-

ically different based on geographical location and tissue tropism. The

phylogenetic analysis based on the N, F, and HN genes of PIV5 strains
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F IGURE 5 Optimization of reaction conditions and validation of the developed ELISA. (a) Verification of PIV5-negative and positive swine sera
by IFA.MDBK cells were inoculated with PIV5 atMOI of 0.01. IFAwas performed using swine positive serum # 1, 2 and 3, and negative serum # 4.
These are the representative sera of all the tested sera. (b) Confirmation of PIV5 positive and negative serum byWestern bolt. The purified N
protein was separated by SDS-PAGE and detected with swine serum. Lanes 1, 2 and 3, positive sera; lane 4, negative serum. These are the
representative sera of all the tested sera. (c–e) The dilution concentrations of coating antigen, swine serum and second antibody, respectively.
(f) Cut-off test by using 39 PIV5 negative serum samples. (g) Specificity test of the developed iELISA. (h) Sensitivity and specificity tests of the
developed ELISA based on the IFA results. (i) Detection of anti-PIV5 antibodies from field swine serum samples by the developed iELISA
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F IGURE 5 Continued

revealed that PIV5 strains divided into two groups and five clades,

which is similar to the previous report from China (Jiang et al., 2018),

Moreover, the PIV5 strain isolated in this study formed a clade with

strains identified from China, Korea and Germany, suggesting a poten-

tial common ancestor of these viruses. Even though PIV5 strains were

divided intodifferent groups, thevariation innucleotideandaminoacid

among PIV5 strains from different hosts was relatively low. Consistent

with our data, previous studies have reported that PIV5 strains from

different hosts identified in different countries exhibit relatively high

similarity (Chatziandreou et al., 2004; Rima et al., 2014).

Previous reports showed that PIV5 strains isolated from human

could infect a wide range of mammalian cells (Arimilli et al., 2006;

LAMB, 2001). In addition, Chen et al. (2012) reported that dog PIV5

neutralizing antibodies were detected in human serum samples and

suggested that the tested individuals might have a previous exposure

to PIV5 positive dogs. However, there is only one report related to the

tropismof porcinePIV5,which showed thatPIV5 isolated frompig lung

could only infect cell lines of porcine origin (Lee et al., 2013). Interest-

ingly, our results have demonstrated that a porcine PIV5 strain isolated

from faeces could infect to awide range ofmammalian cell lines includ-

ing swine, human, primate, bovine, canine, feline, rabbit, hamster, and

mouse. Taken together, the ability of a porcinePIV5 strain isolated from

faeces to infect and replicate in different mammalian cell lines might

indicates interspecies transmission and zoonotic potential of this virus.

Serum neutralization test (NT) is one of serological assay for PIV5

test, which has been used for the detection of PIV5 specific antibod-

ies in swine (Lee et al., 2013). However, NT is laborious and time-

consuming. In contrast, ELISA test is simple, rapid, and canprocessmul-

tiple samples in parallel, which is the most commonly used classical

serological test. The N protein possesses highly conserved amino acid

regions among paramyxoviruses (Morgan, 1991; Lamb & Parks, 2013).

Furthermore, theN protein is themost abundant and a highly immuno-

genic viral structural protein (Alayyoubi et al., 2015; Dortmans et al.,

2011; Pearce et al., 2015). Furthermore, the N protein of isolated PIV5

contains highly homologous sequences with reference PIV5 strains

from other species, sharing 98.4−99.8% amino acid identity (Table 2).

Similarly, Rima et al. (2014) and Chatziandreou et al. (2004) reported

more than 97% nucleotide similarity among PIV5 strains isolated from

diverse hosts. Chen et al. (2012) and Johnson et al. (2018) also discov-

ered antigenic cross-reactivity across PIV5 strains from various hosts.

On the other hand, PIV5 showed no cross-reactivity with viruses that

do not belong to the genusOrthorubulavirus (Johnson et al., 2018). As a

result, we believe that the PIV5 N protein-based iELISA may not have

cross-reactivity with sera from pigs infected with viruses other than

PIV5.

Therefore, we selected PIV5 N protein as the coating protein to

establish an ELISA test, and the detection conditions were optimized.

IFA is another common serological method and widely used to detect

viruses. Here, IFA assay was used as standard method to confirm the

serum samples for the development of iELISA test. Our data have

revealed that the developed iELISA has a sensitivity of 94.12% and a

specificity of 96.4%, and the overall agreement between the iELISA and

IFA is 95.22%. Moreover, this iELISA test has no cross-reactivity with

antibodies against other porcine viruses. By using the iELISA devel-

oped here, we have investigated the distribution of PIV5 in swine and

observed seropositivity of 75.7%, indicating a higher prevalence of

PIV5 in Chinese swine farms. In contrast, a PIV5 seropositivity of 93.8

% was reported in swine farms in Korea (Lee et al., 2013). These find-

ings indicate that PIV5 is widely epidemic not only in China but also in

other pig-producing countries. Altogether, these results have showed

that the iELISA established herein is specific and sensitive.

5 CONCLUSION

In summary, this report has described the isolation and characteriza-

tion of PIV5 strain from a diarrheic piglet. The ability of this porcine

PIV5 isolate to infect diverse types of cell lines from different species

signals its zoonotic potential. The virus isolated here can be used as

a reference strain to study the pathobiology of PIV5 in digestive sys-

tem in swine. In addition, for the first time, viral N protein-based iELISA

has been developed to effectively detect PIV5-specific antibodies from

blood samples. This iELISA can be used to study the epidemiology of

PIV5 in swine.
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