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Editorial on the Research Topic

Emerging swine infectious diseases

1 Introduction

Asmajor threats to the global swine industry, swine infectious diseases caused significant

economic losses and potential public health issues. During the past three decades, many

swine infectious diseases emerged in the field, such as porcine reproductive and respiratory

syndrome virus (PRRSV) and its novel isolates with distinct pathogenicity, high pathogenic

variants of porcine epidemic diarrhea virus (PEDV) and pseudorabies virus (PRV) and

influenza viruses, which lead to tremendous economic losses worldwide. A few novel

pathogens identified recently, such as Senecavirus A, atypical porcine pestivirus (APPV),

porcine circovirus 3 (PCV3), porcine circovirus 4 (PCV4), porcine deltacoronavirus

(PDCoV), swine acute diarrhea syndrome coronavirus (SADS-CoV), influenza D virus

(IDV), constitute a new challenge (1–5). This Research Topic is focused on filling in some

gaps of emerging swine infectious diseases from diverse aspects, such as the pathogenesis

mechanisms, structure and function of viral proteins, protective immunity, viral evolution,

and new approaches for prevention and treatment.

2 Organization of the Research Topic

In this Research Topic, we received 20 manuscripts, nine (seven original research, one

perspective, one brief research report) were accepted for publication. Among them, nine

papers all involved virus research. Stelder et al. designed an experiment in Romania to

quantify which species of mosquitoes are attracted to Romanian backyard pigs, which species

take blood meals from these, and whether these observed feeding behaviors vary throughout

the vector season. PRRSV has caused huge economic losses for the global pig industry, but

its origins and evolution remain a mystery. According to the genome sequences of seven

arteriviruses isolated from rodents in 2018, Zhao et al. offered new analysis showing that

they may be ancestors of PRRSV. Sanchez et al. used a spatial and spatiotemporal kernel

density approach to estimate PRRSV relative risk and utilized a Bayesian spatiotemporal

hierarchical model to assess the effects of environmental variables, between-farm movement

data and on-farm biosecurity features on PRRSV outbreaks in the United States.
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In order to effectively monitor swine coronaviruses, a

quadruplex reverse transcription-polymerase chain reaction (RT-

PCR) method for the simultaneous detection of PEDV, PDCoV,

TGEV and SADS-CoV was developed by Niu et al., and TaqMan

probe-based multiplex real-time quantitative reverse transcription-

polymerase chain reaction (qRT-PCR) was developed by Li et

al.. By systematical analysis of all available full-length genomes

of TGEVs (n = 43) and porcine respiratory coronaviruses

PRCVs (n = 7), Wang et al. showed that TGEVs fell into two

independent evolutionary phylogenetic clades, GI and GII. Viruses

circulating in China (until 2021) clustered with the traditional

or attenuated vaccine strains within the same evolutionary

clades (GI). To study the cross-reaction and cross-neutralizing

activities of antibodies against different genotypes (G) of E2

glycoproteins, ectodomains of G1.1, G2.1, G2.1d, and G3.4 CSFV

E2 glycoproteins from a mammalian cell expression system were

generated by Chen et al.. To evaluate the virulence reversion

potential risk, rPRRSV-E2 had been continuously passaged in

vivo, the stability of E2 expression and virulence of the passage

viruses were analyzed by Jiang et al.. Sirisereewan et al. investigated

the genetic diversity of PCV2 strains circulating in Thailand

between 2019 and 2020 using 742 swine clinical samples from

145 farms.

3 Conclusion

Since the July of 2022, The Research Topic began to

receive the manuscript submission, and invited more than

24 research teams from the world to submit the manuscript,

we finally received 20 manuscripts. Although the Topic

provides overviews of some swine emerging pathogen and

novel strategies for the detection and control, the manuscripts

associated with swine emerging pathogen (especially PCV3,

PCV4, IDV) were lacking. In the following work, we hope

that more scientists pay more attention to emerging swine

infectious diseases.
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Xiu-Wu Wang1, Gen Li1, Xia Zhou2, Min-Sheng Xu2,

Rui-Ai Chen1,3*, Shao-Lun Zhai2* and Dong-Sheng He1,3*

1Key Laboratory of Zoonosis Prevention and Control of Guangdong Province, College of Veterinary

Medicine of South China Agricultural University, Guangzhou, China, 2Ministry of Agriculture of Rural

A�airs, Key Laboratory of Animal Disease Prevention of Guangdong Province, Institute of Animal

Health, Guangdong Academy of Agricultural Sciences, Scientific Observation and Experiment

Station of Veterinary Drugs and Diagnostic Techniques of Guangdong Province, Guangzhou, China,
3Zhaoqing Branch Center of Guangdong Laboratory for Lingnan Modern Agricultural Science and

Technology, Zhaoqing, China

Porcine enteric coronaviruses are pathogens that cause viral diarrhea in

pigs and are widely prevalent worldwide. Moreover, studies have shown

that some porcine enteric coronaviruses can infect humans and poultry.

In order to e�ectively monitor these viruses, it is necessary to establish

a multiple detection method to understand their prevalence and conduct

in-depth research. Common porcine enteric coronaviruses include Porcine

epidemic diarrhea virus (PEDV), Porcine transmissible gastroenteritis virus

(TGEV), Porcine delta coronavirus (PDCoV), and Swine acute diarrhea

syndrome coronavirus (SADS-CoV). Pigs infected with these viruses have the

common clinical symptoms that are di�cult to distinguish. A quadruplex

RT-PCR (reverse transcription-polymerase chain reaction) method for the

simultaneous detection of PEDV, PDCoV, TGEV and SADS-CoVwas developed.

Four pairs of specific primers were designed for the PEDV M gene, PDCoV

N gene, TGEV S gene and SADS-CoV RdRp gene. Multiplex RT-PCR results

showed that the target fragments of PDCoV, SADS-CoV, PEDV and TGEV could

be amplified by this method. and the specific fragments with sizes of 250

bp, 368 bp, 616 bp and 801 bp were amplified, respectively. This method

cannot amplify any fragment of nucleic acids of Seneca Valley virus (SVV),

Porcine Reproductive and Respiratory Syndrome Virus (PRRSV) and Atypical

Porcine Pestivirus (APPV), and has good specificity. The lowest detection limits

of PDCoV, PEDV, TGEV and SADS-CoV were 5.66 × 105 copies/µL, 6.48 × 105

copies/µL, 8.54× 105 copies/µL and 7.79× 106 copies/µL, respectively. A total

of 94 samples were collected from pig farms were analyzed using this method.

Therewere 15 positive samples for PEDV, 3 positive samples formixed infection
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of PEDV and PDCoV, 2 positive samples for mixed infection of PEDV and TGEV,

and 1 positive sample for mixed infection of PEDV, TGEV, and PDCoV. Multiplex

RT-PCR method could detect four intestinal coronaviruses (PEDV, PDCoV,

TGEV, and SADS-CoV) in pigs e�ciently, cheaply and accurately, which can

be used for clinical large-scale epidemiological investigation and diagnosis.

KEYWORDS

porcine epidemic diarrhea virus, porcine deltacoronavirus, porcine transmissible

gastroenteritis virus, swine acute diarrhea coronavirus, multiplex RT-PCR

Introduction

Viral diarrhea seriously endangers the pig industry

throughout the world, and has been one of the problems that

has plagued the breeding industry all over the world. It is

characterized by acute diarrhea, vomiting, dehydration and high

mortality in neonatal piglets, resulting in enormous economic

losses (1–3). The pathogens associated with viral diarrhea

disease in piglets are mainly coronaviruses, including TGEV,

PEDV, PDCoV, and SADS-CoV (4–9). These swine enteric

viruses cause similar clinical symptoms in infected pigs, leading

to difficulties in diagnosing diarrhea (10).

PEDV and TGEV are two traditional diarrhea pathogens

(11). PEDV and TGEV are both unsegmented single-stranded

positive-stranded RNA viruses, and both belong to the order

Nidovirales, the family Coronaviridae, and the genus alpha-

coronavirus (12). Both of two viruses can cause severe diarrheal

disease in affected pigs, and the clinical symptoms are mainly

acute and severe watery diarrhea, vomiting and dehydration,

but the effect of PEDV on 3–4 weeks old piglets is more

obvious. In addition, in farms with poor conditions, PEDV and

TGEV usually show a trend of mixed infection, and there is the

possibility of co-morbidity.

PDCoV and SADS-CoV are two newly discovered

coronaviruses in recent years. PDCoV and SADS-CoV are

also unsegmented single-stranded positive-stranded RNA

viruses. PDCoV belongs to the order Nidovirales, the family

Coronaviridae, and the genus delta-coronavirus (13); SADS-

CoV belongs to the order Nidovirales, the family Coronaviridae,

and the genus alpha-coronavirus. The clinical symptoms caused

by PDCoV and SADS-CoV are similar to those caused by other

known porcine enteric coronaviruses (12, 14). In 2012, PDCoV

was first reported in Hong Kong. It was detected in the feces

of diarrhea piglets and sows in the United States in February

2014. Subsequently, the virus was found in the United States,

Canada, South Korea, India and Thailand, showing a trend

of widespread global spread (15). More notably, research

data since 2017 have revealed cross-species transmission and

potential zoonotic diseases of swine δ coronavirus from pigs

to humans (16). In 2018, SADS-CoV was first reported in

Guangdong, China. At present, a large number of piglets have

died, and the virus has also been detected in bats in other parts

of Guangdong (14).

There are several serological detecting methods

currently available for the detection of viruses, such as the

immunofluorescence technique, immunochromatography and

indirect immunofluorescence assays, but these techniques

are time-consuming and unsuitable for testing large-scale

samples. Currently, polymerase chain reaction (PCR), real-time

PCR, loop-mediated isothermal amplification (LAMP), and

enzyme-linked immunosorbent assay (ELISA) methods have

been reported for the detection of these viruses (17), these

viruses are highly pathogenic in piglets with immature immune

systems and few antibodies, so ELISA is less efficient at detecting

these viruses than PCR. However, none of the existing RT-PCR

methods can simultaneously distinguish between these four

viruses. Therefore, in order to diagnose the pathogens quickly

and effectively, it is particularly important to establish a rapid

and sensitive detection method for the four viruses (18–20). The

multiplex RT-PCR method is to detect and identify multiple

pathogens at the same time through one RT-PCR reaction

(21, 22). The advantages of this method are that it has a wide

range of usage environments, excellent specificity and low

price. It is more suitable for rapid diagnosis of mixed infections

in epidemics, and provides a rapid and accurate diagnostic

method for epidemiological investigations and veterinary

clinical diagnosis.

TABLE 1 Primer sequences for TGEV, PEDV, PDCoV, and SADS-CoV.

Primer Sequence (5′-3′) Gene Product

size

TGEV–F GTATGAAGCGTAGTGGTTATGGTC S 801 bp

TGEV–R AATAGGTTATGACAGGTTCACAATC

PEDV–F TTTCACATGGAATATCATACTGAC M 616 bp

PEDV–R ATGAAGCACTTTCTCACTATCTGT

SADS–F TCCTGAGGAAGAGGTTGAGATGG RdRp 368 bp

SADS–R CGTGCTTACCATTGTGTATGAGAC

PDCoV–F AGACACTGAGAAGACGGGTATGG N 250 bp

PDCoV–R CTTCTTGTCCTTAGTTGGTTTGGT
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TABLE 2 Types of clinical samples and test results.

Sample One pathogen positive sample Two pathogens positive sample Three pathogens

positive sample

PEDV PDCoV TGEV SADS-CoV PDCoV/PEDV TGEV/PEDV PDCoV/PEDV/TGEV

FEC1 - - - - - - -

FEC2 - - - - - - -

FEC3 - - - - - - -

FEC4 - - - - - - -

FEC5 - - - - - - -

FEC6 - - - - - - -

FEC7 - - - - - - -

FEC8 - - - - - - -

FEC9 - - - - - - -

FEC10 - - - - - - -

FEC11 - + - - - - -

FEC12 - - - - - - -

FEC13 - - - - - - -

FEC14 - - - - - - -

FEC15 - - - - - - -

FEC16 - - - - - - -

FEC17 - - - - - + -

FEC18 - - - - - - -

FEC19 - - - - - - -

FEC20 - - - - - - -

FEC21 - - - - - - -

FEC22 - - - - - - -

FEC23 - - - - - - -

FEC24 - - - - - - -

FEC25 - - - - - - -

FEC26 - - - - - - -

FEC27 - - - - - - -

FEC28 - - - - - - -

FEC29 - - - - - - -

FEC30 - - - - - - -

FEC31 - - - - - - -

FEC32 - - - - - - -

FEC33 - - - - - - +

FEC34 + - - - - - -

FEC35 - + - - - - -

FEC36 - - - - - - -

FEC37 + - - - - - -

FEC38 + - - - - - -

FEC39 + - - - - - -

FEC40 - + - - - - -

FEC41 - - - - - - -

FEC42 - - - - - - -

FEC43 - - - - - - -

(Continued)
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TABLE 2 (Continued)

Sample One pathogen positive sample Two pathogens positive sample Three pathogens

positive sample

PEDV PDCoV TGEV SADS-CoV PDCoV/PEDV TGEV/PEDV PDCoV/PEDV/TGEV

FEC44 - - - - - - -

FEC45 - - - - - - -

FEC46 - - - - + - -

FEC47 - - - - + - -

FEC48 - - - - - - -

IS1 - - - - - - -

IS2 - - - - + - -

IS3 - - - - - - -

IS4 - - - - - - -

IS5 - - - - - - -

IS6 - - - - - -

IS7 + - - - - - -

IS8 - - - - - - -

IS9 - - - - - - -

IS10 - - - - - - -

IS11 - - - - - - -

IS12 - - - - - - -

IS13 + - - - - - -

IS14 + - - - - - -

IS15 - - - - - - -

IS16 + - - - - - -

IS17 - - - - - - -

IS18 - - - - - - -

IS19 + - - - - - -

IS20 - - - - - - -

IS21 + - - - - - -

IS22 + - - - - - -

IS23 - - - - - + -

IS24 - - - - - - -

IS25 - - - - - - -

IS26 - - - - - - -

IS27 - - - - - - -

IS28 - - - - - - -

IS29 + - - - - - -

IS30 - - - - - - -

FEC31 - - - - - - -

FEC32 - - - - - - -

FEC33 - - - - - - -

FEC34 - - - - - - -

FEC35 - - - - - - -

FEC36 - - - - - - -

FEC37 - - - - - - -

FEC38 - - - - - - -

(Continued)
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TABLE 2 (Continued)

Sample One pathogen positive sample Two pathogens positive sample Three pathogens

positive sample

PEDV PDCoV TGEV SADS-CoV PDCoV/PEDV TGEV/PEDV PDCoV/PEDV/TGEV

FEC39 - - - - - - -

FEC40 - - - - - - -

FEC41 + - - - - - -

FEC42 - - - - - - -

FEC43 - - - - - - -

FEC44 - - - - - - -

FEC45 + - - - - - -

FEC46 + - - - - - -

Results: “+”: Positive; “–”: Negative.

Sample types: FEC, Feces specimens; IS, intestine specimens.

FIGURE 1

Establishment of monoplex RT-PCR reactions for TGEV, PEDV,

SADS-CoV and PDCoV. This figure shows the results of

monoplex PCR reactions of TGEV, PEDV, SADS-CoV and PDCoV.

Among them, lane M is DNA Marker DL1000, lanes 1–4

represent the monoplex RT-PCR results of TGEV, PEDV,

SADS-CoV and PDCoV, respectively; lanes 5–8 represent the

negative controls of TGEV, PEDV, SADS-CoV, and

PDCoV, respectively.

Materials and methods

Construction of plasmid standards

Before establishing the multiplex RT-PCR assay, the single-

plex RT-PCR method for each virus was established using the

cDNA of each virus as a template. According the following

program: 95 ◦C for 5min; 95 ◦C for 30 s, 55 ◦C for 30 s, 72 ◦C

1min for 30 cycles; 72 ◦C for 10min. Multiplex RT-PCR consists

of the following components: 10 × Buffer, dNTPs (2.5mM),

TaKaRa Taq (5 U/µL), RNAse-free ddH2O, primers and cDNA.

Then, these amplified target fragments of were then individually

cloned into the pMD19-T vector. Sequencing confirmed that

the recombinant plasmids pMD-19-T-PEDV, pMD-19-T-TGEV,

FIGURE 2

Optimize multiplex RT-PCR annealing temperature. This figure

shows the optimization results of multiplex RT-PCR annealing

temperature, lane M is DNA Marker DL1000, lanes 1–7 represent

7 temperature gradients of 53, 54, 55, 56, 57, 58, 59 ◦C; lanes

8–11 are the positive controls for TGEV, PEDV, SADS-CoV and

PDCoV, respectively; lane 12 is the negative control.

pMD-19-T-SADS-CoV and pMD-19-T-PDCoV contained the

target fragments.

RNA extraction and reverse transcription

Samples positive for TGEV, PEDV, PDCoV, and SADS-

CoV were stored in our laboratory. Clinical samples collected

from were stored at −80◦C. Then, samples were mixed with

supernatant by vortexing and collected after centrifugation

at 12,000 × g at 4 ◦C for 15min. Viral nucleic acids were

extracted using the Viral DNA/RNA Kit (Hangzhou Bioer
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Technology Co. Ltd), and the Reverse Transcriptase M-MLV

(RNase H-) was used to perform reverse transcription following

the manufacturer’s instructions.

Primer sequences

TGEV, PEDV, PDCoV and SADS-CoV sequences

available in GenBank were analyzed to improve the detection

performance of primers. Finally, we designed primers with

PEDV M gene, PDCoV N gene, TGEV S gene and SADS-

CoV RdRp gene as conserved genes. Specific primers for the

construction of plasmid standards were designed using primer

5 (Version 5.00) (Table 1).

Reaction condition optimization for
multiplex RT-PCR

The optimization was performed on a Biometra TOne 96G

PCR instrument based on the following program: 95 ◦C 5min;

95 ◦C 30 s, 55 ◦C 30 s, 72 ◦C 1min 30 cycles; 72 ◦C 10min.

Multiplex RT-PCR consists of the following components: 10

× Buffer, dNTPs (2.5mM), TaKaRa Taq (5 U/µL), RNAse-

free ddH2O, primers and positive plasmids for TGEV, PEDV,

PDCoV and SADS-CoV. To obtain the best amplification

efficiency, the multiple reaction system was optimized by

using different concentrations of primers, dNTPs (2.5mM) and

TaKaRa Taq (5 U/µL), and different annealing temperatures.

Sensitivity of the multiplex RT-PCR assay

To analyze the sensitivity of established multiplex RT-PCR,

standard plasmids for TGEV, PEDV, SADS-CoV, and PDCoV

prepared above were mixed. Then, the mix was diluted by 10

gradients with RNAse-free ddH2O. The initial concentrations

of the four standard plasmids were 8.54 × 109 copies/µL,

6.48 × 109 copies/µL, 7.79 × 109 copies/µL, and 5.66 × 109

copies/µL, respectively. The susceptibility of multiplex RT-PCR

to the four viruses was assessed using the diluted plasmids

as templates.

Specificity of the quadruplex RT-PCR
assay

The specificity of multiplex RT-PCR was assessed. RNA

was extracted from positive samples of PRRSV, Atypical swine

fever virus (APPV), Seneca valley virus (SVV), TGEV, PEDV,

PDCoV and SADS-CoV preserved in our laboratory, and the

RNA was reverse transcribed into cDNA. Multiplex RT-PCR

amplifications were performed using cDNA from these viruses

and RNAse-free water as templates.

FIGURE 3

Optimizing the concentrations of TaKaRa Taq and dNTPs. (A) The optimized electrophoresis result of the optimal TaKaRa Taq concentration;

lane M is DNA Marker DL1000, lanes 1–7 represent 0.02 U/µL, 0.04 U/µL, 0.06 U/µL, 0.08 U/µL, 0.10 U/µL, 0.12 U/µL, 0.16 U/µL; Lanes 8–11 are

positive controls for TGEV, PEDV, SADS-CoV and PDCoV, respectively; and lane 12 is negative control. (B) The electrophoresis result of the

optimal dNTPs concentration in multiplex RT-PCR; wherein, lane M is DNA Marker DL1000, and lanes 1–7 represent 0.10, 0.15, 0.20, 0.25, 0.30,

0.35, and 0.40mM, respectively; lanes 8–11 are positive controls for TGEV, PEDV, SADS-CoV, and PDCoV, respectively; and lane 12 is a negative

control.
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FIGURE 4

Multiplex RT-PCR primers optimization. (A) is the electrophoresis results of TGEV and PDCoV duplex RT-PCR with di�erent primer ratios; lane M

is DNA Marker DL1000; Lanes 1–11 are the primer ratios of 1: 1, 1: 2, 1: 3, 1: 4, 2: 1, 2: 3, 3: 1, 3: 2, 3: 4, 4: 1, 4: 3; Lanes 12–13 are the positive

controls for TGEV and PDCoV; and lane 14 is the negative control. (B) The electrophoresis results of PEDV and PDCoV duplex RT-PCR with

di�erent primer ratios; lane M is DNA Marker DL1000; Lanes 1–11 are the primer ratios of 1: 1, 1: 2, 1: 3, 1: 4, 2: 1, 2: 3, 3: 1, 3: 2, 3: 4, 4: 1, 4: 3;

Lanes 12–13 are the positive controls for PEDV and PDCoV; and lane 14 is the negative control. (C) The electrophoresis results of SADS-CoV

and PDCoV duplex RT-PCR with di�erent primer ratios; lane M is DNA Marker DL1000; Lanes 1–11 are the primer ratios of 1: 1, 1: 2, 1: 3, 1: 4, 2:

1, 2: 3, 3: 1, 3: 2, 3: 4, 4: 1, 4: 3; Lanes 12–13 are the positive controls for PEDV and PDCoV; and lane 14 is the negative control.
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Reproducibility test of the multiplex
RT-PCR assay

In this experiment, 106 copies/µL recombinant plasmid

standard was selected and mixed in equal proportions. The

FIGURE 5

Primer concentration electrophoresis results of multiplex

RT-PCR of TGEV, PEDV, SADS-CoV, and PDCoV. Lane M is DNA

Marker DL1000, lanes 1–9 represent the concentration

combination of nine primers in the fixed ratio (3:3:3:4) of TGEV,

PEDV, SADS-CoV, and PDCoV; lanes 10–13 represent the

positive control of TGEV, PEDV, SADS-CoV, and PDCoV; lane 14

was negative control.

stability and repeatability of the quadruple RT-PCR method

were verified by seven repeated tests.

Detection in clinical samples

Ninety four clinical samples (Table 2) collected from pig

farms in Guangdong province from 2021 to 2022 were detected.

All samples were diluted three-fold with phosphate buffered

saline (PBS) using a vortexer and incubated at 4000 ×g for

15min at 4◦C. Total RNA from clinical samples was extracted

by the above method. The supernatant was collected and

TABLE 4 Primer concentration combinations at constant ratios.

Experimental

group

TGEV

(µM)

PEDV

(µM)

SADS-

CoV

(µM)

PDCoV

(µM)

Primer

ratio

1 0.03 0.03 0.03 0.04 3:3:3:4

2 0.06 0.06 0.06 0.08 3:3:3:4

3 0.09 0.09 0.09 0.12 3:3:3:4

4 0.12 0.12 0.12 0.16 3:3:3:4

5 0.15 0.15 0.15 0.20 3:3:3:4

6 0.18 0.18 0.18 0.24 3:3:3:4

7 0.24 0.24 0.24 0.32 3:3:3:4

8 0.27 0.27 0.27 0.36 3:3:3:4

9 0.30 0.30 0.30 0.40 3:3:3:4

TABLE 3 Ratio of duplex RT-PCR primers combination.

Experimental

group

PEDV

(µM)

PDCoV

(µM)

TGEV

(µM)

PDCoV

(µM)

SADS-CoV

(µM)

PDCoV

(µM)

Primer

ratio

1 0.20 0.20 0.20 0.20 0.20 0.20 1:1

2 0.20 0.40 0.20 0.40 0.20 0.40 1:2

3 0.20 0.60 0.20 0.60 0.20 0.60 1:3

4 0.20 0.80 0.20 0.80 0.20 0.80 1:4

5 0.40 0.20 0.40 0.20 0.40 0.20 2:1

6 0.40 0.60 0.40 0.60 0.40 0.60 2:3

7 0.60 0.20 0.60 0.20 0.60 0.20 3:1

8 0.60 0.40 0.60 0.40 0.60 0.40 3:2

9 0.60 0.80 0.60 0.80 0.60 0.80 3:4

10 0.80 0.20 0.80 0.20 0.80 0.20 4:1

11 0.80 0.20 0.80 0.20 0.80 0.20 4:3

12 0.20 0 0.20 0 0.20 0 P+1

13 0 0.20 0 0.20 0 0.20 P+2

14 0.20 0.20 0.20 0.20 0.20 0.20 N

P (positive) represents positive, N (negative) represents negative; P1+ represents a positive control for PEDV, TGEV and SADS-CoV; P2+ represents the positive control for PDCoV, and

N represents the negative control for the ratio of the two primer pairs.
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used for RNA extraction and prepared as cDNA using reverse

transcription. Then, all cDNA were detected using multiplex

RT-PCR of this study. The results of clinical samples detected by

the quadruple RT-PCR were repeatedly verified by conventional

FIGURE 6

Sensitivity of the multiplex RT-PCR assay. This figure shows the

results of sensitivity analysis of multiplex RT-PCR for TGEV,

PEDV, SADS-CoV and PDCoV. Lane M is DNA Marker DL1000;

lanes 1–10 represent the results of TGEV, PEDV, SADS-CoV, and

PDCoV mixed plasmids diluted in a gradient of 100-10−9, with a

total of 10 template dilutions; lane 11 is a negative control.

single RT-PCR to compare the coincidence rate of the two

detection methods.

Results

Establishment of monoplex RT-PCR
reactions for TGEV, PEDV, SADS-CoV and
PDCoV

The results showed that TGEV, PEDV, SADS-CoV and

PDCoV showed specific amplification at 801, 616, 368, 263,

and 250 bp. The reaction did not produce other miscellaneous

bands, indicating that the primer set has good reliability and

FIGURE 8

Repeatability of the multiplex real-time PCR assay. This figure

shows the results of the repeatability assay of this method,

which shows that the method is stable and reproducible. Lane M

is DNA Marker DL1000; lanes 1–7 are the results of repeated

experiments.

FIGURE 7

Specificity of the multiplex RT-PCR assay. This figure is the specificity analysis result of multiplex RT-PCR of TGEV, PEDV, SADS-CoV and PDCoV;

lane M is DNA Marker DL1000, lanes 1–4 represent the monoplex RT-PCR specificity of TGEV, PEDV, SADS-CoV, and PDCoV, respectively; lanes

5–10 represent the duplex RT-PCR specificity of TGEV, PEDV, SADS-CoV and PDCoV, respectively; lanes 11–14 represent the triplex RT-PCR

specificity of TGEV, PEDV, SADS-CoV, and PDCoV, respectively; lane 15 represents the quadruplex RT-PCR specificity of TGEV, PEDV, SADS-CoV,

and PDCoV, respectively; lanes 16–19 represent SVA, PRRSV, and APPV, respectively; and lane 20 is the negative control.
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FIGURE 9

Detection in clinical samples. (A–F) The agarose gel electrophoresis pattern of the results of 94 clinical samples tested by multiplex RT-PCR.

There were 15 positive samples for PEDV, 3 positive samples for mixed infection of PEDV and PDCoV, 2 positive samples for mixed infection of

PEDV and TGEV, and 1 positive sample for mixed infection of PEDV, TGEV and PDCoV.
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FIGURE 10

Single PT-PCR was used to verify the results of clinical samples. PDCoV (A–C) 1–24, PDCoV (A–C) 25–48, PDCoV (D–F) 1–24, and PDCoV

(D–F) 25–46 represent agarose gel electrophoresis patterns of single RT-PCR recheck results of clinical samples tested for PDCoV; PEDV (A–C)

1–24, PEDV (A–C) 25–48, PEDV (D–F) 1–24 and PEDV (D–F) 25–46 represent agarose gel electrophoresis patterns of single RT-PCR recheck

results of clinical samples tested for PEDV; SADS-CoV (A–C) 1–24, SADS-CoV (A–C) 25–48, SADS-CoV (D–F) 1–24 and SADS-CoV (D–F) 25–46

represent agarose gel electrophoresis patterns of single RT-PCR recheck results of clinical samples tested for SADS-CoV; TGEV (A–C) 1–24,

TGEV (A–C) 25–48, TGEV (D–F) 1–24 and TGEV (D–F) 25–46 represent agarose gel electrophoresis patterns of single RT-PCR recheck results

of clinical samples tested for TGEV.

specificity. And the accuracy of the amplified product was

further confirmed by sequencing analysis (Figure 1).

Optimization of the multiplex reaction
system

Optimize multiplex RT-PCR annealing
temperature

First, the optimal annealing temperatures for monoplex

RT-PCR primers for TGEV, PEDV, SADS-CoV and PDCoV

were determined. Then, referring to the optimal annealing

temperature of monoplex RT-PCR, and designing seven

temperature gradients from 53 to 59◦C. Finally, the optimal

annealing temperature of multiplex RT-PCR is 55◦C (Figure 2).

Optimizing the concentrations of TaKaRa Taq
and DNTPs

In order to improve amplification efficiency, the

optimal TaKaRa Taq concentration and the optimal dNTPs

concentration were obtained by gradient RT-PCR amplification.

The result of agarose gel electrophoresis showed that the

optimal TaKaRa Taq concentration (Figure 3A) and the optimal

dNTPs concentration (Figure 3B) for multiplex RT-PCR of

TGEV, PEDV, SADS-CoV and PDCoV were 0.1 U/µL and

0.25mM, respectively.

Multiplex RT-PCR primers optimization

Then, according to the analysis of the double RT-

PCR optimization results, the final concentrations of the

optimal primer combinations for each double RT-PCR are

respectively: TGEV and PDCoV were 0.24 µM: 0.32µM (3:

4) (Figure 4A); PEDV and PDCoV were 0.24 µM: 0.32µM

(3: 4) (Figure 4B); SADS-CoV and PDCoV were 0.24 µM:

0.32µM (3:4) (Figure 4C, Table 3). Final primer concentrations

were optimized by quadruplex RT-PCR reactions, ranging from

0.03µM to 0.4µM. The optimal final concentrations of primers

were 0.24, 0.24, 0.24, 0.32µM (3:3:3:4) (TGEV, PEDV, SADS-

CoV, PDCoV) (Figure 5). Therefore, a primer concentration

ratio of 3:3:3:4(TGEV, PEDV, SADS-CoV, PDCoV) was used as a

standard to optimize primer concentrations for quadruplex PCR

(Table 4).

Sensitivity of the multiplex RT-PCR assay

In order to explore the LOD of the multiplex RT-PCR

method, the positive recombinant plasmids of TGEV, PEDV,
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TABLE 5 Results of clinical samples detected by the multiplex RT-PCR.

Pathogens Singleplex RT-PCR Multiplex RT-PCR Coincidence

rate (%)
Sample number Positive Percentage (%) Sample number Positive Percentage (%)

PEDV 94 15 15.96 94 15 15.96 100

TGEV 94 0 0 94 0 0 100

PDCoV 94 4 4.26 94 4 4.26 100

SADS-CoV 94 0 0 94 0 0 100

PEDV+TGEV 94 2 2.13 94 2 2.13 100

PEDV+PDCoV 94 3 3.19 94 3 3.19 100

PEDV+PDCoV+TGEV 94 1 1.06 94 1 1.06 100

SADS-CoV and PDCoV were mixed, the standard plasmids

were diluted in a gradient of 109-100, and use the diluted

mixture as templates for RT-PCR amplification. The results

showed that the sensitivities of multiplex RT-PCR to TGEV,

PEDV, SADS-CoV and PDCoV were 8.54 × 105 copies/µL,

6.48 × 105 copies/µL, 7.79 × 106 copies/µL and 5.66 × 105

copies/µL, respectively (Figure 6).

Specificity of the multiplex RT-PCR assay

To exclude potential false-positive results caused by other

viruses that may be present in the sample, the quadruplex RT-

PCR detection method was used to detect other virus-positive

samples stored in our laboratory, including SVA, PRRSV, and

APPV. The results showed that the multiplex RT-PCR method

had well specificity (Figure 7).

Reproducibility test of the multiplex RT-PCR
assay

The results of seven repeated tests showed (Figure 8) that

clear and uniform bands could be amplified in all seven tests,

indicating that the method was stable and reproducible.

Clinical sample detection

Clinical samples were evaluated using the method

established in this study, 94 samples collected from pig farms

to validate their performance in clinical applications. After

identification, there were 15 positive samples for PEDV, three

positive samples for mixed infection of PEDV and PDCoV,

2 positive samples for mixed infection of PEDV and TGEV,

and 1 positive sample for mixed infection of PEDV, TGEV

and PDCoV (Figure 9). The coincidence rate of the multiplex

RT-PCR assay and the conventional single RT-PCR assay in the

detection of clinical samples was 100% (Table 5, Figure 10).

Discussion

Porcine viral diarrhea is widespread in the world and spreads

rapidly, causing huge economic losses to the global swine

industry. These enteroviruses can cause vomiting, diarrhea,

and dehydration in infected pigs. In severe cases, a large

number of piglets died and the damage was very serious

(22). These enteroviruses have similar characteristics after

infecting pigs and require laboratory testing to differentiate

them. In addition, there are often mixed infections in clinical

cases, which brings challenges to the prevention, control

and treatment (2). Therefore, establishing a detection method

for simultaneous detection of multiple pathogens will greatly

improve the diagnosis and prevention and control of swine

diarrheal diseases.

Diarrheal virus infection causes diarrhea, high mortality in

piglets. Common porcine enteric coronaviruses include TGEV,

PEDV, PDCoV, and the SADS-CoV (23, 24) could seriously

endanger the development of the pig industry, especially in

terms of newborn piglets. The symptoms caused by the above

mentioned four viruses are similar, so it is difficult to determine

the causative pathogen in clinical diagnosis. Moreover, relatively

few studies examine newly-epidemic diseases. Therefore, a rapid,

specific, and low-cost detection method is sorely needed for the

surveillance of diarrhea viruses.

In recent years, traditional monoplex RT-PCR methods,

multiplex RT-PCR methods and multiplex RT-qPCR methods

targeting conserved regions have been established for some

viruses (21, 24, 25). RT-qPCR-based methods have the

disadvantages of high cost and high instrument requirements,

and many laboratories cannot obtain relatively expensive qPCR

machines. Traditional monoplex RT-PCR requires multiple tests

to determine the final result, and the process is cumbersome.

The multiplex RT-PCR adds multiple pairs of primers to the

same RT-PCR reaction system to detect multiple target genes

at the same time, which improves the detection efficiency,

and has the sensitivity and specificity of a single RT-PCR;

compared with qPCR, it is extensively used, and inexpensive.

Therefore, we developed multiplex RT-PCR to detect and

differentially diagnose four diarrheal viruses in swine herds.

In this study, a multiplex RT-PCR assay was established. For

the best amplification efficiency, the final concentrations of

multiple pairs of primers, TaKaRa Taq enzyme and dNTP

Mixture in the reaction system were optimized, and the

annealing temperature of the reaction program was optimized
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(21). Compared with traditional monoplex PCR primers, four

viruses can be detected in a single reaction. The specificity

of this method showed that each pair of primers could only

detect the target gene itself, but could not detect the non-

specific fragment. The sensitivity results showed that the samples

with the mixture of four kinds of positive plasmid still had

excellent sensitivity.

According to the virus detection and source analysis of

positive samples in this study, the results show that PEDV,

TGEV, and PDCoV are still the main causes of pig diarrhea in

South China, which is consistent with previous research results

(26). Porcine viral diarrheal disease may be caused by a single

virus or a combination of multiple viruses, and coinfection

of porcine enteroviruses has been reported to be common in

pig farm. The results of these clinical samples confirmed the

cases of mixed infection of the viruses in pigs. During the

epidemiological investigation, our laboratory found that among

mixed infections, the co-infection rate of PEDV and PDCoV

was the highest at 9.39%, followed by PEDV and SADS-CoV

at 7.18% (24). Epidemiological surveys showed that SADS-

CoV was only found in Guangdong and Fujian provinces, and

not in other areas. Therefore, it is necessary to strengthen the

surveillance of SADS-CoV to prevent its spread to other areas.

The latest research shows that coronaviruses can spread across

species. According to research, mixed infection may lead to

recombination between viruses and changes in virus virulence.

This highlights the importance of identifying multiple viral

infections simultaneously.

In conclusion, the established multiplex RT-PCR method

has excellent specificity, well detection efficiency and

can be applied to laboratory diagnosis, epidemiological

research and monitoring of SADS-CoV, TGEV, PEDV,

and PDCoV. In addition, the established method can be

applied to the clinical differential diagnosis of clinical

mixed infection, and realize the early diagnosis of

clinical cases.
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Introduction: Mosquitoes either biologically or mechanically transmit various

vector-borne pathogens a�ecting pigs. Mosquito species display a wide variety

of host preference, as well as host attraction and behaviours. Mosquito species

attraction rates to- and feeding rates on pigs or other potential hosts, as well

as the seasonal abundance of the mosquito species a�ects their pathogen

transmission potential.

Methods: We caught mosquitoes in experimental cages containing pigs

situated in Romanian backyard farms. The host species of blood meals were

identified with PCR and sequencing.

Results: High feeding preferences for pigs were observed in Aedes vexans

(90%), Anopheles maculipennis (80%) and Culiseta annulata (72.7%). However,

due to a high abundance in the traps, Culex pipiens/torrentium were

responsible for 37.9% of all mosquito bites on pigs in the Romanian backyards,

despite low feeding rates on pigs in the cages (18.6%). We also found that

other predominantly ornithophilic mosquito species, as well as mosquitoes

that are already carrying a bloodmeal from a di�erent (mammalian) host, were

attracted to backyard pigs or their enclosure.

Discussion: These results indicate that viraemic blood carrying, for instance,

African swine fever virus, West-Nile virus or Japanese encephalitis virus could

be introduced to these backyard pig farms and therefore cause an infection,

either through subsequent feeding, via ingestion by the pig or by environmental

contamination.

KEYWORDS

blood meal, african swine fever virus, mechanical transmission, west-nile virus,

japanese encephalitis virus, insect vectors
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1. Introduction

Flying hematophagous insects that are known to feed on

wild boar and domestic pigs have been described as vectors

of a wide variety of pathogens (1–4), with some of these

affecting pigs (Suidae) (5). In terms of vector-borne transmission

of pathogens, two distinct mechanisms are described, namely

biological- and mechanical transmission (6). With biological

transmission, a pathogen is able to replicate within the body

of a vector before it is delivered to a new host, whereas with

mechanical transmission, the pathogen cannot replicate and

is eventually digested or shed, thus requiring transmission

to a new host while still infectious (6). An example of

pathogens transmitted by biological vector transmission is

Japanese encephalitis virus [mosquitoes (7)], while examples

of pathogens transmitted by mechanical vector transmission

are porcine reproductive and respiratory syndrome (8), Ross

River Virus [mosquitoes (9)],Mycoplasma suis [mosquitoes and

Stomoxys calcitrans (10)], and classical swine fever [mosquitoes

(11), S. calcitrans (12), and tabanids (13)].

Mosquitoes can act as vectors between vertebrate species for

pathogens of increasing societal concern. Mosquitoes infected

with West-Nile virus (WNV) or Japanese encephalitis virus

(JEV) after feeding on an infected bird can act as bridge-

vectors to pigs (7, 14, 15), and pigs can then act as important

amplification hosts for the virus (5). As different mosquito

species can show varying host preferences (16), it is necessary

to determine the host-preferences of each mosquito species to

evaluate its transmission potential for various pathogens.

Hematophagous insects are potential mechanical vectors

of African swine fever virus (ASFV) (17), and in the Baltic

countries a seasonal pattern is observed in outbreaks in domestic

pigs coinciding with the summer peak abundance pattern

observed in many hematophagous insect species (18, 19).

Various studies suggest that mechanical transmission by vectors

can occur in an experimental setting (20), for instance through

ingestion (21), environmental contamination (22) or subsequent

blood feeding (23), and may occur in a natural setting (24,

25). Insect species frequently attracted to, and feeding on,

pigs are particularly interesting when exploring the risk of

introducing pathogens to domestic pig farms by contaminated

insects. Other studies have indicated that ASFV contaminated

trucks (26) or professional farm visitors (27) could be a source

of ASFV introduction to commercial pig farms, although the

exact transmission mechanism behind these two risk factors is

not yet fully understood. From this, we can hypothesise that

the introduction of viraemic blood into a pig farm through

hematophagous insects, if carrying a sufficient viral load, could

potentially cause an outbreak. It is therefore important to

identify which hematophagous insect species would potentially

feed on an ASFV infected pig host outside of a farm, before they

could be attracted to domestic pigs and thus introduce virus into

a pig farm.

Studies show that throughout the vector season in Europe

(in Sweden, Italy and the Netherlands), Culex spp. are

significantly more abundant than any other mosquito genus,

particularly Culex pipiens, while Aedes spp. also takes up

a significant proportion of the total number of mosquitoes

throughout the year (28). Differences in overall abundance are

important as, while host preferences can vary between species

(29), it is not necessarily the species with the strongest preference

towards a certain host that is the most relevant in terms of vector

potential of a certain pathogen (14, 30).

Spread of pathogens by hematophagous insects could

be influenced by differences in seasonal activity patterns,

species abundance, locality, host-diversity or host-preference,

insect species size, digestion as well as reproductive

behaviour and strategies. We designed an experiment in

Romania to quantify which species of mosquitoes are

attracted to Romanian backyard pigs, which species take

blood meals from these, and whether these observed

feeding behaviours vary throughout the vector season.

The findings from this experiment could provide more

evidence for the introduction of pathogens in blood meals by

flying vectors.

2. Methodology

We selected two backyard pig farm locations

in Tulcea County (Somova and Sălcioara, Southeast

Romania, GPS coordinates: 45◦11′41"N 28◦38′52"E &

44◦47′57"N 28◦53′49"E) and another two in Satu Mare

County (Ambud and Odoreu, Northwest Romania,

GPS coordinates: 47◦45′59"N 22◦56′22"E & 47◦47′54"N

22◦58′59"E) (Figure 1). We selected the specific localities

based on availability and suitability for our experimental

purposes, as well as there being ASFV outbreaks in

these regions.

2.1. Cages and pigs

Domestic pigs were kept outside in modified dog puppy

cages (∼120 cm height × 160 cm length × 160 cm depth)

fitted with fine stainless-steel mesh (mesh size: 0.6mm) sheets

on the walls and fine mesh on the roof. For this, we

obtained an animal experiment ethical permit, registration

number: 216, issued 12-06-2020 by the Bioethics Commission

of USAMV Cluj-Napoca, Romania. We conducted animal care

and maintenance in accordance with EU legislation on animal

experimentation (EU Directive 2010/63/EU). We applied an
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entry-trap design, which allowed flying insects to fly into the

cages through a ∼5 cm cage-wide slit on two sides of the cages

(Figure 2). In each of the 4 locations, we kept 2 pigs weighing

between 7.5 and 10 kg each at the onset of their respective

sampling period.

FIGURE 1

Map of Romania with Satu Mare County (locations Ambud and

Odoreu) highlighted in red in the Northwest and Tulcea County

(locations Somova and Sǎlcioara) highlighted in red in the

Southeast.

FIGURE 2

One of the pig cages used in the experiment (pigs not yet

included). The entry trap slit can be seen on the front right

panel. Collectors entered the cage through a small door, as can

be seen on the front left panel, by carefully opening it and

closing it immediately upon entry, so no insects would fly out.

2.2. BG-Pro traps

In each of the 4 locations, we also set up a BG-Pro

mosquito trap (BioGents AG). We baited each of these traps

with CO2 (0.5 kg of CO2 per 24 h) and BG-Lure mosquito

attractants (which emit lactic- and caproic acid as well as

ammonia). We placed the traps within the vicinity of the cages

to catch mosquitoes continuously throughout the season, and

we collected the mosquitoes once a week. These 7-day catches

allowed us to quantify abundance of mosquitoes as well as

correlate it to the proportion of mosquitoes with pig blood in

mosquitoes collected from the pig cages.

2.3. Sampling periods

We carried out sampling during June to October 2021.

For the cages, we aimed at 3 sampling periods of 4 weeks

each, whereas the BG-Pro mosquito traps ran continuously

throughout the study. For each sampling period, we replaced the

pigs with new pigs, leading to 24 pigs in total during the study.

The first collection period started on the 14th of June 2021 and

ended on the 7th of July. In Satu Mare, the start of the second

period was delayed due to logistical issues and the collection

was extended beyond the original collection schedule for this

period from the 16th of August until the 8th of September. In

Tulcea, the second collection period started on the 1st of August

and was also extended until the 8th of September to align with

the collections in Satu Mare. The third collection period in both

regions started on the 20th of September and ended on the 13th

of October 2021.

2.4. Sampling procedure

We cleaned the cages once per week, after which we placed

the mesh roofs on top of the cages, which indicated the start

of that week’s collection. We entered the cages 24 h later. Using

aspirators, we collected all hematophagous insects present inside

the cages and stored them at −20◦C. Another 24 h later, we

would repeat this process, after which we removed the roofs of

the cages for the remainder of the week. For each of the four

locations, we therefore had two 24 h consecutive collections of

hematophagous insects from the cages per week for a total of

12 weeks.

2.5. Species identification

In the high containment laboratory (OIE3/4,

BSL2) at Statens Serum Institut (Denmark), we

identified each sample from the cages to species

level using the Moskeytool identification tool
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(https://www.medilabsecure.com/moskeytool.html). We then

visually screened each mosquito for the presence of a blood

meal according to the Sella score (1–7) where Sella score 1 and 7

indicate no blood in the abdomen, and Sella score 2–6 indicates

varying amounts of blood present (31).

Due to large numbers of mosquitoes collected in the BG-Pro

traps, we subsampled collections when necessary and identified

the mosquitoes only to genus level. We subsampled collections

using a divider in a Petri dish until a single subsample contained

<350 mosquitoes. We then extrapolated the results from the

selected subsample to the original sample. We did not screen

these mosquitoes any further or analyse them for the presence

of blood meals.

2.6. Lab procedure

After species identification, we placed each mosquito with

blood in the abdomen (Sella score between 2 and 6) individually

in a 1.5ml Eppendorf tube and added 1ml MagNA Pure

Lysis/Binding Buffer (Roche). We homogenised the samples

using two 3mm stainless steel beads (Dejay Distribution Ltd.)

in a TissueLyser II (Qiagen) for 3min at 25Hz, after which we

centrifuged the sample homogenates for 2min at 10.000 RCF

to collect supernatants for nucleic acid extraction. We purified

the nucleic acids from the homogenised sample supernatants as

previously described by Olesen et al. (32) and analysed for the

presence of a porcine blood meal (i.e. MT-CYTB from Suidae)

applying a TaqMan assay (33) using the CFX Opus Real-Time

PCR System (BioRad). We determined a positive result (Suid

blood present) in this qPCR by identification of the threshold

cycle value (Cq) at which FAM dye emission appeared above

background within 35 cycles.

Samples testing negative for porcine blood were

tested using the TaqMan assay (No Cq value or Cq

value above 35) for the presence of a mammalian blood

meal (i.e. MT-CYTB of mammalian origin) using a

Resolight (Roche) approach with primer sequences

obtained from Andrejevic et al. (34), with minor

modifications. The slightly modified primer sequences were 5′

GACGGCCAGTGAAACAGGATCCAACAACCC 3′ (forward)

and 5′ GCTATGACCGGTGTAGTTGTCTGGGTCTCC 3′

(reverse). We performed the amplification using the CFX

Opus Real-Time PCR System (Bio-Rad). We determined a

positive result (mammalian blood present) in this qPCR by

identification of the Cq value at which SYBR dye emission

appeared above background within 30 cycles. We chose this

threshold of 30 based on prior validation using templates of

different mammalian, avian and invertebrate origin. During this

validation, samples with Cq values above 30 were of avian and

invertebrate origin.

We selected samples in which we detected a blood meal

of mammalian origin, using the mammalian MT-CYB assay,

for Sanger sequencing. For sequencing, we purified PCR

products using the GeneJET PCR Purification Kit (Thermo

Scientific) according to the manufacturer’s instructions. We

performed cycle sequencing of the PCR products using the

VeritiTM 96-Well Thermal Cycler (Applied Biosystems). We

performed the sequencing of the reverse and forward strand

using 10µM of the primers and the BigDye Terminator v.

1.1. Cycle Sequencing Kit (Applied BioSystems). For capillary

electrophoresis, we purified the sequencing products using

the SigmaSpin Post-Reaction columns (Sigma-Aldrich). We

carried out capillary electrophoresis out using an ABI3500

Genetic Analyzer (Applied BioSystems). Ultimately, we analysed

the results using Sequence Scanner Software v1.0 (Applied

BioSystems) and the blood meal source identified using

BLAST (https://blast.ncbi.nlm.nih.gov/Blast.cgi).

3. Results

In total, we identified 356 mosquitoes and 1 tabanid from

the cages in the 4 locations. From the Satu Mare region,

this includes 204 mosquitoes from Ambud and 96 mosquitoes

from Odoreu, while from the Tulcea region this includes 38

mosquitoes and 1 tabanid samples from Sălcioara and 18

mosquito samples from Somova. Unfortunately, some of the

samples from Tulcea turned unidentifiable upon arrival to the

high containment laboratory, as unforeseen leakage of a number

of sample containers in the same shipment necessitated use of

decontamination (disinfection) upon arrival to the laboratory.

This caused disinfectant to seep into some of the containers.

This caused the mosquitoes inside 12 out of 20 (60%) 24 h

collections from Sălcioara and 15 out of 20 (75%) 24 h collections

from Somova to become unidentifiable, while it was still

possible to count the numbers of mosquitoes in most collections

excluding 6 collections from Somova, where we estimated the

numbers visually.

From the Tulcea region (Somova and Sălcioara), and in

particular Somova, we caught larger numbers of mosquitoes

in the cages throughout the experiment, compared to the Satu

Mare region (Ambud and Odoreu) (Figure 3). We can also see

that mosquito activity likely already started prior to the start of

the experiment due to the high numbers already observed in

week 24. Activity gradually declined, particularly in the Tulcea

region, until there were only more or less sporadic catches left

after week 36.

3.1. Mosquito species feeding on pigs

Of the 356 mosquito (and 1 tabanid) samples that we

successfully identified, a total of 130 showed visual traces of

blood meals (Table 1). Of these, 116 (89.2%) tested positive

for porcine blood (Cq values from 22.5 to 34.8 in the Suid
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FIGURE 3

Number of mosquitoes caught inside the pig cages per week for all four locations. Note that there were no pigs inside the cages, and thus no

collections, in week 28, 29, 30 (+ 31, 32 for Satu Mare’s Ambud and Odoreu locations) and week 37.

assay). Upon testing for the presence of mammalian blood in

the remaining 14 mosquito samples, one Aedes caspius caught

in Sălcioara tested positive for bovine blood (Bos taurus) (Cq-

value of 29 in the mammalian assay,). The remaining 13 samples

tested negative for any mammalian blood in the analysis, despite

the visual trace of blood. The one horsefly tested negative for

any blood.

While only 18.6% of the collected Culex pipiens/torrentium

carried a porcine blood meal (44 out 236), this species

still constituted the largest number of mosquitoes carrying

pig blood due to their high abundance (44 positive Culex

pipiens/torrentium out of 116 positive mosquitoes in total, or

37.9%) (Table 1). Among the other species of which we caught at

least five specimen, Aedes vexans (18 out of 20, i.e. 90 or 15.5%

of all porcine blood meals), Anopheles maculipennis (12 out of

15, i.e. 80 or 10.3% of all porcine blood meals) and Culiseta

annulata (16 out of 22, i.e. 72.7 or 13.8% of all porcine blood

meals) showed the highest proportions feeding on domestic pig.

These four species combined comprised 77.5% of all porcine

blood meals. Other (non-sporadic, i.e. >5) species were Aedes

geniculatus (12 out of 25, i.e. 48 or 10.3% of all porcine blood

meals), and Aedes caspius (8 out of 24, i.e. 33.3 or 6.9% of all

porcine blood meals). Note that Aedes caspius was only caught

in cages from the Tulcea region.

3.2. Seasonality vs. proportion of
mosquitoes with pig blood

We plotted the overall mosquito seasonal abundance data

from our subsampled BG-Pro trap collections for each genera

together with the number of mosquitoes with pig blood in the

cages (Figure 4). Culex spp. was significantly more abundant

than the other genera. Collections tended to be more numerous

in Odoreu compared to Ambud for all genera. Overall, vector

seasonal abundance increased the first 2 weeks from the

onset of our BG-Pro trap collections and decreased towards

the end of the collection period to almost zero. While peak

activity in Ambud occurred in week 32 and 33 for all genera,

both Aedes spp. and Culex spp. activity peaked in week 27

in Odoreu, while Culiseta spp. peak activity was later in

week 31.

For all four mosquito genera and for both Ambud

and Odoreu, we tested for a correlation between the

seasonal abundance (i.e. BG-Pro trap results) and the

proportion of blood fed mosquitoes of that genus in our

cages using Spearman’s correlation test. None of these

tests found a significant correlation between seasonal

abundance and the proportion of mosquitoes having fed

on pigs.
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TABLE 1 Overview of the number of mosquitoes and horseflies (N) caught in the pig cages of each species in total and per location, as well as the number (Npos) and percentage (%pos) of porcine-blood

PCR positive samples per species.

Location

Satu Mare Tulcea

Total Ambud Odoreu Sălcioara Somova

Genus Species N N
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s

Σ
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N N
p
o
s

%
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Σ
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N N
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N N
p
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Σ
p
o
s

Aedes caspius 24 8 33.3 6.9 0 0 0 0 0 0 0 0 15 8 53.3 47.1 9 0 0 0

flavescens 1 1 100 0,9 0 0 0 0 0 0 0 0 1 1 100 5.9 0 0 0 0

geniculatus 25 12 48 10.3 11 6 54.5 9.2 13 5 38.5 17.2 1 1 100 5.9 0 0 0 0

riparius 1 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0

vexans 20 18 90 15.5 16 15 93.8 23.1 4 3 75 10.3 0 0 0 0 0 0 0 0

Anopheles hyrcanus 4 2 50 1.7 0 0 0 0 0 0 0 0 3 2 66.7 11.8 1 0 0 0

maculipennis s.l. 15 12 80 10.3 4 4 100 6.2 2 2 100 6.9 2 1 50 5.9 7 5 71.4 100

plumbeus 2 1 50 0.9 1 1 100 1.5 0 0 0 0 1 0 0 0 0 0 0 0

Culex modestus 4 2 50 1.7 0 0 0 0 4 2 50 6,9 0 0 0 0 0 0 0 0

pipiens/ torrentium 236 44 18.6 37.9 169 37 21.9 56.9 53 3 5.7 10.3 14 4 28.6 23.5 0 0 0 0

Culiseta annulata 22 16 72.7 13.8 3 2 66.7 3.1 19 14 73.7 48.3 0 0 0 0 0 0 0 0

longiareolata 1 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0

morsitans 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0

Haematopota pluvialis/ subcylindrica 1 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0

Total 357 116 32.5 100 204 65 31.9 100 96 29 30.2 100 39 17 43.6 100 18 5 27.8 100

Σpos indicates the percentage that each species contributes to the total number of porcine-blood PCR positive samples, in total as well as per location. Mosquitoes without visual blood in abdomen (Sella score of 1 and 7) have been excluded from

PCR-analysis. The Haematopota pluvialis/subcylindrica could not be Sella scored, but was still included for PCR-analysis.
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FIGURE 4

Seasonal abundance of the di�erent genera of mosquitoes caught in our BG traps (red bars and the left Y-axis), as well as the number of

mosquitoes with pig blood of the specific mosquito genera in our cages (blue lines and the right Y-axis). Aedes spp. is shown in (A,B), Culex spp.

is shown in (C,D), Culiseta spp. is shown in (E,F). Ambud is shown in the left (A,C,E) and Odoreu is shown in the right (B,D,F), both locations are

situated in northwestern Romania. Note that the proportion of mosquitoes with pig blood are based on the sum of all the individual species

caught for each genera, and only porcine-blood PCR-positive cases are included. Left and right Y-axes scales are not identical, and axes scales

between the di�erent genera are not identical. Anopheles are not included as we had too few observations to make any meaningful plots.

4. Discussion

Of the 356 successfully identified mosquitoes caught in

the cages, 116 carried a porcine blood meal, while one Aedes

caspius in Sălcioara carried a bovine blood meal (Bos taurus)

and the remaining 239 did not carry any identifiable blood

meals. The bovine blood meal finding indicates that blood

from different hosts is occasionally introduced to backyard

pig farms and that blood fed mosquitoes are still attracted

to backyard pigs or their enclosures. Given this finding, we

argue that a mosquito carrying an ASFV blood meal, obtained

from a nearby infected domestic pig or wild boar, could

potentially introduce ASFV to a farm. To cause an outbreak,

virus transmission from the mosquito to domestic pigs is

needed, for example by the mosquito taking a consecutive blood

meal from the backyard pig, as has been shown possible in

previous studies using S. calcitrans (23). Additional modes of

transmission could for example be through the pig ingesting

the mosquito, as has been shown sufficient for S. calcitrans (21),

or environmental contamination of the pig enclosure. However,

there are significant differences in the volume of a blood meal

taken between potential vectors. S. calcitrans is known to take

blood meals between 11.2 and 15.1 µl (35), while horseflies

can take blood meals ranging from 20 µl (Chrysops spp.) to
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almost 700µl (Tabanus attratus) (36), as they can consumemore

than their own weight in blood (37). Mosquito blood meals are

significantly smaller, ranging, for example, between 1.3 µl and

5.4 µl in Anopheles stephensi (38), or 1.86–3.74 µl in Aedes

aegypti (39). Previous studies have identified close proximity

to outbreaks in domestic farms to be a risk factor for ASF

occurrence in Romanian farms (27). Our findings support that

mosquitoes do bring exogenous blood meals in close contact

with backyard pigs.

Some mosquitoes that we caught inside the cages, are

species known to be predominantly ornithophilic (i.e. Culiseta

longiareolata and Culiseta morsitans) (Appendix I). These

mosquitoes did not show any signs of blood meals. Conversely,

some mosquitoes that we caught inside the cages are

species known to be primarily ornithophilic (i.e. Culex

pipiens/torrentium and Culiseta annulata) (Appendix I). Some

of these mosquitoes from the pig cages did carry visual blood

meals but tested negative for both porcine and mammalian

blood. Catching these mosquitoes in the cages indicates that

the predominantly ornithophilic mosquitoes are still attracted

to the pigs or their enclosures, despite not feeding on the

pigs. It also shows that the occasional ornithophilic species,

despite already carrying a (non-mammalian) blood meal, are

attracted to the pigs or their enclosures. Culex pipiens could

therefore have taken a WNV or JEV viraemic blood meal

before coming into contact with domestic pigs. The finding

of these mosquito species next to pigs suggests that these

mosquitoes may introduce JEV to pig stables without being

biological vectors, which we argue could potentially still transmit

the virus either by being ingested by a pig or through

environmental contamination.

Despite having one of the lowest proportions of porcine-

blood meals in the cages, the predominantly ornithophilic

C. pipiens/torrentium still accounted for the highest number

of the identified porcine blood meals (44 out of 116). This

is due to their higher abundance compared to the other

species caught (236 out of 356). Kilpatrick et al. (14) coined

this phenomenon the Bridge Vector Paradigm. This paradigm

describes the phenomenon where a potential vector is deemed

unimportant for a particular pathogen from a qualitative

perspective, conversely becomes a key vector species when

studied in a quantitative manner. Their findings show that Culex

pipiens and Culex restuans, two species previously considered

unimportant in humans infections due to their predominantly

ornithophilic feeding behaviour, are actually responsible for

up to 80% of WNV infections in humans in the northeast

United States due to their abundance compensating for the

proportional feeding preference for mammalian blood. We

argue that, assuming random selection of host species between

individual C. pipiens/torrentium mosquitoes, the vast majority

of C. pipiens/torrentium that take a second or third blood meals

will at some point likely have fed on bird blood, which in

turn could make them important bridge vectors for WNV and

JEV. However, the abundance of C. pipiens/torrentium could be

exacerbated due to the (semi-) urban settings we used for our

collection, asC. pipiens is known to prefer (semi-) urban habitats

over rural/wild habitats (40).

The use of C. pipiens/torrentium in this study, which is a

combination of theC. pipiens complex (i.e.C. pipiens pipiens and

C. pipiens molestus) and C. torrentium, was due to the females of

these species/biotypes being very difficult to reliably distinguish

(16). This however limits the conclusions that can be drawn

from the study, as C. pipiens pipiens and C. pipiens molestus

exhibit different feeding behaviours, with C. pipiens pipiens

being primarily ornithophilic and C. pipiens molestus feeding on

both birds andmammals (41), with humans representing 20% of

bloodmeal hosts ofC. pipiens molestus in Romania (42). Because

of this difference, C. pipiens pipiens are believed to play only a

minor role in the spread of arboviruses in Europe (16), although

C. pipiens (in combination with C. restuans) are reported to

account for over 80% of WNV infections in the north-eastern

United States (14). As for C. pipiens and C. torrentium, C.

pipiens is reported to be the dominant species in southern

Europe, with C. torrentium rarely being reported. In northern

Europe, C. torrentium is the dominant species while in central

Europe similar proportions of C. pipiens and C. torrentium are

observed (41). Nicolescu reported that, in Romania, C. pipiens

s.l. is more abundant in urban areas compared to C. pipiens

molestus, while in rural areas, they are abundant in animal

shelters along withAnopheles spp. (43). Tiron et al. (42) however

reported that, in southeastern Romania, C. pipiens pipiens has

a preference for “green areas,” while C. pipiens molestus prefers

human settings and animal farmland. Given the location of our

study sites (i.e. animal shelters in rural southeastern Europe)

and the described differences in feeding behaviour, the blood

fed C. pipiens/torrentium in our study (44 out of 236 contained

pig blood) are likely to C. pipiens molestus, although we cannot

state this for certain. C. pipiens is considered the main vector of

WNV in southern Romania, whileAnopheles spp. could also play

a role in rural environments (43).Aedes vexans, the second-most

frequent feeder on pig blood caught in the cages (18 out of 20

contained pig blood), is a predominantlymammalophilic species

most abundant around floodplains or lakes (16, 44), that can

takemultiple bloodmeals (16).Culiseta annulata, the third-most

frequent feeder on pig blood caught in the cages, also displays a

strong preference for mammals (16) and frequently enter animal

enclosures or houses to feed on humans or domestic animals

during the summer months (16).

While the vast majority of mosquitoes with visual signs of

a blood meal also tested positive for porcine blood (89.1%), 14

samples (10.9%) did not. Besides one sample with Bos taurus

blood, we were unable to state for certain that the remaining

13 samples did not carry blood of mammalian origin. Most

likely, the blood meals within the remaining 13 samples were
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too degraded, the amount of blood within the samples were too

low, or they were of non-mammalian origin.

We did not observe any clear correlation between the

proportion of mosquitoes with pig blood (i.e. pig blood fed

mosquitoes in the cages) and seasonal abundance (i.e. BG-Pro

trap mosquitoes) of the various mosquito genera we caught

(Figure 4). Throughout the sampling period, Culex spp. were

significantly more abundant in the BG-Pro traps than the

other genera (x = 92.3%, max = 99.2%, min = 60%). Other

studies on mosquito abundance also indicate that Culex is the

most abundant mosquito genus throughout Europe, particularly

Culex pipiens (28).

We observed two seasonal peaks in Culex spp. (Figure 4)

in both locations (Ambud and Odoreu). Although we cannot

say what the vector activity was prior to week 24, personal

communication with people at both locations tells us mosquito

activity was very low before the onset of our collection period.

Interestingly, for both Aedes spp. and Culex spp., the cage

collections with the highest number of mosquitoes with pig

blood occurred in the first week of the experiment (week

24). This was several weeks before the observed seasonal peak

of these two genera in the BG-Pro traps (week 32 + 33).

Furthermore, personal communication also tells us that the

region was sprayed with insecticide from a helicopter right after

our collection in week 27, from which it appears we can see the

effect particularly in Odoreu. While the most abundant species

of the Culex genus, Culex pipiens, is known to go through up to 7

generations in a single year (16), the insecticide sprayed over the

region by helicopter following the collection in week 27 could

also potentially explain the apparent double peaks.

Since insects were collected once every 24 h, after we fitted

the roof on the cages, any mosquito taking a blood meal

directly after the roof placement would have up to 24 h to

digest the blood meal before collection. According to the

digestion times given by Detinova et al. (31), a mosquito

could digest enough blood within these 24 h to reach a Sella

score of up to 4 (i.e. practically half full and half empty

with dark blood). Interestingly, 25 out of 28 samples with

a Sella score of 5, and 7 out of 9 with a Sella score of

6 tested positive for pig blood, which indicates that these

blood meals either came from other pigs in the vicinity or

were only partial/interrupted blood meals. It should be noted

however, that the rate of blood meal digestion in mosquitoes,

being poikilotherms, varies according to the temperature in

the surrounding environment (45). We initially assumed that

a higher Sella score (i.e. the blood meal being in a later

state of digestion) would correlate to higher Cq-values for our

PCR assays. However, a scatterplot comparing Cq-values to

Sella scores provided an R² correlation coefficient of 0.0004,

indicating a negligible correlation between the two variables

(data not shown).

Our findings contribute to our understanding of which

mosquito species are relevant when studying vector-borne

pathogens that involve pigs. Culex pipiens, despite not

preferentially feeding on pigs, should be the mosquito species

of primary focus when looking at mosquito-borne pathogens,

due to its high abundance. Other mosquito species, that do

not tend to feed on pigs, could still be relevant vectors in

terms of the introduction of viraemic blood from other host

species, such WNV, as these ornithophilic mosquito species

are still attracted to pigs or their enclosures. Future studies

are needed to assess, which specific pathogens are introduced

by mosquitoes to backyard pigs or their enclosures, and in

what quantities. It is also important to gain more insights

into the flight distance of these blood fed mosquitoes, to

understand the possible range of transmission from viraemic

blood-carrying vectors.
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Porcine Reproductive and Respiratory SyndromeVirus (PRRSV) andClassical Swine

Fever Virus (CSFV) are two important pathogens, which cause serious impact on

swine industry worldwide. In our previous research, rPRRSV-E2, the recombinant

PRRSV expressing CSFV E2 protein, could provide su�cient protection against

the lethal challenge of highly pathogenic PRRSV and CSFV, and could maintained

genetically stable in vitro. Here, to evaluate the virulence reversion potential risk,

rPRRSV-E2 had been continuously passaged in vivo, the stability of E2 expression

and virulence of the passage viruses were analyzed. The results showed that

no clinical symptoms or pathological changes could be found in the inoculated

groups, and there were no significant di�erences of viraemia among the test

groups. Sequencing and IFA analysis showed that the coding gene of exogenous

CSFV E2 protein existed in the passaged viruses without any sequence mutations,

deletions or insertions, and could expressed steadily. It could be concluded that

the foreign CSFV E2 gene in the genome of rPRRSV-E2 could be maintained

genetically stable in vivo, and rPRRSV-E2 strain had relatively low level of potential

risk for virulence reversion.

KEYWORDS

rPRRSV-E2, virulence reversion, genetic stability, in vivo passage, CSFV E2

1. Introduction

Porcine reproductive and respiratory syndrome (PRRS) is characterized by late-term

reproductive failure in sows and severe pneumonia in neonatal pigs (1–3). PRRSV is the

causative pathogen of PRRS, which seriously affects the swine herds and causes huge

economic losses to the pig industry worldwide (4–6). PRRSV is a positive-sense single-

stranded RNA virus, belonging to the family Arteriviridae and genus Arterivirus. The 15-kb

genome encoded at least 10 open reading frames (ORFs), which expressed at least 12 non-

structural proteins (Nsps) and eight structural proteins (7–11). Although the level of bio-

safety elevated since the ASF outbreak in 2018, PRRS is still one of themost significant threats

to pig production in China (12–16).

Immunization is an effective measure to prevent and control PRRS, in which inactivated

vaccines and subunit vaccines could not provide effective protection against PRRSV (17, 18).

Live PRRS vaccines could stimulate cellular and humoral immune responses and provide

respectable immune efficacy against heterologous PRRSV strains (19–23). In China, many

live vaccines have been developed and used for PRRS control and contributed to the

development of the pig industry (24, 25). However, the risk of virulence reversion of live

vaccines has attracted extensive concerns and became one of the most important preclinical

results in the innovation and development of a new vaccine (26–28).
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Based on reverse genetic manipulation, several regions of the

PRRSV genome could be used to insert foreign genes, to perform

basic research or vaccine innovation (29–32). In the previous study,

rPRRSV-E2-expressing CSFV E2 protein with the backbone of

vaccine strain HuN4-F112 was engineered, and its genetic stability

could be maintained in vitro for at least 25 consecutive cell passages

(32). In this study, an in vivo trial was designed, and the potential

risk for virulence reversion of rPRRSV-E2 was evaluated.

2. Materials and methods

2.1. Cells and viruses

African green monkey kidney cells (MARC-145 cells) were

cultured in minimum essential medium (MEM; Invitrogen

Corporation, Carlsbad, CA, USA) and supplemented with 10%

fetal bovine serum (FBS; Life Technologies Inc., Gibco/Brl

Division, Grand Island, NY, USA). It was maintained in

MEM supplemented with 2% FBS at 37◦C in a humidified

atmosphere of 5% CO2, as described previously (33). The

virus titer of recombinant strain rPRRSV-E2 was determined

by performing standard median tissue culture infective dose

(TCID50) assays in 96-well-plates. According to the Reed

and Muench method (34), rPRRSV-E2 for experimental

usage in this study is the fifth passage, and the virus titer

is 106.0TCID50/mL.

2.2. Immunofluorescence assays

The expression of PRRSV N protein and CSFV E2 protein in

the experimental samples was determined by immunofluorescence

assays (IFAs). MARC-145 cells grew to 70% confluence in

six-well-plates and were infected with rPRRSV-E2 samples

and mock controls, as reported. After 48 h of infection, cell

monolayers were fixed with ice-coldmethanol at room temperature

for 10min, blocked with 0.1% bovine serum albumin for

30min, and incubated with 1:600 anti-PRRSV N (SR30A, Rural

Technologies) or 1:1000 anti-E2 monoclonal antibody (prepared

and preserved by our laboratory) at 37◦C for 2 h. After

washing with PBS five times, cells were incubated at 37◦C for

1 h with Alexa Fluor 594-labeled goat anti-mouse IgG (H+L)

(Invitrogen Corporation). After washing with PBS, fluorescence

was visualized using an inverted fluorescence microscope (model

IX741; Olympus Corporation, Tokyo, Japan), as previously

mentioned (35).

2.3. Animal experiments

All pig experimental programs follow the guidelines for

the Care and Use of Experimental Animals and are approved

by the Ethics Committee of the Shanghai Veterinary Research

Institute, Chinese Academy of Agricultural Sciences, with the

number SHvri-pi-20190067. Fifty piglets at 30 days of age, which

were PRRSV-free, CSFV-free, PCV2-free, and PRV-free, were

purchased and bred. In the first generation, the recombinant

vaccine strain rPRRSV-E2 was inoculated intramuscularly at a

dose of 105.0TCID50, and the serum samples with the highest

viral load were selected to be inoculated with the second-

generation to the fifth-generation virus at a dose of 2mL. Five

piglets per generation were inoculated with virus/serum samples

(named R1–R5 groups, respectively, and each generation of pigs

was one-to-one corresponded during the experiment). Another

three piglets per generation served as the control group. When

the virus was transmitted to the fifth generation, the serum

samples of each pig in the fifth generation at the highest level

of viremia were mixed, and then five piglets were inoculated.

The original generation virus was inoculated at the same time,

and the clinical manifestations were observed and recorded. After

vaccination, the clinical manifestations of pigs were observed

and recorded every day, such as feed intake, mental state, and

abnormal conditions of the ears, eyelids, and body surfaces.

After feeding, rectal temperature measurement was performed

every morning until necropsy. Clinical anatomy observation:

The experimental pigs were killed and necropsied on the 21st

day after inoculation, and the pathological changes in inguinal

lymph nodes, spleen, lung, kidney, and other tissues and organs

were observed. Histopathological observation: The tissues of the

inguinal lymph nodes, spleen, lung, and kidney of inoculated

pigs were collected and their histopathological examination was

carried out.

2.4. Analysis of viremia by real-time
RT-qPCR

Blood samples and serum samples were collected 0, 7, 14,

and 21 days after immunization, and the serum was split into

four centrifuge tubes. RNA was extracted from one tube for real-

time RT-qPCR from a blood sample using the QIAprep viral RNA

Kit (Qiagen, Hilden, Germany) according to the manufacturer’s

instructions, as previously described. The other three test tubes

were immediately frozen in a refrigerator at −70◦C. RT-qPCR

was used to detect and analyze the viremia of serum samples.

Viral RNA was extracted from 140 µL of pig serum sample.

Primers PNPF/PNPR and the NP probe were used for PRRSV RT-

qPCR, and the sequences of primer pairs and probes are listed in

Table 1.

Re-isolation of virus: The first–fifth generation pig sera were

taken and filtrated using a 0.22-µm filter, then inoculated with

single-layer MARC-145 cells and adsorbed in an incubator at 37◦C

for 1 h. The inoculated serum was discarded, and DMEM culture

solution containing 2% FBS was replaced and cultured at 37◦C.

The virus was collected when 60–70% CPE occurred, and RT-PCR

amplification and the whole genome sequence determination were

performed with PRRSV primers, of which sequences were listed in

Table 1.

2.5. Statistical analysis

SPSS 14.0 software and GraphPad Prism 6.0 were

used to perform all the data analysis and charting.
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TABLE 1 Oligonucleotides used for RT-PCR and qRT-PCR.

Namea Sequenceb Positionc Application

HF11559 5
′

-TCATACATCCGAGTTCCTGTT-3
′

11,559–11,579 PCR mutagenesis

HR13090 5
′

-GAAATATTGTCATGGCGAGGC-3
′

13,070–13,090 PCR mutagenesis

HF11805 5
′

-TTTGAATCGGATACAGCGTATC-3
′

11,805–11,826 Nucleotide sequencing

HR12100 5
′

-CCAAACAAAATGGCCAAAAATAT-3
′

12,078–12,100 Nucleotide sequencing

PNPF 5
′

-CCCTAGTGAGCGGCAATTGT-3
′

15,002–15,021 qRT-PCR primer (PRRSV)

PNPR 5
′

-TCCAGCGCCCTGATTGAA-3
′

15,045–15,062 qRT-PCR primer (PRRSV)

NP-probe FAM-TCTGTCGTCGATCCAGA-MGB 15,023–15,039 qRT-PCR probe (PRRSV)

aAbbreviations in primer names: F, forward PCR primer; R, reverse PCR primer.
bItalic lowercase represents sequences different from HuN4 (EF635006).
cNumbers in the primer names denote the nucleotide positions in the parental HuN4 (EF635006) and the CSFV Shimen strain (AF092448).

Results: It was considered that there was a significant

difference when the p < 0.05, and an extremely

significant difference when the p < 0.01 or <

0.001 (26).

2.6. Detection of the in vivo passage
stability of exogenous gene

The rPRRSV-E2 strain isolated in vivo was passaged

on MARC-145 cells to detect the stability of foreign

genes in the process of virus passage. The stability of the

marker gene CSFV E2 during the passage of the virus was

determined. The MARC-145 cells infected by the virus were

detected by IFA, and the expression of the CSFV E2 gene

was observed.

3. Results

3.1. Clinical manifestations of experimental
piglets showed normal conditions

After the inoculation of each generation of virus/serum

samples, the feed intake and mental state of the test pigs were

normal, and there was no significant difference between the test and

the mock control groups. There were no clinical symptoms such

as anorexia, cough, diarrhea, congestion, or ulcer spots in the ears

and body surface, no swelling of eyelids, and no obvious increase

of eye secretion in pigs. After inoculation, all the pigs showed no

symptoms of persistent hyperthermia (the body temperature was

over 40.5◦C, which was determined as persistent hyperthermia for

3 days). The temperature changes of the tested pigs are shown

in Figure 1A. The serum samples were collected on the 7th, 14th,

and 21st days after inoculation, which was used to determine

the viral load in serum. The results showed that the virus load

in pig serum of each group reached a peak in 7–14 days after

inoculation (Figure 1B). However, the viremia level of R1–R5

groups gradually decreased, especially R5 group, their viremia

levels were all below the negative value. In addition, viral shedding

was also conducted to assess the risk. The results showed that the

viral shedding levels were all below the negative threshold line (data

not shown).

3.2. No obvious pathological changes were
found in the clinical anatomy of piglets
inoculated with rPRRSV-E2 at di�erent
generations

On the 21st day after inoculation, the experimental piglets

were killed and necropsied. The dissection observation results

showed that there were no visible pathological changes in the

internal organs of each piglet of the rPRRSV-E2 in vivo passage

group, and there was no significant difference compared with the

blank control group (mock group) (Figure 1C). Histopathological

examination was carried out on each group of organs, and the

results showed that there was no obvious pathological damage to

all kinds of parenchymal organs (spleen, lung, kidney, and lymph

nodes) (Figure 1D).

3.3. Foreign CSFV E2 gene in the genome
of rPRRSV-E2 was intact in the genetic
stability analysis in vitro and in vivo

The genetic stability analysis for rPRRSV-E2 was carried out

in MARC-145 cells in vitro, and P5, P10, P15, and P20 viruses

were sequenced. The sequencing results of the samples showed

that the inserted CSFV E2 protein gene could exist stably in the

viral genome, and no nucleotide variation occurred. The results

of IFA showed that the E2 gene of CSFV could be expressed

normally (Figure 2A). The whole genome of each generation of

the virus during in vivo passage was sequenced. The results of

stability analysis of the CSFV E2 gene showed that compared

with its parental strain, the virus isolated in vivo (R1–R5) had no

nucleotide mutation in the E2 insertion region (Figure 2B). Only

a few base mutations were scattered in the whole genome. Neither

base insertion nor deletion was found. IFA for CSFV E2 protein of

the isolated virus showed that E2 protein was stably and abundantly

expressed (Figure 2C).
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FIGURE 1

Safety identification of rPRRSV-E2 vaccination group and pig–pig in vivo serial passage sera inoculation group. The values of mock groups of each

generation were indicated together. (A) Daily rectal temperature record of the rPRRSV-E2 inoculation group and the in vivo passage groups. (B) Viral

RNA replication in serum samples detection for the rPRRSV-E2 inoculation group and the pig–pig in vivo generation sera inoculation group. Five

piglets in each generation were inoculated with virus/serum samples, named R1–R5 groups, respectively, and each generation of pigs was

one-to-one corresponded during the experiment. (C) Gross pathological changes of organs and tissues (spleen, lung, kidney, and lymph node) of

rPRRSV-E2 inoculation group and in vivo passage sera inoculation group after necropsy. (D) Histopathological observation of organs and tissues

(spleen, lung, kidney, and lymph node) of rPRRSV-E2 inoculation group and in vivo serial passage sera inoculation group after necropsy. Scale

bar = 200µm.

3.4. High degree of safety could be proved
in the comparative evaluation between in

vivo passage serum mixture inoculated
group and the original virus inoculated
group

After inoculation, there was no redness and inflammation in the

inoculated parts of piglets in the fifth-generation virus inoculation

group and the original virus inoculation group. The feed intake

and mental state of the experimental piglets inoculated with the

fifth-generation virus were normal, and there was no significant

difference between the blank control group and the fifth-generation

virus inoculation group. There was no congestion or ulcer spots

on the ears and body surfaces of inoculated piglets, no swelling

of eyelids, and no obvious increase in the secretions of eyes. All

the piglets did not show symptoms of persistent hyperthermia

after inoculation (Figure 3A). Autopsy results showed that no

visible pathological changes were found in the parenchymal organs

and the lymph nodes of the piglets in each group (Figure 3B).

Histopathological observation showed that there was no obvious

pathological damage to the spleen, lung, kidney, lymph nodes, and

other parenchymal organs of the pigs in each group (Figure 3C).

4. Discussion

Since it emerged in the late 1980’s, many kinds of vaccines

have been developed for PRRS control, including inactive, subunit,

and attenuated live vaccines. However, only live vaccines showed

sufficient immune protection and are used in major pig breeding

areas all over the world (17, 18, 20, 23). Although PRRS spreads and

evolves rapidly, immunization still plays a very positive role in the

prevention and control of PRRS (36, 37). On the other hand, live

vaccines still have many defects to be improved, including the risk

of virulence reversion, which has been reported by many studies

and has become one of our foremost concerns of PRRSV vaccine

innovation and development (26–28).

In this study, the recombinant PRRSV live vector vaccine

rPRRSV-E2 strain was concerned. The E2 gene, an important

protective antigen of CSFV, was inserted into the intergenic region

of ORF1b and ORF2 of PRRSV by reverse genetic manipulation.

Previous studies had proved that the vaccine could provide good

immune protection for both HP-PRRSV and CSFV (32). The

potential risk of virulence reversion for rPRRSV-E2 was assessed

in this study. The results of this study showed that during the

observation period, piglets inoculated P1–P5 rPRRSV-E2/serum

did not show any PRRS-related clinical symptoms or visible
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FIGURE 2

The genetic stability of foreign genes in rPRRSV-E2 in vitro and in vivo. (A) Indirect immunofluorescence results of CSFV E2 protein of in vitro

generation of P5, P10, P15, and P20 viruses. (B) Sequence alignments of CSFV E2 protein insertion region of the isolated virus of various passages in

vivo. (C) Indirect immunofluorescence assay of CSFV E2 protein expression of the isolated virus after passage in vivo. Scale bar = 20µm.

pathological lesions in the lungs, kidneys, lymph nodes, and

spleens, which demonstrated the safety of the passaged viruses and

indicated that rPRRSV-E2 had no virulence reversion of in vivo,

at least in these five passage processes. The stability of the PRRSV

genome was very important for virulence. In the evolution history

of PRRSV, the virulence change is always accompanied by great

changes in the genome (38–40). The results showed that the coding

gene of exogenous CSFV E2 protein existed in the passage viruses,

without any sequence mutations, deletions, or insertions, and it

could be stably expressed. Combined with the previous study, full-

length sequencing of P5, P10, P15, P20, and P25 rPRRSV-E2 virus

stocks of MARC-145 cells showed that there were no mutations in

the region where foreign genes were expressed, and they remained

stable at least for 25 consecutive cell passages (32). The genome of

rPRRSV-E2 was stable in vivo and in vitro, and this will reduce the

possibility of virulence reversion.

For live PRRSV vaccine, most studies consider that there are

high risks of virulence reversion. The causes for this phenomenon

should be considered from the following aspects: 1. Genetic stability

of gene sequences; 2. Horizontal transmission capability of vaccine;

and 3. The level and duration of viremia. In this study, the

potential risk of virulence reversion of the rPRRSV-E2 strain was

evaluated, and the results showed that the risk was relatively low.

First, the genetic stability test in vitro and in vivo confirmed

that the virus sequences of the rPRRSV-E2 strain, especially the

sequences of foreign genes, were stable. In addition, rPRRSV-E2

had passed the transgenic safety evaluation. The experiment of

horizontal transmission confirmed that the pigs immunized with

the rPRRSV-E2 strain were kept in the same house as normal

piglets and could not infect other non-immunized piglets (data not

shown). There is no ability and risk of horizontal transmission.

Moreover, compared with the parental vaccine strain vHuN4-F112,

the rPRRSV-E2 strain has a shorter duration and a lower viremia

level, because the insertion of the exogenous CSFV E2 genemakes it

further weakened and has higher safety characteristics. In addition,

previous studies also found that the virus shedding and virus

Frontiers in Veterinary Science 05 frontiersin.org35

https://doi.org/10.3389/fvets.2023.1128863
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org


Jiang et al. 10.3389/fvets.2023.1128863

FIGURE 3

Safety comparison test between in vivo passage serum mixture inoculated group and original virus inoculated group. The changes in rectal

temperature of pigs in each group after inoculation, autopsy results, and histopathological observation. (A) Daily rectal temperature record of

rPRRSV-E2 inoculation group compared with in vivo passage sera inoculation group. (B) Gross pathological changes of organs and tissues (spleen,

lung, kidney, and lymph node) of rPRRSV-E2 inoculation group (1) and in vivo passage mixed-sera inoculation group (2) after necropsy. (C)

Histopathological observation of organs and tissues (spleen, lung, kidney, and lymph node) of rPRRSV-E2 inoculation group (1) and in vivo passage

mixed sera inoculation group (2) after necropsy. Scale bar = 200µm.

load levels of rPRRSV-E2 in tissues were low. All these causes

and factors determined that rPRRSV-E2 showed little potential

risk in the assessment of virulence reversion. Furthermore, it is

worth noting that the reverse genetic manipulation platform for

full-length infectious cDNA clone of pHuN4-F112 is stable and

convenient, and it exhibits a strong ability to accommodate foreign

genes. Thus, far, we have found that multiple sites and foreign genes

can be stably inserted based on this platform, and the maximum

foreign gene size can reach 2,100 bp. Multiple foreign genes can be

simultaneously and stably expressed. Therefore, stability is essential

for PRRSV to be used as a platform for the development to develop

new genetic engineering live vaccines. This may also be one of

the reasons for the good performance of rPRRSV-E2 in the risk

assessment of virulence reversion.

Virulence reversion is determined by many factors, including

the frequency, correct use of the vaccine, selection of generation

to be used as vaccines, and the characteristic of the candidate

vaccine strain. This vaccine strain, which was reported with

virulence reversion, mainly used the virus that has been passaged

on MARC-145 cells for <100 generations (26–28). rPRRSV-E2 was

generated by the full-length infectious clone of the vaccine strain

HuN4-F112, which was made from the serial passage of wild-type

HuN4 onMARC-145 cells for 112 generations (24, 41). HuN4-F112

was proved to be safe, and the genome was stable from generations

112–130, which increases the safety of rPRRSV-E2. We already

exhibited the stability of the rPRRSV-E2 genome and the virulence

of in vivo passage viruses. A previous study also demonstrated that

there was no virus shedding after rPRRSV-E2 inoculation and no

horizontal transmission among the co-inhabited piglets, which also

indicated the safety of rPRRSV-E2 (32). Virulence reversion was

determined by many factors, although the safety of rPRRSV-E2

is demonstrated, the scientific and rational usage of the vaccine

still needs more attention, and the PRRS vaccine needs to be

upgraded continuously.

In conclusion, rPRRSV-E2 is a candidate vaccine strain that

is safe for immunization. The genome was observed to be stable
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in vivo and in vitro, and the level of potential risk for virulence

reversion was relatively quite low.
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2Maoming Branch Center of Guangdong Laboratory for Lingnan Modern Agricultural Science and

Technology, Maoming, China

Currently, porcine coronaviruses are prevalent in pigs, and due to the outbreak

of COVID-19, porcine coronaviruses have become a research hotspot. porcine

epidemic diarrhea virus (PEDV), Transmissible Gastroenteritis Virus (TGEV), and

Porcine Deltacoronavirus (PDCoV) mentioned in this study mainly cause diarrhea

in pigs. These viruses cause significant economic losses and pose a potential

public health threat. In this study, specific primers and probes were designed

according to the M gene of PEDV, the S gene of TGEV, and the M gene of

PDCoV, respectively, and TaqMan probe-based multiplex real-time quantitative

reverse transcription-polymerase chain reaction (qRT-PCR) was developed for

the simultaneous detection of PEDV, TGEV, and PDCoV. This method has high

sensitivity and specificity, and the detection limit of each virus can reach 2.95

× 100 copies/µl. An assay of 160 clinical samples from pigs with diarrhea

showed that the positive rates of PEDV, TGEV, and PDCoV were 38.13, 1.88,

and 5.00%; the coinfection rates of PEDV+TGEV, PEDV+PDCoV, TGEV+PDCoV,

PEDV+TGEV+PDCoV were 1.25, 1.25, 0, 0.63%, respectively. The positive

coincidence rates of the multiplex qRT-PCR and single-reaction qRT-PCR were

100%. This method is of great significance for clinical monitoring of the porcine

enteric diarrhea virus and helps reduce the loss of the breeding industry and

control the spread of the disease.

KEYWORDS

porcine epidemic diarrhea virus, Transmissible Gastroenteritis Virus, Porcine

Deltacoronavirus, porcine coronaviruses, multiplex real-time qRT-PCR
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Introduction

Coronaviruses belonging to the family Coronaviridae, the

order Nidovirales, are single-stranded, positive-sense RNA viruses

with the largest genome among known RNA viruses (1–

3). Within swine enteric viruses, coronaviruses are the most

devastating pathogens responsible for acute diarrhea, vomiting,

dehydration, and high mortality in neonatal and suckling

piglets (4–6).

According to the genetic and antigenic characteristics, all

coronaviruses were divided into four genera: Alphacoronaviruses,

Betacoronaviruses, Gammacoronaviruses, and Deltacoronaviruses

(7). Novel coronavirus whole genome sequencing analysis

showed that alpha-coronaviruses and beta-coronaviruses infected

mammals; gamma-coronaviruses and delta-coronaviruses

mainly infected birds, but some viruses could also infect

mammals (6).

Coronaviruses, including PEDV, TGEV, and PDCoV, can cause

diarrhea in piglets. PEDV and TGEV are alphacoronaviruses, while

PDCoV is delta coronavirus.

PEDV was first isolated from porcine intestinal contents

in the United Kingdom in 1978. Since then, PEDV

has spread worldwide and isolated in many countries,

including the USA, the UK, Argentina, Russia, and

China, resulting in heavy economic losses to the porcine

industry (8–10).

TGEV was first reported in 1946 in the United States, followed

by outbreaks in many countries in the Americas, Asia, and Europe.

TGEV has the greatest impact on piglets, especially those under 2

weeks of age, who are most susceptible to infection. Piglets often

excrete feces containing undigested curds, with mortality rates

often reaching 100% (11–13).

PDCoV was identified in pigs in Hong Kong in late 2012

(14). To date, PDCoV has been detected in at least 20 states

TABLE 1 Primer and probe sequences.

Target
genes

Sequences (5′-3′) Product
size (bp)

PEDV-M F: ATCACYCTTATGCTGTGG

ATAATGT

112

R: CAGAAGTAGTGAGAAGCGCGT

Probe:

Cy5-CGGTTGTGGCGCAGGACA

CATT-BHQ1

TGEV-S F: TGAATGGCTCAATAGAA

TTGAAAC

120

R: CAACCTGTRCTACAACAGC

AAAATAG

Probe:

ROX-ATGGCCYTGGTATGTGT

GGCTAC-BHQ2

PDCoV-M F: CACGCGTAAYCGTGTGATCTA 143

R: CGGCAAAAVTTATGGACACA

Probe: FAM-TGGCTGCTCCAACCC

TTCACCC-BHQ1

The capital letters marked in red represent degenerate bases.

TABLE 2 Multiplex qRT-PCR reaction system.

Reagent Volume (µl)

2×One Step RT-PCR Buffer III 12.5

TaKaRa Ex Taq HS (5 U/ µl) 0.5

PrimeScript RT Enzyme Mix II 0.5

Primer-F (TGEV/PEDV/PDCoV) 0.8

Primer-R (TGEV/PEDV/PDCoV) 0.8

Probe (TGEV/PEDV/PDCoV) 0.3

Template 1

RNase Free dH2O 4.8

Total volume 25

in the United States, as well as in Canada, South Korea,

China, Thailand, Lao People’s Democratic Republic, Vietnam,

and Mexico, posing a significant threat to the global swine

industry (11, 15–19). In addition, PDCoV has been detected in

poultry and humans, reflecting the potential for cross-species

transmission (20, 21).

The clinical symptoms of the intestinal diseases caused by these

swine coronaviruses are highly similar, and it can be challenging to

distinguish them. It is important to note that coronaviruses tend

to interspecies transmission, as exemplified by SARS-CoV-2 and

PDCoV (22–27). By monitoring the epidemiology of coronaviruses

in pigs, the potential for cross-species transmission of these viruses

and the trend of cross-regional transmission of viruses can be

well studied.

So far, PEDV, TGEV, and PDCoV have caused huge economic

losses to the pig industry worldwide. In addition, some viruses’

cross-species transmission ability may threaten public health.

Therefore, developing a simple, rapid, accurate, and high-

throughput detection method is necessary to distinguish porcine

enteric coronaviruses. A multiplex qRT-PCR detection method

based on TaqMan probes was established to detect three viruses,

PEDV, TGEV, and PDCoV. This method will improve the virus’s

detection efficiency and accuracy while reducing the detection cost.

Experimental section

Primers and probes

To ensure the detection performance of the primers used

in the multiplex qRT-PCR method, all available PEDV, TGEV,

and PDCoV sequences were obtained and analyzed from

GenBank. The primers and probes of PEDV, TGEV, and PDCoV

were designed according to the M gene of PEDV, the S

gene of TGEV, and the M gene of PDCoV. Three primer

pairs and probes were designed using Oligo 6 (Version 6.44)

software (Table 1). TaqMan probes for PEDV, TGEV, and PDCoV

were labeled at the 5
′

-end with the reporter molecule: X-

Rhodamine maleimide (ROX), pentamethylene cyanine (CY5)

and 5(6)-carboxyfluorescein (FAM), respectively. The 3
′

-end of

TaqMan probes were labeled with the quenchers: 8-Bromo-

7-hydroxyquinoline 1 (BHQ1), 8-Bromo-7-hydroxyquinoline 2
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FIGURE 1

Dynamic curves and standard curves of the multiplex qRT-PCR: The dynamic curves were generated using the recombinant standard plasmids

p-PEDV-TGEV-PDCoV for PEDV, TGEV, and PDCoV. The standard curves (D–F) were generated from the dynamic curves. In (A–C), the plasmid

concentrations of curves 1 to 6 ranged from 2.95 × 107 to 2.95 × 102 copies/µl; 7: Negative control.

(BHQ2), 8-Bromo-7-hydroxyquinoline 2 (BHQ2). Primers and

probes were synthesized by Sangon Biotechnology (Shanghai) Co.,

Ltd. Primers were also used to construct plasmid standards.

Virus strains and field samples

RNA extraction and reverse transcription treat intestinal tissue

or stool samples with 3 to 5 times PBS, vortex to mix, and collect

supernatant after centrifugation at 12,000 × g for 15min at 4◦C.

Nucleic acids were extracted using the E.Z.N.A.
R©
Total RNA Kit

(Omega Bio-Tek, China) following the manufacturer’s instructions.

Reverse transcription was performed using the HiScript III

RT SuperMix for qPCR (+gDNAwiper) kit (Nanjing Vazyme

Biotechnology Co., Ltd.).

Construction of plasmid standards

The target fragments of PEDV, TGEV, and PDCoV were

amplified by PCR using PrimeScriptTM High-Fidelity RT-PCR

Kit [Bao Biomedical Technology (Beijing) Co., Ltd]. The PCR

fragment was then cloned into a pUC57 vector [Takara Biomedical

Technology (Beijing) Co., Ltd.] by TA colony and confirmed

by DNA sequencing, p-PEDV-TGEV-PDCoV. The plasmid copy

number was calculated, diluting the plasmids from 2.95 × 107

to 2.95 × 100 copies/µl. Single-reaction qRT-PCR was performed

for each virus using the 10-fold diluted plasmids to generate

standard curves.

Reaction conditions of the single-plex
qRT-PCR

As shown in Table 2, the total volume of the single-reaction

qRT-PCR reaction was 25 µl. Amplification was carried out on

Gentier 96R (Xi’an Tianlong Science and Technology) using the

following program: 95◦C 10 s; 40 cycles of 95◦C 5 s, 60◦C 30 s. The

fluorescence signal was automatically collected at the end of each

cycle, 35◦C 30 s.

Optimization of the multiplex qRT-PCR

The multiplex reaction system was optimized using different

volumes of primers (10µM) and probes (10µM). In the

optimization stage, the number of primers added to the system

was 0.4, 0.6, 0.8, 1.0, and 1.2 µl, respectively. The number of

probes added to the system was 0.1, 0.2, 0.3, 0.4, 0.5, and 0.6

µl, respectively. The recombinant plasmid (2.95 × 107 copies/µl)

was used as the standard plasmid. Finally, each primer and

probe concentration’s fluorescence intensity and cycle threshold

(Ct) value were compared. The same instrument and qRT-PCR

program were used as described above. To obtain the best

amplification efficiency, the annealing temperature was optimized.

Twelve annealing temperature gradients were set up from 44 to

64◦C, and each annealing temperature’s fluorescence intensity and

Ct values were compared.

Sensitivity of the multiplex qRT-PCR assay

The standard plasmids were serially diluted 10-fold from 2.95

× 107 to 0.295 × 100 copies/µl (final concentration) for the

standard plasmid and used as templates to evaluate the sensitivity

of the developed assay, and the reaction does three repetitions at

a time.

Specificity of the multiplex qRT-PCR assay

To verify the specificity of the assay, positive samples for PEDV,

TGEV, PDCoV, SADS-CoV, porcine rotavirus (PoRV), porcine

pseudorabies virus (PRV), porcine circovirus 2 (PCV-2), porcine
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FIGURE 2

Optimization of multiplex qRT-PCR system. (A) shows the results of primers optimization in the reaction system, which showed that the optimal

addition amount of upstream and downstream primers for TGEV and PEDV are 0.8 µl; the optimal addition amount of upstream and downstream

primers for PDCoV is 0.6 µl. Optimization of multiplex qRT-PCR system. (B) Multiplex qRT-PCR probe volume optimizations. Probes optimization in

the reaction system showed that the optimal addition number of probes for TGEV and PEDV is 0.3 µl; the optimal amount of probes for PDCoV is

0.2 µl.

reproductive and respiratory syndrome (PRRSV) were used for

detection by the developed multiplex qRT-PCR. All the samples

were previously stored in our laboratory.

Repeatability of the multiplex qRT-PCR
assay

The assay was repeated three times with a 7-days interval, using

10-fold dilutions of the standard plasmid of each pathogen ranging

from 2.95 × 107 to 2.95 × 102 copies/µl with three replicates

per reaction. The coefficient of variation (CV) of the Ct values of

the samples at each concentration in the three experiments was

calculated to estimate repeatability.

Clinical sample detection

To test the clinical application effect of the developed method,

a total of 160 clinical samples collected from pigs with symptoms of

diarrhea, including 70 small intestinal tissues and 90 anal swabs,

were used for detection. At the same time, a single-plex qRT-

PCR was used to verify the results, and the results were compared

and analyzed.

Results

Establish a standard curve

The standard plasmids, ranging from 2.95 × 107 to 2.95

× 102 copies/µl, were used to create standard curves. The

standard curves showed an acceptable amplification efficiency

and correlation coefficient: PEDV, R2
= 0.9983; TGEV,

R2
= 0.9986 and PDCoV, R2

= 0.9978, and these results

showed that the designed primers and probes were effective

(Figure 1).

Optimization of the multiplex reaction
system

The standard plasmids p-PEDV-TGEV-PDCoV carrying the

target fragments were used as templates to optimize the reaction

conditions of the multiplex qRT-PCR. The optimal annealing

temperature and the concentrations of primers and probes were

acquired based on orthogonal experiments.

The results show that the optimal volume of probe

and primer for PEDV and TGEV are 0.3 and 0.8 µl,

respectively. The optimal volume of probes and primers
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FIGURE 3

The multiplex qRT-PCR amplification curves of di�erent Tm values. The annealing temperature optimization results of multiplex qRT-PCR. The results

show that the amplification e�ciency of this reaction is the highest when Tm = 50.5◦C.

for PDCoV were 0.2 and 0.6 µl, respectively (Figure 2).

The results of annealing temperature optimization showed

that 50.5◦C was the optimal annealing temperature

and the reaction had the best amplification efficiency

(Figure 3).

Sensitivity of the multiplex qRT-PCR assay

The sensitivity results showed that the detection limit of the

developed multiplex qRT-PCR assay was 2.95 × 100 copies/µl of

the standard plasmid (Figure 4).
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FIGURE 4

Sensitivity of the multiplex qRT-PCR assay. The dynamic curves were generated by using the recombinant standard plasmid p-PEDV-TGEV-PDCoV.

1-9: 2.95 × 107-0.219 × 100 copies/µl (final concentration); 10: Negative control.

Specificity of the multiplex qRT-PCR assay

As shown in Figure 5, the positive samples for PEDV, TGEV,

and PDCoV could be detected, while no amplification curve was

observed with other viruses of pigs used in the assay.

Repeatability of the multiplex qRT-PCR
assay

The repeatability experiment was carried out with the serially

diluted standard plasmids (2.95 × 107 to 2.95 × 102 copies/µl)

as templates, and the Ct value of the experiment was calculated.

As shown in Table 3, the coefficients of variation (CVs) of the

intra- and inter-assay ranged from 0.12 to 1.22% and 0.38–

1.34%, respectively,<2%. The experimental results showed that the

developed multiplex method was stable.

Clinical sample detection

A total of 160 clinical samples, including 70 intestinal tissue

samples and 90 anal swab samples from pig farms where diarrhea

occurred in southern China, were tested by the developedmultiplex

qRT-PCR. The results of clinical sample tests showed that the

positive rates of PEDV, TGEV, and PDCoV were 38.13% (61/160),
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FIGURE 5

Specificity analysis of the multiplex qRT-PCR. 1-3: p-PEDV-TGEV-PDCoV (2.95 × 106 copies/µl); 4: PRRSV; 5: SADS; 6: PRV; 7: PoRV; 8: PCV2; 9:

Negative control.

TABLE 3 Repeatability results of the multiplex qRT-PCR assay.

Plasmid Concentration
(copies/µl)

Ct values of intra-assay Ct value of inter-assay

x SD CV (%) x SD CV (%)

PEDV 2.95× 107 14.25 0.05 0.36% 14.17 0.17 1.17%

2.95× 106 17.52 0.02 0.12% 17.49 0.12 0.67%

2.95× 105 21.96 0.25 1.14% 21.90 0.27 1.22%

2.95× 104 24.77 0.11 0.45% 24.74 0.09 0.38%

2.95× 103 28.03 0.17 0.59% 28.03 0.14 0.51%

2.95× 102 31.49 0.19 0.62% 31.44 0.27 0.87%

TGEV 2.95× 107 14.22 0.04 0.25% 14.16 0.18 1.26%

2.95× 106 17.49 0.02 0.09% 17.53 0.16 0.89%

2.95× 105 22.02 0.23 1.04% 22.06 0.27 1.22%

2.95× 104 24.80 0.12 0.46% 24.82 0.14 0.56%

2.95× 103 28.10 0.16 0.56% 28.15 0.14 0.51%

2.95× 102 31.45 0.12 0.37% 31.57 0.27 0.85%

PDCoV 2.95× 107 14.22 0.11 0.74% 14.06 0.19 1.33%

2.95× 106 17.38 0.06 0.32% 17.34 0.08 0.45%

2.95× 105 21.79 0.27 1.22% 21.77 0.29 1.34%

2.95× 104 24.73 0.16 0.63% 24.67 0.20 0.79%

2.95× 103 27.97 0.14 0.51% 27.93 0.16 0.57%

2.95× 102 31.32 0.21 0.67% 31.28 0.32 1.01%

1.88% (3/160), and 5.00% (8/160), respectively. Additionally, the

results also showed that 2 (1.25%) samples were coinfected by

PEDV and PDCoV; 2 (1.25%) samples were coinfected by PEDV

and TGEV; no coinfection of TGEV and PDCoV, and 1 (0.63%)

sample was coinfected with PEDV, TGEV, and PDCoV. To verify

the accuracy of the developed method, the clinical samples were

detected by single-plex qRT-PCR, and the results of single-plex and

multiplex qRT-PCR were compared and analyzed. The coincidence

rate of the twomethods was 100%, which confirmed that the results

of the developed method were accurate and reliable (Table 4).

Discussion

In recent years, the viral diarrhea of piglets has still seriously

threatened the development of the pig industry, causing major
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TABLE 4 Detection of clinical samples by the multiple and single-reaction qRT-PCR methods.

Pathogens Triple qRT-PCR Single-reaction qRT-PCR Coincidence
rate

Sample
number

Positive Percentage Sample
number

Positive Percentage

PEDV 160 61 38.13 160 61 38.13 100%

TGEV 160 3 1.88 160 3 1.88 100%

PDCoV 160 8 5.00 160 8 5.00 100%

PEDV+ TGEV 160 2 1.25 160 2 1.25 100%

PEDV+ PDCoV 160 2 1.25 160 2 1.25 100%

TGEV+ PDCoV 160 0 0 160 0 0 100%

PEDV+ TGEV+ PDCoV 160 1 0.63 160 1 0.63 100%

economic losses to global pig farmers. Clinically, PEDV, TGEV, and

PDCoV are piglets’ main pathogens causing viral diarrhea (28, 29).

The epidemiological survey of pig diarrhea viruses showed that

PEDV, TGEV, and PDCoV exhibited a trend of hybrid infection,

including PEDV and PDCoV hybrid infections, PEDV and TGEV

hybrid infections, and PEDV, TGEV, and PDCoV mixed infections

(12, 30). The cause of the intestinal disease of piglets with hybrid

infection of these viruses is becoming increasingly complicated.

The clinical symptoms caused by PEDV, TGEV, and PDCoV

exhibited high similarities, leading to the difficulty of determining

the pathogens through clinical symptoms. Studies have shown that

hybrid infections of multiple viruses may accelerate the common

evolution of single and hybrid viruses or the reorganization of

multiple viruses into new viruses, as reported by TGEV and

PEDV reorganized strains in 2016 (31–34). Reorganization may

produce intestinal virus strains or new viruses, which may cause

potential outbreaks or popularity of pig viral diarrhea. Due to

the global prevalence of SARS-CoV-2, coronavirus has attracted

the great attention of scientists. It is worth noting that the newly

discovered pork intestine coronavirus PDCoV has been detected in

the infection cases of other species (including humans), indicating

the great species crossing potential of PDCoV and a great threat to

human public health (20).

Real-time quantitative fluorescent PCR is more sensitive, faster,

and more accurate for detecting viral pathogens (35, 36). The

multiplex RT-qPCR can detect and differentiate more than one

pathogen in a single assay, which is particularly suitable for

detecting mixed infection of multiple pathogens. In this study, a

real-time multiplex PCR based on three pairs of specific primers

and probes was developed for the differential detection of PEDV,

TGEV, and PDCoV in one reaction. The developed multiplex qRT-

PCR could specifically detect PEDV, TGEV, and PDCoV with the

LOD of 2.95 × 100 copies/µl for each pathogen. In multiplex qRT-

PCR systems, the primers and probes must have good specificity.

Because multiplex groups of oligonucleotides in the system will

increase the possibility of non-specific amplification, it is necessary

for probes and primers with excellent specificity.

The developed multiplex assay was also used to detect clinical

diarrhea samples of piglets from southern China. Among the 160

samples, 61 samples were positive for PEDV, 3 samples for TGEV,

and 8 samples for PDCoV, indicating that PEDV was still the

major pathogen of piglet diarrhea, while the sporadic infections

of PDCoV should also be highly concerned, as the increased

detection rate of PDCoV in recent clinical samples. Furthermore,

coinfection of PEDV, TGEV, and PDCoV had existed in certain

pig herds, confirmed by the detection results that coinfection rates

of PEDV/TGEV, PEDV/PDCoV, PEDV/TGEV/PDCoV were 1.25,

1.25, and 0.63%, respectively. Based on the results mentioned

above, the developedmultiplex real-time PCR could be a useful tool

for rapid differentiation of PEDV, TGEV, and PDCoV in clinical

samples from piglets with diarrhea and warning the infection

of PDCoV.

Conclusion

In conclusion, an excellent detection method should accurately

reflect the pathogen’s epidemiological data and help researchers

monitor and prevent the virus more effectively. Althoughmultiplex

qRT-PCR has the advantages of saving time and capital costs,

due to the high requirements for primers and probes, it still

needs to be improved to develop effective multiplex qRT-PCR,

often accompanied by many challenges. The development method

can quickly and accurately detect three kinds of porcine diarrhea

viruses, PEDV, TGEV, and PDCoV, simultaneously, effectively

saving time and cost. The prevalence of different diarrhea viruses

in piglets will increase the complexity of diarrhea and make it

difficult to prevent and control. As a potential zoonotic pathogen,

the prevalence of PDCoV in piglets should also attract continuous

attention. Above all, more attention should be given to the

molecular prevalence of PEDV, TGEV, and PDCoV, guiding precise

prevention and control more effectively in the field.
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Porcine reproductive and respiratory syndrome virus (PRRSV) has caused huge

economic losses for the global pig industry, but its origins and evolution remain

a mystery. In 2018, the genome sequences of seven arteriviruses isolated from

rodents were determined, and here we publish new analysis showing that they

may be ancestors of PRRSV. The sequence similarity of these viruses to PRRSV was

∼60%,with shared genomeorganization and other characteristics, such as slippery

sequences and C-rich motifs in nsp2, and a transactivated protein sequence in

nsp1β. Codon usage basis analysis showed that PRRSV was closer to these rodent

arteriviruses than lactate dehydrogenase-elevating virus (LDV) and they were both

under pressure of natural selection. Evolutionary analysis revealed that four of the

rodent arteriviruses shared the same genus with PRRSV, and were more closely

related to PRRSV-2 than PRRSV-1. In addition to this, they all appeared earlier than

PRRSV according to evolutionary modeling, and we speculate that they represent

an intermediate step in the origin of PRRSV by arterivirus transmission from rodents

to swine. Our in-depth analysis furthers our understanding of arteriviruses, and

will serve as the basis for subsequent exploration of the evolution of PRRSV and

other arteriviruses.

KEYWORDS

rodent arterivirus, porcine reproductive and respiratory syndrome virus (PRRSV), genome,

origin, evolution

Introduction

Arteriviruses can infect domestic and wild animals, causing a variety of diseases

(1). Arteriviruses (order Nidovirales; family Arteriviridae) have a positive-sense, single-

stranded RNA genome that ranges from 12 to 16 kb (2). Among them, equine arteritis

virus (EAV), lactate dehydrogenase-elevating virus (LDV) and simian hemorrhagic fever

virus (SHFV) were first isolated separately in 1953, 1960, and 1964, respectively, while

porcine reproductive and respiratory syndrome virus (PRRSV) was first recognized in the

late 1980s (3–6). Emerging arteriviruses have been discovered in recent years, such as the

highly divergent wobbly possum disease virus (WPDV) in New Zealand and some rodent

arteriviruses in China (7, 8).
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PRRSV has had the greatest economic impact of all

arteriviruses, causing reproductive problems in pregnant sows

including abortion, stillbirth and mummified fetuses as well as

respiratory disease such as pneumonia and dyspnea in piglets

(9, 10). PRRSV is divided into two genotypes that share only 60%

sequence similarity: PRRSV-1 is mainly distributed in European

countries; PRRSV-2 is mainly distributed in North America and

Asia (11, 12). Their prototypes, Lelystad virus and VR-2332,

respectively, were isolated separately in the Netherlands and

the United States almost simultaneously (13, 14). Subsequently,

outbreaks of severe disease occurred in the United States in 1996

and 2001, and in China in 2006 (6, 15–17).

Though the exact ancestor of PRRSV is still unknown, some

have speculated it to be LDV; however, several strains of arterivirus

have recently been isolated from rodents in China, with a much

closer evolutionary relationship to PRRSV than LDV, leading to

speculation that they are likely the original ancestor of PRRSV

(8). Therefore, the aim of this study was to investigate this newly

discovered evolutionary relationship by comparing the genome

organization and codon usage bias in details, providing further

insight into the origin of PRRSV.

Materials and methods

Genetic material

The complete sequences of 43 arteriviruses were downloaded

from GenBank (http://www.ncbi.nlm.nih.gov); detailed

information about the viruses is listed in Supplementary Table S1.

Codon usage analysis

Different aspects of codon usage in the arterivirus coding

sequences (CDS) were analyzed: the frequency of nucleotides (A%,

C%, U%, and G%); G+C content (GC); G+C content at the

first, second or third position, (GC1, GC2, GC3, respectively); the

frequency of nucleotides G+C at the third synonymous codon

positions (GC3s); codon adaptation index (CAI), representing the

fitness coefficient of all codons encoding the protein in the case of

using optimal codons; effective number of codons (ENC), reflecting

the degree to which codons deviate from random selection (usually

low-expressed genes have a weaker codon usage bias and a larger

ENC value).

The nucleotide content of each arterivirus coding sequence was

calculated using the CAI calculator website (http://genomes.urv.

es/CAIcal/), and CAI and ENC values were calculated using the

program CodonW 1.4.2.

Neutrality plot analysis

Neutrality plot analysis is an analytical method for evaluating

the use of codons, and it reflects the factors that affect codon

usage bias. A scatter plot was drawn with GC12 as the vertical

coordinate and GC3 as the abscissa coordinate of each gene, and

the correlation between the two was analyzed. If the regression

TABLE 1 The marginal likelihoods estimated of molecular clock models

and coalescent models.

Model of rate
variation

Coalescent
tree prior

Log marginal
likelihood

Rank

Strict clock Constant size −21643.0146 4

Strict clock Bayesian

skyline

−21641.4570 3

Uncorrelated lognormal

relaxed clock

Constant size −21485.3313 1

Uncorrelated lognormal

relaxed clock

Bayesian

skyline

−21488.8779 2

The best-fitting combination ofmolecular clockmodels and coalescent tree prior are indicated

in bold font.

coefficient was >0 and the correlation coefficient >0.75, it meant

that GC3 was significantly related to GC12, further illustrating that

the codons in three positions have the same variation pattern and

mutation is the main factor of codon usage bias. Conversely, if the

correlation between GC3 and GC12 was not significant, it indicated

that the variation patterns of the codons in three positions are quite

different, i.e., the codon usage bias is mainly affected by natural

selection. The scatter plot was drawn by Graphpad Prism 8.0.2.

ENC-GC3s plot analysis

The ENC-GC3s plot was drawn with the ENC values plotted

against the GC3s values, and the theoretical ENC values of each

gene were calculated according to the formula for drawing the

standard curves, with GC3s as the abscissa and the theoretical ENC

values as the ordinate. A gene lying on or near the standard curve

indicates that the codon usage bias is only affected by mutation and

has no selection pressure, whereas distribution far away from the

standard curve means the codon usage bias is mainly affected by

natural selection factors. The standard ENC values were calculated

using the formula:

ENCexpected = 2+ S+
29

(

S2 + (1− S)2
)

where “s” represents the given GC3s value.

Parity rule 2 plot (PR2-plot) analysis

In this plot, G3/(G3 + C3) was compared to A3/(A3 + U3) to

analyze the base composition on the nucleotide of the third codon,

so as to explore the influence of mutation and natural selection on

the codon usage bias. The midpoint 0.5 in Figure 3C represents A

= U and G = C, indicating no bias toward mutation or selection

effect between the two complementary strands of a gene; the vector

from the center point to other site shows the degree and direction

of bias in the gene. The neutral theory proves that if codon usage

bias is only affected by genetic mutations, then the usage frequency

of the four bases will be equal, and a relatively equal distribution

is expected to be shown in the plot. The scatter plot was drawn by

Graphpad Prism 8.0.2.
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FIGURE 1

Genome organization of di�erent arteriviruses. Every ORF is marked to show the genomic di�erences among them. ORF1a, ORF1b, GP2, envelope

(E), GP3, GP4, 5a, GP5, membrane (M), nucleocapsid (N) are represented by boxes of di�erent colors.
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FIGURE 2

−2 PRF-related elements of arterivirus. The conserved “slippery sequence” and C-rich motif in nsp2 are highlighted in purple and green, respectively

(A), and the transactivated protein sequence in nsp1β is highlighted in orange (B).

Relative synonymous codon usage (RSCU)
analysis

RSCU represents the ratio of the actual usage value of the codon

to the theoretical use value. When RSCU is <1 or >1, it means the

usage frequency of the codon is lower or higher, respectively, than

that of other synonymous codons; RSCU = 1 considers that the

codon has no preference. The codon usage pattern heatmap was

drawn by TBtools (18), and RSCU values were calculated as follows:

RSCU =
xij

∑ni
j xij

ni

Phylogenetic analysis

Sequence alignment of the complete genomes and selected

genes including RNA-dependent RNA polymerase (RdRp), helicase

(Hel), 3C-like protease (3CLpro) and nucleocapsid (N) was

performed using MAFFT v 7.475 (19). Maximum-likelihood

(ML) phylogenetic tree construction was performed with 1,000

bootstraps using IQ-tree v 1.6.12 (20), and the best-fitting

nucleotide substitution model was calculated automatically by the

program. Finally, the results were visualized using iTOL (http://itol.

embl.de/).

Origin and evolutionary analysis

In order to investigate the relationship between the rodent

arteriviruses and PRRSV, a time-scaled phylogenetic tree of the

Hel gene was constructed. The evolutionary rate was estimated

using BEAST v 1.10.4 with a separate GTR+F+G4 nucleotide

substitution model analyzed by PhyloSuite v 1.2.2, and the

uncorrelated lognormal relaxed constant clock model selected

by both path sampling and stepping-stone sampling procedures

(Table 1) (21–23). We operated MCMC duplicate runs of 1 billion

states each with sampling every 100,000 steps, and then examined

the result using Tracer v1.6 to ensure the effective sample size (ESS)

values of all estimated parameters was >200. The final maximum

clade credibility (MCC) tree was generated by TreeAnnotator v

1.10.4 and visualized in Figtree v1.4.4 after discarding the first 10%

of the samples.

Results

Genome organization and characteristics

Rodent arteriviruses have single-stranded, positive-sense

polycistronic RNA genomes with similar organization to the

other arteriviruses (Figure 1). Their genomes encode at least

11 known open reading frames (ORF) with a 5′ cap and a 3′

poly-A tail, in the order of 5′-polyprotein (pp) 1a, pp1b, GP2,

envelope (E), GP3, GP4, 5a, GP5, membrane (M) and N-3′. The

first two ORFs occupy two-thirds of the genomes and use a −1

programmed ribosomal frameshifting (-1PRF) strategy to encode

at least 13 non-structural proteins (nsps). The size and the GC

content of the genomes of seven rodent arterivirus are shown in

Supplementary Table S1, where two of them, RtDs-Arterivirus-

4/IM2014 and RtDs-Arterivirus-1/IM2014, did not detect the

full length.

All members of arterivirus except EAV use a −2 programmed

ribosomal frameshifting (−2PRF) mechanism and produce a

transframe (TF) protein (nsp2TF) at an efficiency of about 20% of

nsp2. This protein, comprising the N-terminal two thirds of nsp2

fused to a 169-aa fragment encoded by the TF ORF, is stimulated

by a highly conserved “slippery sequence” (G_GUU_UUU) and a

C-rich motif (CCCANCUCC) 11 nt-downstream. Moreover, it was

identified that a subunit of viral protein nsp1β (GKYLQRRLQ) is a

transactivator of efficient −2 PRF expression (24). We found that
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FIGURE 3

Selection pressure analysis. (A) Neutrality plot analysis. GC12 plotted

against GC3. The dashed black line is fitted by the scatter points of

GC12 and GC3 of PRRSV, and the black formula next to it illustrates

the relationships between them; rodent arterivirus is represented by

the orange line. (B) ENC plotted against GC3s. The black curve

represents the theoretical ENC values when the codon usage was

only determined by the GC3s composition. (C) PR2-plot analysis.

A3/(A3 + U3) is plotted against G3/(G3 + C3); the midpoint

represents A = U and G = C.

the nsp2 of rodent arteriviruses also has the conserved slippery

sequence as well as the C-rich motif mentioned above, and also

contains the transactivation protein sequence in nsp1β, which is

assumed to be able to perform −2PRF for production of nsp2TF

(Figure 2).

The TRS (transcription regulatory sequence) is particularly

important for viral transcription and replication, especially in

the process of discontinuous transcription of subgenomic mRNA.

The genomic TRS of rodent arterivirus can be summarized as

[U/A]UAACC, which is similar to the UUAACC of PRRSV

and UAUAACC of LDV (Supplementary Table S2). Although

the base composition of the first four positions in the TRS

varies to some extent, the highly conserved CC at the last

two positions is critical for complementary base pairing during

discontinuous transcription. We also found that although these

TRS sequences differ between the ORFs, they all have a certain

degree of conservation in the same ORF, except for RtClan-

Arterivirus/GZ2015 in ORF5 and RtMc-Arterivirus/Tibet2014

in ORF6.

Codon usage bias

Analysis of codon usage of the rodent arterivirus genomes

revealed a slightly lower proportion of A (21.62%) compared with

U (26.09%), G (25.69%), and C (26.60%) (Supplementary Table S3).

The ENC values of all 43 arteriviruses were >45, which implies

that their codon usage bias is weak (Supplementary Table S3). CAI

can be used to assess the expression level of genes, generally

between 0 and 1, with larger values indicating a stronger preference

for codon use, and the CAI of these 43 arteriviruses were all

below 0.23, again indicating that their codon usage bias is weak

(Supplementary Table S3).

Neutrality plot analysis showed that the regression coefficient

between GC3 and GC12 of rodent arterivirus is 0.2217, with

a correlation coefficient of 0.3740, meaning the correlation was

not significant (Figure 3A). Their coefficient of determination was

0.1399; i.e. only 13.99% change of GC3 resulted in a change of GC2

(Figure 3A). All in all, these data show that the base composition

of the codon at the first and second position is quite different from

that of the third position. Moreover, the codon usage bias of the

rodent arteriviruses is more affected by the pressure of directional

mutations of external natural selection than the pressure of their

own non-directional mutations. The regression coefficient and the

correlation coefficient between GC3 and GC12 of PRRSV were

−0.3235 and−0.8703, respectively, a significant inverse correlation

that indicates the base composition of the codon at the first and

second position is also quite different from the third. However,

the overall GC content was relatively stable, and the own non-

directional mutation pressure has a great impact on codon usage

bias (Figure 3A).

The mean ENC values for rodent arterivirus and PRRSV were

56.14 and 57.42, respectively, which indicates the codon usage bias

in these viruses is a little low. All of the rodent arteriviruses and

PRRSV fell far below the standard curve in the ENC-GC3s plots,

demonstrating that the codon usage patterns of the two viruses are

also affected by external natural selection pressure and other factors

(Figure 3B).

PRRSV and the rodent arteriviruses were all distributed in

the lower left area of the PR2-plot analysis, indicating that the

frequency of nucleotide U and C at the third positions is greater

than A andG, evidence of a clear preference (Figure 3C). Therefore,

it can be inferred that the usage patterns of these codons are not

only affected by their self-mutations, but also by factors such as

natural selection.

As shown in Figure 4, the codon usage pattern of rodent

arterivirus is very similar to that of other arteriviruses.

RtClan-Arterivirus/GZ2015, Arterivirus/NX2015 and

RtMc-Arterivirus/Tibet2014 clustered with PRRSV-2,

RtMruf-Arterivirus/JL2014 clustered with PRRSV-1, and

RtEi-Arterivirus/SX2014 was similar to LDV (Figure 4).

Phylogenetic analysis and evolutionary
analysis

Phylogenetic trees of the rodent arteriviruses, PRRSV and other

arteriviruses were constructed based on nucleotide sequences of
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FIGURE 4

Relative synonymous codon usage (RSCU) comparisons between di�erent arteriviruses. Frequently used codons with higher RSCU values are in red,

moderately used codons are in yellow, while the less frequently used codons are represented in blue.

FIGURE 5

Phylogenetic analyses of arterivirus. Whole genome trees were constructed by using the maximum-likelihood (ML) method and bootstrap values

calculated from 1,000 trees.

the full genome or RdRp, Hel, 3CLpro, and N genes. In the

full genome-based phylogenetic tree, RtMc-Arterivirus/Tibet2014,

RtEi-Arterivirus/SX2014, RtMruf-Arterivirus/JL2014, and RtClon-

Arterivirus/NX2015 clustered together with PRRSV-2 and were

closer than PRRSV-1, while RtClan-Arterivirus/GZ2015 was

outside these strains (Figure 5).

RtMruf-Arterivirus/JL2014, RtEi-Arterivirus/SX2014, RtClon-

Arterivirus/NX2015, RtMc-Arterivirus/Tibet2014 and PRRSV

all belong to Betaarterivirus, while RtClan-Arterivirus/GZ2015

belongs to another genus, Nuarterivirus (Figure 5). In trees based

on the three highly conserved RdRp, Hel and 3CLpro genes, it can

be seen that RtMc-Arterivirus/Tibet2014, RtEi-Arterivirus/SX2014,
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FIGURE 6

Estimation of the mean time to the most recent common ancestor (tMRCA) for arterivirus based on the helicase (Hel) gene. The time-scaled

phylogeny was summarized from all Markov chain Monte Carlo (MCMC) phylogenies of the Hel gene data set analyzed under the GTR + F + G4

nucleotide substitution model and the uncorrelated lognormal relaxed constant clock model in BEAST v1.10.4. The numbers near the internal node

indicate the estimated time of divergence.

RtMruf-Arterivirus/JL2014, Arterivirus/NX2015 were closer to

PRRSV-2 than PRRSV-1, but RtClan-Arterivirus/GZ2015 and

RtDs-Arterivirus-4/IM2014 were always on the periphery

(Supplementary Figures S1A–C). However, these strains

were relatively close to PRRSV-1 in the N-based tree

(Supplementary Figure S1D).

The results of molecular clock analysis using the Hel

gene were consistent with the phylogenetic tree, with

RtEi-Arterivirus/SX2014, RtMruf-Arterivirus/JL2014, and

RtClon-Arterivirus/NX2015 closest to PRRSV-2, followed by

RtMc-Arterivirus/Tibet2014, RtClan-Arterivirus/GZ2015 and

RtDs-Arterivirus-4/IM2014 at the periphery of PRRSV (Figure 6).

In addition, we found that the mean time to the most recent

common ancestor (tMRCA) of RtEi-Arterivirus/SX2014 was

March 1951 [95% highest posterior density (HPD), April 1853

to July 2006], that of RtMruf-Arterivirus/JL2014 and RtClon-

Arterivirus/NX2015 was May 1990 (95% HPD, October 1930 to

February 2018), that of RtMc-Arterivirus/Tibet2014 was March

1845 (95% HPD, April 1614 to October 1957), that of LDV and

RtDs-Arterivirus-4/IM2014 was January 1916 (95% HPD, April

1643 to February 2014), and that of RtClan-Arterivirus/GZ2015

was April 1783 (95% HPD, December 1406 to November 1982)

(Figure 6). It can be seen that RtEi-Arterivirus/SX2014, RtMruf-

Arterivirus/JL2014, and RtClon-Arterivirus/NX2015 appeared

earlier than PRRSV and later than LDV, and not only was RtClan-

Arterivirus/GZ2015 in the periphery of PRRSV, but it also appeared

much earlier than LDV.

Nucleotide, amino acid identity and codon
usage analysis

The nucleotide and amino acid identity of PRRSV relative to

RtClan-Arterivirus/GZ2015, LDV and other rodent arteriviruses in

RdRp, Hel, 3CLpro and N is shown in Figure 7. The identity of

PRRSV was clearly more similar to the rodent arteriviruses than

to LDV, and the average difference in identity values was about
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FIGURE 7

Nucleotide, amino acid identity and codon usage bias of PRRSV and rodent arterivirus. The nucleotide identity (A) and putative amino acid identity (B)

compared to PRRSV of RNA-dependent RNA polymerase (RdRp), helicase (Hel), 3C-like protease (3CLpro) and nucleocapsid (N) genes were analyzed

by BioAider v 1.314. The A%, U%, G%, C%, GC1, GC2, GC3, and GC of arterivirus (C) were calculated using the CAI calculator website (http://genomes.

urv.es/CAIcal/). Each dot represents the corresponding value of each strain. The box size represents the interquartile range (IQR), which is equal to

the di�erence between the upper quartile and the lower quartile. The middle horizontal line of the box represents the median of the samples.
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10–21% (Figures 7A, B), indicating that rodent arteriviruses have a

closer evolutionary relationship with PRRSV than LDV. However,

RtClan-Arterivirus/GZ2015, which has a more distant evolutionary

relationship, is more similar than LDV to PRRSV, inconsistent with

the evolutionary tree and molecular clock analysis.

Since RtClan-Arterivirus/GZ2015 was closer to rodent

arterivirus at the nucleotide level, we analyzed codon usage of all

the rodent arteriviruses. Based on the analysis, the GC content

of codons in three positions is different, and the average GC

content at each position (high to low) was GC1, GC3, GC2.We

can also see that PRRSV and rodent arteriviruses are very similar,

but there is a gap with LDV, indicating that the codon usage

bias of PRRSV and rodent arterivirus is more similar than

LDV (Figure 7C).

Discussion

In this article, we collected sequences from 7 rodent

arteriviruses, 33 PRRSV isolates, and three other representative

arteriviruses (LDV, SHFV and EAV) and conducted in-depth

analysis of their genomes, codons, and phylogenies. The

newly discovered rodent arteriviruses have a genome size

and organization similar to other arteriviruses, and share

other conserved features such as slippery sequences and

C-rich motifs in the nsp2, and the transactivated protein

sequence in nsp1β. In addition, the TRS of these viruses is

very similar to that of PRRSV and LDV, indicating a common

transcription regulatory strategy and supporting their close

evolutionary relationship.

We found all 43 arteriviruses studied to have weak codon

usage bias and are under greater pressure from external natural

selection than from their own non-directional mutations. Although

the primary structure of proteins obtained after translation

from synonymous codons is the same, codon usage bias

may affect gene expression, as reflected in the effects on

mRNA secondary structure and protein abundance (25, 26).

Therefore, the similarity of codon usage bias between PRRSV

and rodent arteriviruses suggests that there are similar gene

expression patterns between them, further evidence of a close

evolutionary relationship.

From evolutionary analysis, it can be concluded that PRRSV

diverged from other arteriviruses more than 100 years ago, and

PRRSV likely existed in swine prior to its discovery in the late

1980s (6). Previous studies speculated that because LDV is older

and closest to PRRSV in the Arteriviridae, some LDV-like rodent

virus might spread to wild boars in Asia and Europe through

wounds and other routes, making them intermediate hosts (27, 28).

According to this theory, PRRSV-1 was transmitted from European

wild boars to European domestic swine, and PRRSV-2 would have

been transmitted to American domestic pigs through wild boars

imported into America (27). However, no strong evidence has been

found for the presence of this type of LDV-like rodent virus in

wild boars until now, making the origin of PRRSV untraceable (29)

until now.

Through phylogenetic and origin analysis combined with the

tMRCA of these arteriviruses, we speculate that an early RtClan-

Arterivirus/GZ2015 was likely transmitted from Chinchilla lanigera

to Microtus clarkei in Tibet to form RtMc-Arterivirus/Tibet2014,

then might spread to the Circetidae in Shanxi, Jilin and Ningxia

to form several similar strains. Finally, these Circetidae were

possibly transported to Europe and the Americas to infect

domestic pigs, forming the two types of PRRSV. It is worth

noting that in the 20th century, many countries worldwide

had not form a large-scale pig industry, pigs were usually

kept free-range; therefore, rats or other rodent species could

circulate freely in the pigsty. Pig feed might be contaminated

with rodent feces containing certain rodent arteriviruses, which

was then eaten by pigs, thus leading to arterivirus cross-species

transmission from rodents to pigs. This explanation of PRRSV

origin is distinct from other theories (that LDV-infected European

wild boars transmitted virus to domestic pigs in Europe and

the Americas).

The similarity between PRRSV and rodent arteriviruses is not

very high, so there must have been other viruses involved in the

evolution of PRRSV, but sequences are currently unavailable for any

such intermediate ancestor.

In summary, based on an in-depth evolutionary analysis of

the genomes and codon usage bias of the newly discovered rodent

arteriviruses, we propose them as novel ancestors of PRRSV. The

results fill the gaps in knowledge about the origin and evolution of

PRRSV and rodent arteriviruses, and elucidate important insights

for monitoring potential interspecies transmission between wild

rodents and pigs in the future.
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Transmissible gastroenteritis virus (TGEV) is a porcine coronavirus that threatens

animal health and remains elusive despite years of research e�orts. The

systematical analysis of all available full-length genomes of TGEVs (a total of 43)

and porcine respiratory coronaviruses PRCVs (a total of 7) showed that TGEVs

fell into two independent evolutionary phylogenetic clades, GI and GII. Viruses

circulating in China (until 2021) clusteredwith the traditional or attenuated vaccine

strains within the same evolutionary clades (GI). In contrast, viruses latterly isolated

in the USA fell into GII clade. The viruses circulating in China have a lower similarity

with that isolated latterly in the USA all through the viral genome. In addition,

at least four potential genomic recombination events were identified, three of

which occurred in GI clade and one in GII clade. TGEVs circulating in China are

distinct from the viruses latterly isolated in the USA at either genomic nucleotide or

antigenic levels. Genomic recombination serves as a factor driving the expansion

of TGEV genomic diversity.
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Introduction

Porcine transmissible gastroenteritis virus (TGEV) is a member of the Coronaviridae

family that was first identified in the United States of America (USA) in 1946 (1) and

was reported subsequently in countries of Europe, Asia, Africa, and America (2). In

China, TGEV infection was first detected in Guangdong province in 1956, and since then,

sporadic outbreaks have been reported in multiple swine-producing provinces, including

Heilongjiang, Jilin, Henan, Gansu, Shanghai, and Guangxi (3–7).

TGEV is a rapidly spreading pathogen that infects swine of all ages and species and

causes enteritis with a mortality rate >90%, inversely correlated with the age of pigs (8–

10). TGEV has a single-stranded positive-sense RNA genome of∼28.6 kb in length (11) and

belongs to the subgenus Tegacovirus of the Alphacoronavirus genus (12). The viral genome

encompasses at least nine open reading frames (ORFs). The 5’ two-thirds of the virus genome

contains ORF1a and ORF1b, encoding the polyprotein 1a (pp1a) and polyprotein 1b (pp1b),

respectively, proteolytically processed by virus-encoded proteases into 16 nonstructural

proteins (Nsps 1–16) during the translation (13). The 3’ one-third of the virus genome

encodes four viral structural proteins, including the spike glycoprotein (S), the envelope

protein (E), the membrane protein (M), the nucleocapsid protein (N), and three accessory

proteins (NS3A, NS3B, and NS7) (14).
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The S glycoprotein of TGEV is a large type 1 membrane

protein composed of 1448 amino acids (GenBank: KX499468.1,

TGEV AHHF strain) (15) and containing five domains: N-terminal

domain (NTD, aa 1–248) with a short peptide signal (aa 1–16)

(16), S1 domain (aa 249–670), S2 domain (aa 832–1372) (15),

the transmembrane domain (TM, aa 1388–1410), and C-terminal

cytoplasmic tail (aa 1411–1448). S glycoprotein of coronaviruses is

the main structural protein of the viral envelope, which mediates

the entry of virions into the host cell and induces the generation

of neutralizing antibodies (17). S glycoprotein of TGEV binds the

sialic acid or the porcine aminopeptidase N (pAPN) to ensure the

entry of virion into host cells (18). The cysteine-richmotif (CRM) at

the TGEV S glycoprotein carboxy-terminus is palmitoylated, which

facilitates the assembly of S glycoprotein during the maturation of

viral particles (19). Mutational analysis of NTD of S glycoprotein

revealed a mild effect on viral virulence (20–22).

A previous study of S glycoprotein of TGEV strain PUR46-

MAD (GenBank: M94101.1; Protein ID: AAA47109.1) has

identified four major epitope sites within the N-terminal first 543

amino acids in the order of C, B, D, and A (17). Sites A and B

contain conformational epitopes that depend on glycosylation (23).

The amino acid residues 538K, 591R, and 543G are essential to

forming the antigen subsites Aa, Ab and Ac of site A, respectively.

Site B also consists of at least three subsites, two of which are

overlapped and include tryptophan. The amino acid residues 97W

and 144S contribute to the formation of epitopes in site B. However,

sites C and D contain glycosylation-independent linear epitopes

located at aa 48–52 and aa 373–398, respectively (17, 24).

The non-enteropathogenic porcine respiratory coronavirus

(PRCV) is a naturally occurring mutant of TGEV with the

deletion of an N terminal segment of S glycoprotein (25). PRCV

preferentially infects non-ciliated epithelial cells of the porcine

respiratory tract (26).

Vaccination and immunoprophylaxis represent the most

effective means to contain and prevent TGEV, in addition to

biosecurity measures (27). Since coronaviruses are an ongoing

threat to humans, animals and the global economy, this study

aimed to review the evolution and molecular characteristics of the

full-length genomes of TGEV and PRCV during past decades to

help promote the control and surveillance strategies.

TGEV and PRCV fall into two major
genogroups GI and GII

The full-length genomes of all available TGEVs, including

19 strains isolated in China between 1973–2021 and 24 strains

isolated in the USA between 1952–2014, in addition to 7 PRCV

viruses isolated in the USA and UK between 1986 to 2016

(Supplementary Table 1), were retrieved from the NCBI GenBank

and aligned with the ClustalW using the MEGA11 software.

The maximum likelihood (ML) phylogenetic trees based on the

full-length genome sequences or genomic fragments containing

different ORFs were inferred using the best-fitting models in the

IQ-TREE multicore version 1.6.12 (28) with 1000 bootstraps. As

shown in Figure 1A, the complete genome-based phylogenetic

tree identified two main clades GI and GII. All viruses isolated in

China fell into the GI clade, together with the eight earliest strains

from the USA, including attenuated Purdue P115 (GenBank

ID: DQ811788.1), Virulent Purdue (GenBank ID: DQ811789.2),

virulent Miller-M6 (GenBank ID: DQ811785.1), attenuated

Miller-M60 (GenBank ID: DQ811786.2), TGEV/USA/HB/1988

(GenBank ID: KX900394.1), TGEV/USA/Z/1986 (GenBank

ID: KX900393.1), Purdue (GenBank ID: AJ271965.2), and

TGEV/Mex/145/2008 (GenBank ID: KX900402.1). The remaining

16 viruses from the USA fell independently into a separate,

distinct clade referred to as the GII clade (Figure 1A). To

deeply understand the virus evolution, we further constructed

phylogenetic trees based on different genomic fragments. In the

phylogenetic trees based on ORF1a (Supplementary Figure 1A),

and ORF1b (Supplementary Figure 1B), ORF2 (encoding spike

glycoprotein of TGEV and PRCV) (Supplementary Figure 1C),

and genomic fragment containing ORFs of E, M, and N proteins

(Supplementary Figure 1D), all viruses isolated in China and

the aforementioned relatively earliest or attenuated vaccine

viruses identified in the USA clustered in GI clade, corroborating

results of the full-length genome-based phylogenetic analysis

(Figure 1). In addition, the phylogenetic tree based on the ORF2

(Supplementary Figure 1C) or genomic fragment containing ORFs

of E, M, and N proteins (Supplementary Figure 1D) revealed that

the PRCV strains, known as a natural mutant of TGEV with a

segmental deletion in the ORF2, clustered independently according

to their geographical regions. The two PRCV strains identified

in the UK clustered into GI, whereas the five identified in the

USA clustered genetically closer to each other into GII, within

different sub-lineage (Figure 1, Supplementary Figures 1A, B),

demonstrating a complex evolutionary relationship between TGEV

and PRCV strains (29).

Before this report, all constructed phylogenetic trees based on

the full-length genomes of 30 TGEV isolates (30), 23 isolates (8),

or based on the ORF2 of 11 isolates (3), displayed two major

clades. Herein, our study: (1) included all available full-length

genomic sequences of TGEV and PRCV, (2) showed that the GII

clade contains all viruses from the USA, whereas the GI clade

encompasses the nine relatively old TGEVs or attenuated vaccine

strains from the USA in addition to all TGEVs from China. These

findings indicate that the genetic distance of TGEVs from China

is relatively far from that of the strains from the USA in the

GII clade.

To further determine the genetic relatedness of TGEV genomes,

we conducted a genomic similarity analysis using SimPlot software

(31) and involving nine representative TGEV isolates from each

clade: GI clade (Supplementary Figures 2A, B) and GII clade

(Supplementary Figures 2A, C), separately. The Virulent-Purdue

TGEV (GenBank ID: DQ811789.2) was included as a query.

The nucleotide sequences of China viruses revealed a great

similarity (>97%) with the query strain for most parts of the viral

genome (Supplementary Figures 2A, B). In contrast, the similarity

between viral isolates of the GII clade and the query strain is

significantly reduced to <97% for most parts of the viral genome

(Supplementary Figures 2A, C). Notably, the sequence similarity

plot revealed that the ORF2 region shows the lowest similarity for

viral isolates in both GI and GII clades (Supplementary Figures 2B,

C, respectively). The genomic similarity plot results are consistent

with the phylogenetic trees in that TGEVs isolated in China

and USA belong to two distinct evolutionary branches. The low

Frontiers in Veterinary Science 02 frontiersin.org60

https://doi.org/10.3389/fvets.2023.1146648
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org


Wang et al. 10.3389/fvets.2023.1146648

FIGURE 1

Phylogenetic tree and phylogeographic network of TGEV and PRCV strains. (A) Complete genome sequence-based ML tree. All complete genome

nucleotide sequences were aligned using the MEGA11 software (37) and edited with the BioEdit v7.2.5. The ML phylogenetic trees were inferred

using the IQ-TREE multicore version 1.6.12 (28) with 1000 bootstraps and the best-fitting model TIM + F + I + G4. The numbers on each branch are

the bootstrap values (%). The scale bar represents a length corresponding to 0.003 nucleotide substitutions per site. Virus strains are formatted as

GenBank accession number: virus name (country-year of collection). The red indicates TGEV from China, and the black indicates TGEV from the

USA. The green color indicates PRCVs. (B) Phylogeographic network. The complete genome sequences of TGEV and PRCV were used to infer the

Minimum Spanning Network (MSN) implemented by PopArt v1.7 (38). The network included 50 TGEV/PRCV strains, where 24 TGEV strains were from

the USA, 19 TGEV strains from China, 5 PRCV strains from the USA and 2 PRCV strains from the UK. The mutation numbers are shown.
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FIGURE 2

The amino acid variation landscape of TGEV and PRCV spike glycoprotein. (A) Domain structure of TGEV S glycoprotein, including NTD (aa 1–248),

S1 domain (aa 249–670), S2 domain (aa 832–1,372), TM (aa 1,388–1,410) and C-terminal cytoplasmic tail (aa 1,411–1,448). (B) The brown blocks

represent the relative positions of known sites containing neutralizing epitopes in the spike glycoprotein of TGEV (17). (C) Amino acid variation

landscape. The amino acid sequences of all available complete spike proteins (a total of 58, Supplementary Table 1) of TGEV and PRCV were

separately retrieved from the NCBI database and were aligned with ClustalW using the MEGA11 software (37). The protein variability was determined

using the Wu-Kabat variability coe�cient o�ered by the Protein Variability Server (PVS) (39). The Wu-Kabat variability coe�cient describes the

susceptibility of an amino acid position to evolutionary replacements and is computed using the following formula: variability coe�cient = N*k/n,

where N is the number of sequences in the alignment, k is the number of di�erent amino acids at a given position and n is the frequency of the most

common amino acid at that position. Y-axes represent the Wu-Kabat variability coe�cient values, where the estimation limit is set as “1”. Above the

limit of “>1” represents variations. X-axes represent the amino acid positions.

similarity of ORF2 region in the genome (Supplementary Figure 2)

indicates that the spike glycoprotein is highly variable.

Phylogeographic network of TGEV
and PRCV

To map the regional spread and genetic relationships of

TGEV and PRCV strains, we performed a phylogenetic network

using all available complete genome sequences isolated from

1952 to 2021 (Supplementary Table 1). The analysis showed that

strains within the GI and GII clades cluster into two separate

Network Clusters (Figure 1B). The first Network Cluster (Cluster

1) consists of GI strains, while the second (Cluster 2) comprises

GII strains (Figure 1B). These results support our ML phylogenetic

classification of the complete genomes. Further, TGEV and PRCV

strains seem to be radiated from strains isolated in the USA.

The TGEV WH-1 (GenBank ID: HQ462571.1, China-2010) is

identified sharing its genetic ancestor with the USA TGEV strains

and connecting most of the GI strains to it through short

mutational branches (Figure 1B). The remaining China TGEV

strains are connected to the virulent_Miller-M6 (GenBank ID:

DQ811785.1, USA-2006) within the same Network Cluster (Cluster

1). Interestingly, both the PRCV strains isolated in the UK,

e.g., PRCV-86_135308 (GenBank ID: OM830320.1, UK-1986) and

PRCV-135_solate 86/135308 (GenBank ID: OM830318.1, UK-

1986) that were identified to be more distanced within GI

clade of the full-length phylogenetic, are also connected to the

virulent_Miller-M6 in the Network Cluster 1 (Figure 1B).

Recombination of TGEV

Genomic recombination is a relatively common phenomenon

for coronaviruses, which have also been reported to occur in

TGEVs. Zhang et al. reported that the TGEV AHHF strain

(GenBank: KX499468.1) is a natural recombinant (32). The ORF1a

gene of AHHF resulted from the recombination between SC-Y

(GenBank: DQ443743.1) and H16 (GenBank: FJ755618.2), while

the spike gene of AHHF was produced by recombination between

the virulent Purdue (GenBank: DQ811789.2) and the attenuated

H strain (GenBank: EU074218.2). TGEV JS2012 (GenBank:

KT696544.1) strain is another natural recombinant between

Miller M6 (GenBank: DQ811785.1) and Purdue 115 (GenBank:

DQ811788.1) (8). Thus, we performed further recombination

analysis of the entire TGEV and PRCV genome sequences

(from the USA and China) using the seven algorithms of the

recombination detection program 4 (RDP, GENECONV, BootScan,

MaxChi, Chimera, SiScan, and 3Seq) (33). The analysis identified

the occurrence of at least four potential recombination events

(Supplementary Table 2), three of which (Events 1–3) occurred

within the GI clade, and one event (Event 4) occurred between
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strains in GII clade. The recombination among the USA strains

(Event 4) is identified for the first time. In consistence with the

previous reports (8, 32), the beginning and ending breakpoints of

the identified recombination events are mainly located in ORF1a

(Events 1 and 4) and ORF2-containg spike gene (Events 2 and

3) (Supplementary Figure 3). Zhang et al. report analyzed the

occurrence of recombination among TGEV AHHF and 14 other

strains and identified potential recombination at two locations

(ORF1a and ORF2) (32). Consistent with those results, our analysis

detected AHHF strain as a recombinant in two events (Events 1

and 2). In Event 2, the AHHF strain was recombined by CN12

and attenuated Purdue P115 in the ORF2, a new possibility of

recombination for the AHHF virus. A previous report indicated

that TGEV JS2012, a highly pathogenic strain isolated in newborn

piglets faces in Jiangsu Province, China, resulted from natural

recombination between Miller M6 and Purdue 115 and preserved

the genetic integrity and characteristics of virulent strain, despite

the recombination breakpoints in the ORF2 (8). Consistent with

this report, TGEV JS2012 in our analysis was also identified as

a recombinant strain, but between H16 (major parent) and the

attenuated Purdue P115 (minor parent) in the ORF2, indicating the

existence of alternative recombination. Interestingly, the identified

recombination events occurred only between viruses in the same

clade (intra-clade). None of the inter-clade recombinations have

been found so far.

The landscape of amino acid variation
of the spike glycoprotein

Coronaviruses enter the host cells by interaction between the

S glycoprotein and the cellular receptor. S glycoprotein represents

the chief immunogenic protein that elicits neutralizing antibody

production (34) and the main antigen for vaccine research (35, 36).

The virulence and antigenicity of TGEV S protein were shown to

be sensitive to amino acid (aa) changes (3, 8). The mutation at

aa 585 of TGEV HQ2016 engenders a serine-to-alanine change,

affecting receptor binding and antigenicity (8). Here, the genome

similarity and recombination analysis identified a low similarity

of ORF2 (encoding spike glycoprotein) (Supplementary Figure 2)

with potential recombination events (Supplementary Figure 3). In

addition, the S1 subunit of TGEV spike glycoprotein has been

shown to contain the neutralizing epitopes (17) (Figures 2A, B).

Thus, we evaluated the amino acid variation patterns of TGEV

and PRCV spike proteins by applying the Wu-Kabat variability

coefficient provided by the Protein Variability Server (PVS). The

method was used to acquire the consensus sequences of spike

protein that consists of 1449 aa in TGEV (Figure 2C). The N

terminal region, including both NTD and S1 domain, is the most

variable, especially the aa positions 1–100, aa 200–250, aa 370–

400, and aa 500–600, where the neutralizing epitopes have been

identified (17).

Overall, China TGEV isolates are found to keep genetic features

similar to that of older or attenuated vaccine strains so far, but

distinct from that of the USA strains isolated latterly, which has

implications in the monitoring, prevention, and control of TGEV.

Furthermore, mutation is the modification of a gene resulted from

insertion, deletion, or substitution of a single or multiple base

units. Recombination occurs when the larger genetic fragments

from at least two genomes are exchanged. The highly variable

regions of spike proteins of TGEV and PRCV (Figure 2) and the

recombination events (Supplementary Figure 3) demonstrate that

both mutation and recombination are driving the expansion of

genetic diversity and transmission of TGEV and PRCV, which need

attention for the surveillance and vaccine development.
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Cross-reactivities and 
cross-neutralization of different 
envelope glycoproteins E2 
antibodies against different 
genotypes of classical swine fever 
virus
Wei-Tao Chen 1,2†, Hsin-Meng Liu 1,2,3†, Chia-Yi Chang 1, 
Ming-Chung Deng 3, Yu-Liang Huang 3, Yen-Chen Chang 1,2 and 
Hui-Wen Chang 1,2*
1 School of Veterinary Medicine National Taiwan University, Taipei, Taiwan, 2 School of Veterinary Medicine, 
Graduate Institute of Molecular and Comparative Pathobiology, National Taiwan University, Taipei, Taiwan, 
3 College of Bioresources and Agriculture, Animal Health Research Institute, Tamsui, Taiwan

Classical swine fever (CSF) is a highly contagious swine disease caused by the 
classical swine fever virus (CSFV), wreaking havoc on global swine production. The 
virus is divided into three genotypes, each comprising 4–7 sub-genotypes. The 
major envelope glycoprotein E2 of CSFV plays an essential role in cell attachment, 
eliciting immune responses, and vaccine development. In this study, to study the 
cross-reaction and cross-neutralizing activities of antibodies against different 
genotypes (G) of E2 glycoproteins, ectodomains of G1.1, G2.1, G2.1d, and G3.4 CSFV 
E2 glycoproteins from a mammalian cell expression system were generated. The 
cross-reactivities of a panel of immunofluorescence assay-characterized serum 
derived from pigs with/without a commercial live attenuated G1.1 vaccination 
against different genotypes of E2 glycoproteins were detected by ELISA. Our 
result showed that serum against the LPCV cross-reacted with all genotypes of 
E2 glycoproteins. To evaluate cross-neutralizing activities, hyperimmune serum 
from different CSFV E2 glycoprotein-immunized mice was also generated. The 
result showed that mice anti-E2 hyperimmune serum exhibited better neutralizing 
abilities against homologous CSFV than heterogeneous viruses. In conclusion, the 
results provide information on the cross-reactivity of antibodies against different 
genogroups of CSFV E2 glycoproteins and suggest the importance of developing 
multi-covalent subunit vaccines for the complete protection of CSF.

KEYWORDS

classical swine fever, E2 glycoprotein, cross-reaction, cross-neutralizing activity, 
genotypes

1. Introduction

Classical swine fever (CSF) is a highly contagious World Organization for Animal Health 
(WOAH) notifiable disease that causes significant economic losses. A devastating CSF has been 
reported in Central and South America, Europe, Asia, and Africa (1–5). Even though areas can 
be declared CSF-free, the re-emergence of CSF and emergence of new sub-genotypes of classical 
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swine fever virus (CSFV) have been reported (6). In Japan, outbreaks 
of G2.1d CSFV in pig farms and wild boars in Gifu City in 2018 were 
re-emerged after 26 years of CSF-free status (6–8) indicating the 
difficulty in eradication of the disease.

Clinical signs of CSF are determined by the virulence of the viral 
strain, age, health condition, and immune responses of pigs and can 
be divided into peracute, acute, subacute, chronic, and subclinical (3, 
9, 10). The common pathological findings in the acute phase are 
hemorrhage and petechiae in multiple organs with necrotizing 
tonsillitis and enteritis (11, 12). The most prominent histopathological 
changes in chronic CSF are lymphoid depletion and lymph node 
necrosis (13). Subclinical CSF, resembling a persistent infection, is 
caused by a transplacental transmission during mid-gestation periods 
(14, 15). Infected piglets can be asymptomatic but persistently shed 
the virus, becoming a source of virus (11, 16).

Classical swine fever virus, belonging to the family Flaviviridae 
and genus Pestivirus, is a single positive-strand RNA virus. CSFV 
carries a genome of ~12.3 kbp, encoding one continuous open reading 
frame (ORF) flanked by two non-translated regions (NTR) on both 
sides. The ORF encodes a polypeptide precursor of approximately 
3,898 amino acids (aa) that can be cleaved into 12 mature proteins, 
including four structural proteins, namely nucleocapsid protein (C), 
enveloped glycoproteins (E) Erns, E1, and E2, and eight non-structural 
(NS) proteins, namely N-terminal protease (Npro), p7, NS2, NS3, 
NS4A, NS4B, NS5A, and NS5B (17–19). Among the CSFV proteins, 
the E2 protein is the most immunogenic and essential for inducing 
neutralizing antibodies and protecting against lethal challenge (20). It 
has been demonstrated that the removal of certain glycosylation sites 
of the E2 protein significantly reduced the immunogenicity of the 
protein and increased its virulence (21, 22). There are four 
immunogenic domains at the C-terminus of the E2 protein, which can 
be divided into a less conservative B/C domain (690–779 a.a.) and a 
conservative A/D domain (780–859 a.a.). Several linear epitopes were 
identified in these domains (23), such as 772LFDGTNP778 at the tail of 
domain B/C (24) and 829TAVSPTTLR837 recognized by the monoclonal 
antibody (mAb) WH303 (25). At the N-terminus of the B/C domain, 
four residues at positions 709P, 713E, 725G, and 738I/V have been identified 
as important for antigen–antibody interactions (26).

Substitutions can cause dramatic topology changes and might 
abolish antibody binding (27). It has been shown that specific 
glycosylation or the lack of E2 glycoprotein through point mutation 
and deglycosylation of the highly virulent Shimen strain at position 
986 could result in a lower virulence (22). In this study, deglycosylation 
of the E2 protein at the 986NYA988 glycosylation site resulted in a 
decrease in E2 dimerization, which affected viral interactions with cell 
surface attachment factors, virion stability, and virus replication (22, 
28, 29).

Classical swine fever virus can be divided into three genotypes 
(G1, G2, and G3). Each genotype comprises four to seven 
sub-genotypes according to the 5’NTR and E2 sequences (17, 18, 30, 
31). Among the different genotypes, the nucleotide sequence identities 
genetically range from 80 to 86%. In the same genotype, there is 
86–91% similarity among various sub-genotypes (18). Only the 
original reference strain, G1, has been reported in North America. The 
G2 CSFV emerged in Europe in the 1980s. The G3 CSFV has only been 
identified in Asia (11, 32). Regarding the historical distribution of 
sub-genotypes, the G1.1 CSFVs were identified in Argentina, Brazil, 
Colombia, and Mexico. The G1.3 strains were identified in Honduras 

and Guatemala. The G1.2 and G1.4 strains were identified in Cuba 
(32–35). Currently, genotype 2, |originating in Central Europe, is the 
predominant strain. G2.1 CSFV is a moderately virulent genotype 
compared with high-virulence G1 strains. The G2.1, 2.2, and 2.3 CSFV 
strains have been reported in Nepal, China, Japan, Korea, and the 
Middle East. G3 CSFV has only been reported in Asia, with G3.2 
isolated in Korea between 1988 and 1999 (36), G3.3  in Thailand 
between 1988 and 1996 (1), and G3.4 in Japan and Taiwan (37). In 
Taiwan, the G3.4 strain was gradually replaced by the G2.1 CSFV. This 
was suggestively due to the superior replication and infectivity of the 
G2 virus compared with the G3 CSFV (1). However, the mechanism 
responsible for genotype switching has not been completely investigated.

Extensive vaccination programs have been used to control CSF in 
endemic regions, with varying degrees of success. Live attenuated 
vaccine (LAV) generally performs well against homologous strain 
CSFV infections. However, conflicting results of various degrees of 
protection against heterologous strains have been debated (38–40). 
Even after extensive vaccination with C-strain LAV, frequent CSF 
outbreaks have been reported in China. The reported strains include 
G1.1, G2.1, G2.2, G2.3, and the newly emerged sub-genotypes G2.1b, 
G2.1c, and G2.1d (41–44). The newly emerged clades of subgenotype 
G2.1 are moderately virulent and more dominant, arguing the efficacy 
of the C-strain G1-based vaccine.

To study the cross-reaction and cross-neutralizing activities of 
antibodies against different genotypes of E2 glycoproteins, 
ectodomains of G1.1, G2.1, G2.1d, and G3.4 CSFV E2 glycoproteins 
derived from the HEK293 mammalian expression system were 
generated to mimic the integrity of E2 glycoproteins. These E2 
glycoprotein-based in-house ELISAs were developed to evaluate the 
cross-reactivity of a panel of immunofluorescence assay (IFA)-
characterized sera derived from Lapinized Philippines Coronel strain 
live attenuated vaccine (LPCV) immunized pigs. These ELISA 
performances were compared with that of a commercialized CSFV 
ELISA. Hyperimmune mouse serum against these CSFV E2 
glycoproteins was generated to detect the neutralizing activity against 
different genogroups of CSFV.

2. Materials and methods

2.1. Cells and virus

Sequences of the E2 encoded region from G1.1 (GenBank 
Accession No. AAS20416.1), G2.1a (GenBank Accession No. 
LC425854.1), G2.1d (GenBank Accession No. AY554397.1), and G3.4 
(GenBank Accession No. AY646427.1), modified by truncation of the 
transmembrane domains and addition of the human tissue 
plasminogen activator sequence at the 5′-end with two restriction 
enzyme sites, NotI and BamHI, at the 3′ and 5′ ends, respectively, were 
synthesized by Genscript Corporation (Piscataway, NJ, United States). 
The modified sequences were digested and ligated into the pcDNA 3.1/
V5-His TOPO TA mammalian expression vector (Invitrogen, Carlsbad, 
CA, United States) at BamHI and NotI restriction sites (Figure 1).

The plasmids obtained were transfected into HEK 293 cells with 
PolyJet (SignaGen Laboratories, Frederick, MD, United States) and 
selected by culturing in DMEM high-glucose culture medium (Gibco, 
USA) containing 1.5% geneticin (G418) (Gibco) and 10% FBS 
(Gibco). Once stable cell lines were developed, the cells were placed 
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into 175 T flasks and cultured with Freestyle 293 expression medium 
(Gibco) for five days for supernatant collection.

2.2. Immunocytochemistry staining for E2 
detection

The expression of E2 glycoproteins was detected by fixing the cells 
in a 96-well-plate with 80% acetone (Avantor, PA, United States) for 
20 min on ice. After air-drying and washing with 200 μL of PBS, 100 μL 
of anti-V5 antibody (Invitrogen; 1:1,000 dilution) was added to each 
well and incubated at room temperature (RT) for 1 h. Each well was 
washed six times using 200 μL PBS. In each well, 100 μL of Dako REAL 
EnVision antirabbit/mouse horseradish peroxidase (HRP)-conjugated 
antibody (Dako, CA, United  States; 1:10 dilution) was added and 
incubated at RT for 1 h. The signals were detected using 
3,3′-diaminobenzidine (DAB) (Dako) following the manufacturer’s 
instructions. Results were evaluated using an inverted light microscope.

2.3. Sodium dodecyl sulfate–
polyacrylamide gel electrophoresis and 
western blot

The E2 glycoproteins were mixed with NuPAGE LDS sample buffer 
(Thermo Fisher Scientific, Waltham, MA, United  States). For the 
denatured samples, NuPAGE Sample Reducing agent (Thermo Fisher 
Scientific) was added and incubated at 95°C for 10 min. The samples 
were then separated by SDS-PAGE using a Bio-Rad Mini-PROTEIN 
electrophoresis system (Bio-Rad, Hercules, CA, United States) with a 
10% separating gel and 17% stacking gel, following the manufacturer’s 
recommendations. The proteins were transferred to a polyvinylidene 

fluoride (PVDF) membrane (Bio-Rad) and blocked with 5% skim milk 
(Beckton, Dickson and Company, MD, United States) in 5% tris-buffered 
saline and polysorbate 20 (Tween 20) (TBS-T) (Genestar, Beijing, China) 
at RT for 1 h. followed by 1 h. of WH303 (APHA Scientific, 
United  Kingdom; 1:1,000 dilution) or anti-V5 (Novex, Invitrogen; 
1:5,000 dilution), and 1 h. of Goat-anti-mouse HRP conjugated 
secondary antibody (Jackson ImmunoResearch, PA, United  States; 
1:10,000 dilution) with three washes of TBS-T between each incubation. 
The results were visualized using Clarity Western ECL Blotting 
Substrates (Bio-Rad) and a ChemiDoc XSR+ Imaging System (Bio-Rad).

2.4. Protein affinity-based purification

The collected expression medium was filtered through a 0.22 μm 
filter to remove any cell debris. The filtered expression medium was 
then incubated at 4°C overnight with HisPur cobalt resin (10 mL/1 L) 
(Thermo Fisher Scientific). The resin was collected in a column and 
washed with 10 resin-bed volumes of sodium-phosphate-based wash 
buffer. The proteins were eluted by passing five resin-bed volumes of 
300 mM imidazole elution buffer through a column. The eluates were 
concentrated using Amicon Ultra-15 10 kDa concentration tubes 
(Millipore, Merck, Ireland). The concentration was determined by 
measuring the UV absorbance at 280 nm using a Take 3 BioTek 
microplate (Cytation 7, Agilent, Santa Clara, CA, United States).

2.5. Indirect immunofluorescent assay of 
swine serum antibody

PK-15 cells were seeded in a flat bottom 96-well-plate at 80% 
confluence and infected with the attenuated LPCV (AHRI) virus 
at a multiplicity of infection of 10. After 72 h of inoculation, the 
cells were fixed by adding 100 μL of 10% formaldehyde, incubated 
at RT for 1 h, and air-dried. One hundred microliters of 10% goat 
serum (Dako) were used as a blocking buffer and were incubated 
at RT for 1 h. The sera collected from pigs submitted to Veterinary 
Medicine Diagnostic Center at School of Veterinary Medicine in 
National Taiwan University for diagnostic needs with or without 
LPCV immunization history was diluted 80 folds and incubated at 
RT for 1 h. After washing with PBS six times, fluorescein 
isothiocyanate (FITC)-conjugated AffiniPure goat anti-swine IgG 
antibody (Jackson ImmunoResearch; 1:100 dilution) was applied 
to the microplates for 1 h at RT. After washing with PBS, the cells 
were mounted with a mounting medium containing DAPI (Abcam, 
Cambridge, United Kingdom). Fluorescence was observed using 
an inverted fluorescence microscope.

2.6. Commercial and in-house CSFV 
enzyme-linked immunosorbent assay

A CSFV antibody ELISA kit (BioChek, Berkshire, UK) was used to 
detect CSFV antibodies in swine serum, following the manufacturer’s 
recommendations. For different in-house CSFV E2 ELISA, 100 μL 
purified E2 proteins diluted to 1 ng/microliter in coating buffer (KPL, 
SeraCare, Milford, United  States) was added onto 96-well-plates, 
following manufacturer’s instructions, and incubated overnight at 

FIGURE 1

Schematic plasmid map of the recombinant CSFV E2 construct. 
Sequences of E2 modified by truncation of the transmembrane 
domains and addition of the human tissue plasminogen activator (tPA) 
sequence at 5′-end with two restriction enzyme sites, NotI and BamHI, 
at 3′ and 5′ end of the sequences, respectively, were cloned onto the 
pcDNATM 3.1/V5-His TOPO® TA mammalian expression vector.
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4°C. Following removal of the coating buffer, each well was washed six 
times with 200 μL of wash buffer (KPL, SeraCare). One hundred 
microliters of blocking buffer (KPL, SeraCare) were added to each well 
and incubated at RT for 30 min. Swine or mouse blood serum was diluted 
80-fold with PBS before adding to each well. After washing with wash 
buffer, 100 μL of HRP-conjugated goat anti-swine IgG (Jackson 
ImmunoResearch; 1:1,000 dilution in blocking buffer) or HRP conjugated 
goat-anti-mouse secondary antibody (Jackson ImmunoResearch; 1:1,000 
dilution in blocking buffer) was added and incubated at RT. After 1 h, the 
plates were washed six times. Fifty microliter ABTS peroxidase substrate 
(KPL, SeraCare) was added for 3 min following the manufacturer’s 
instructions. The reaction was halted by adding a 50 μL stopping buffer 
(KPL, SeraCare). The results were evaluated by measuring the optical 
density at 405 nm (OD 405) on an EMax Plus microplate reader 
(Molecular Device, Crawly, United  Kingdom). Cutoff values were 
determined by adding two standard deviations of all IFA-negative 
samples to the average of IFA-negative samples. Higher OD values were 
considered to be positive and vice versa.

2.7. Mice immunization

Twelve eight-week-old BALB/c mice were randomly separated 
into three groups. Each group was administered 50 μg of G1.1, 2.1d, 
or 3.4 CSFV E2 proteins in 0.2 mL of Montanide Gel 01 (Seppic, 
France) intraperitoneally and boosted with the same dosage at 14, 28, 
42, and 56 days post-immunization (dpi). Hyperimmune mouse 
serum samples of different E2 levels were collected retro-orbitally and 
at 70 dpi, per the Institutional Animal Care and Use Committee 
(IACUC) guidelines. All procedures involving animals were 
performed following the regulations and with permission of the 
IACUC protocol (No. A10008) at the Animal Health Research 
Institute (AHRI, Council of Agriculture, Executive Yuan, Taiwan).

2.8. Serum neutralizing assay

The serum neutralizing assay was performed as described in 
previous studies (45). All serum samples were first inactivated at 
56°C. Starting from 1:40 dilution, twofold serial diluted sera were 
incubated with equal amount of100 TCID50 of different CSFV 
genotypes, including LPC/AHRI strain (G1.1) (46), TD/96/TWN 
strain (G2.1a) (47), and 94.4/IL/94/TWN (G3.4) (32) at 37°C for 1 h, 
and subsequently added into PK-15 seeded 96-well microplates. At 
72 h post-infection, the cells were fixed with 10% formalin for CSFV 
antigen detection by IFA staining, as previously described (45). The 
neutralizing titer in the log2 of the Ab dilution factor was recorded.

2.9. Translational alignment and statistical 
analysis

Translational alignment of all four E2 sequences were carried out 
using Geneious 9 (Version 9.1.8).1 Data were analyzed using software 

1 http://www.geneious.com

GraphPad Prism (version 8.4.0) (GraphPad Software Inc., San Diego, 
CA, United States) and differences were considered significant by 
p-value (*p < 0.05; **p < 0.01).

3. Results

3.1. Expression and detection of different 
CSFV E2 glycoproteins

After G418 selection, the expression of each CSFV E2 glycoprotein 
was successfully detected in HEK293 cells using an anti-V5 antibody. 
In each CSFV E2 plasmid-transfected cell line, more than 90% of cells 
were stained positive by ICC (Figures 2A,B). The expression medium 
collected contained 3–4.5 mg of E2 glycoprotein/L after purification. 
After protein purification of the supernatant of these CSFV E2 
glycoprotein-expressing stable cell lines, proteins migrated to 100 kDa 
under non-reduction conditions and were suspected as homodimers. 
Proteins migrated to 50 kDa under reduction conditions 
corresponding to the predicted size of E2 monomer were confirmed 
by using an anti-V5 antibody (Figure 2C) and the anti-CSF E2 specific 
antibodies, WH303 (Figure 2D).

3.2. Cross-reactivity of LPCV-induced 
antibody responses in pigs against different 
genotypes of CSFV E2 proteins

To investigate the cross-reactivity of the LPC-induced porcine IgG 
against different genotypes of CSFV E2 proteins, a panel of 177 
porcine serum samples from farms with and without an 
LPC-vaccination history was used. The binding activity of porcine 
sera against CSFV was first evaluated using IFA on LPC virus-infected 
PK-15 cells. Under fluorescent microscopic examination, a total of 78 
serum samples were positive for IgG against LPC-infected PK-15 cells. 
Ninety-nine sera were negative.

Using the IFA-characterized porcine sera, the cross-reactivity 
of these porcine sera against different genotypes of CSFV E2 
proteins was investigated by ELISAs (Figure 3). The S/P ratio of the 
commercially available ELISA was calculated following the 
manufacturer’s recommendations. Using the mean value of the 
negative samples plus two standard deviations (mean + 2SD) as the 
cut-off values for in-house CSFV G1.1 E2-based ELISA had a 
cut-off O.D. of 0.71; the in-house CSFV G2.1a E2-based ELISA had 
a cut-off value of 0.71; the in-house CSFV 2.1d-based E2 
glycoprotein ELISA had a cut-off value of 0.70; and the in-house 
CSFV 3.4 E2-based glycoprotein ELISA had a cut-off value of 0.66. 
After evaluating four in-house E2 glycoprotein-based ELISA of the 
177 serum samples, all glycoproteins showed comparable 
sensitivity and specificity to the commercially available CSFV E2 
ELISA (Table 1).

3.3. Virus cross-neutralizing test for 
different CSFV E2 immunized mice

After immunization, elevated anti-CSFV E2 IgG levels in the 
sera of different CSFV E2 immunized mice were detected. There 
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were no differences in the IgG-binding abilities of these sera 
against homologous and heterologous CSFV E2 proteins 
(Figure  4). Antibody neutralizing (NA) in the sera of CSFV 
E2-immunized mice generally exhibited a better NA against the 
homologous genotype virus than against the heterologous viruses 
(Figure  5). Mice immunized with CSFV G1.1 E2 glycoprotein 
presented significantly higher NA titers (average 1:10,240 dilution) 
against LPC/AHRI strain (G 1.1) infection than the TD/96/TWN 
strain (G 2.1a) (average dilution 1:640) and 94.4/IL/94/TWN 
strain (G 3.4) (average dilution 1:640) in sera. In contrast, CSFV 
G2.1d E2 protein-immunized sera also exhibited significantly 
higher NA against the homologous TD/96/TWN strain challenge 
(G2.1a; average dilution 1:14,480) than LPC/AHRI strain (CSFV 
G1.1; average dilution 1:1810) and higher NA against the 94.4/
IL/94/TWN strain (G 3.4) (average dilution 1:2,560). CSFV G3.4 
E2 protein-immunized sera exhibited higher NA titer against 94.4/
IL/94/TWN strain (G 3.4) (average dilution 1:17,220) than the 
LPC/AHRI strain (G 1.1) (average dilution 1:7,240) and 
significantly higher NA against the TD/96/TWN strain (G 2.1a) 

(average dilution 1:1,810). No detectable NA was detected in any 
of the sera collected before protein immunization.

3.4. The deduced amino acid alignments of 
different E2 sequences

The alignment result revealed several variations in known 
epitope regions of E2 glycoproteins (Figure 6). As compared to the 
G 1.1 E2, the G 2.1a E2 had substitutions of L709P, G713E, D725G, 
V738T, T745I, K761R, and N777S in domain B/C, R786T, A795T, 
V789L, R848K, D850E, K851R, M857V, N858D, T863I, and 
N866K in domain A/D; the G 2.1d E2 had substitutions of Y697H, 
L709P, G713E, D725G, V738I, K761R, and N777S in domain 
B/C,R786T, A795T, V789L, R848K, D850E, K851R, M857V, 
N858D, T863I, and N866K in domain A/D. The G 3.4 E2 had 
substitutions of G713E, K720R, D725N, V738T, K760N, K761R, 
N777R in domain B/C, R786S, A795T, V789L, D850E, M857G, 
N858E, T863M, and N866D in domain A/D. Also, substitution of 

FIGURE 2

Detection of classical swine fever virus (CSFV) E2 expression by immunocytochemistry staining (ICC) and western blot (WB). (A) The result of ICC in 
detecting the expression of CSFV E2 glycoprotein using anti-V5 antibody. (B) The ICC result of mock transfected HEK 293 cells (C) Western blot result 
of different CSFV genotypes of E2 glycoproteins detected by anti-V5 antibody. (D) Western blot result of different CSFV genotypes of E2 glycoproteins 
detected by WH303 antibody. The ICC were performed 7 days after the transfection in HEK 293 cells fixed with 80% acetone for the immunostaining. 
Proteins after purification with HisPurTM cobalt resin and separated by SDS-PAGE in both naïve and reduced gels were analyzed by WB detected with 
anti-V5 or anti-WH303 antibodies. The positions of markers are as indicated. 1, CSFV G 1.1 E2 naïve form; 2, CSFV G 2.1a E2 naïve form; 3, CSFV G 2.1d 
E2 naïve form; 4, CSFV G 3.4 E2 naïve form; 5, CSFV G 1.1 E2 reduced form; 6, CSFV G 2.1a E2 reduced form; 7, CSFV G 2.1d E2 reduced form; 8, CSFV 
G 3.4 E2 reduced form; M, Marker.
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A988T present in G 2.1a, G 2.1d and G 3.4 result in an extra 
glycosylation site compared to G 1.1 of LPC strain (Figure  6; 
Supplementary Table 1).

4. Discussion

Historically, CSF has been controlled by extensive vaccination and 
complete stamp-out programs. However, outbreaks of G2.1d CSF 
occurred in a large number of C-strain-vaccinated pig farms in China, 
highlighting the importance of investigating the cross-reaction and 
cross-neutralizing activity of immune responses against different 
genotypes of CSFVs (23, 43). In this study, ectodomains of G1.1, G2.1a, 
G2.1d, and G3.4 CSFV E2 glycoproteins were successfully generated 
in a mammalian expression system. Antibodies derived from the G1.1 
LPCV-immunized animals were demonstrated to recognize all 
genotypes of E2 glycoproteins. We also demonstrated that different E2 
antibodies exhibited better neutralizing abilities against homologous 
CSFV than heterogeneous viruses. The results provide information on 

the cross-reactivity of antibodies against different genogroups of CSFV 
E2 glycoproteins and suggest the importance of developing multivalent 
E2 subunit vaccines for CSF protection.

FIGURE 3

Comparison of cross-reactivities of serums derived from pigs with/without LPC vaccine-immunization among the commercial CSFV E2 ELISA and 
different four different in-house E2 glycoproteins-based ELISA. Results of the commercial CSFV E2 ELISA and in-house E2-based ELISAs are 
represented as in S/P ratio and OD 405, respectively. Black round dots on the right column are IFA-confirmed negative serums and dots on the left 
column are the IFA-confirmed serums. Cut-off values are calculated according to the manufacture’s guideline or the mean value of the negative 
samples plus two standard deviations (mean + 2SD) for in-house ELISA presented as red dotted lines.

TABLE 1 Summarized results of in-house E2 glycoproteins-based ELISAs 
and the commercial ELISA in detection of IFA-confirmed positive (+) and 
negative (−) serums against the classical swine fever virus (CSFV) 
Lapinized Philippines Coronel (LPC) strain in PK-15 cells.

ELISA 
result

BioChek CSFV 
1.1 
E2

CSFV 
2.1 
E2

CSFV 
2.1d 
E2

CSFV 
3.4 
E2

IFA (+) 

(N = 78)

Positive 73 70 72 67 70

Negative 5 8 6 11 8

IFA (−) 

(N = 99)

Positive 14 8 9 13 11

Negative 85 91 90 86 88

Sensitivity 0.936 0.828 0.860 0.828 0.860

Specificity 0.859 0.919 0.909 0.869 0.889

Accuracy 0.893 0.875 0.885 0.849 0.875
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In this study, the high cross-reactivity of LPC-induced porcine 
IgG against different genotypes of CSFV E2 proteins was confirmed 
by ELISA. Our results also indicated that the HEK293 cell-derived E2 
glycoprotein-based ELISA developed, exhibited comparable sensitivity 
and specificity to the commercially available CSFV E2 ELISA. Several 

CSFV E2- and Erns-based ELISAs have been developed to evaluate 
CSFV exposure and immunity in animals with E2 being the most 
widely adopted and commercially successful ELISA (48–50). Similar 
to our results, the indirect ELISA based on the Shimen strain (G1.1) 
E2 expressed by lentivirus-infected Chinese hamster ovary (CHO) 
cells has been reported to have 92.9% agreement with the viral 
neutralizing test and 92.2% agreement with the IDEXX blocking 
ELISA (48). In Spodoptera frugiperda (SF21) cells expression system, 
it has been demonstrated that the Brescia (G1.2) strain, Paderborn 
(G2.1) strain, and Kanagawa (G3.4) strain E2-based ELISA derived 
had high Ab binding activities against homologous strain-immunized 
swine hyperimmune serum (51). However, the E2 protein-based 
ELISA derived from the E. coli expression system had a relative 
sensitivity of 90.2% and a relative specificity of 55.3% compared with 
the IDEXX blocking ELISA kit with an overall concordance rate of 
80.3% (52). The low specificity of the E. coli-expressed E2 protein-
based ELISA argues the accuracy of the method.

Regarding cross-protectivity of CSFV vaccines, it has been 
shown that the C-strain vaccine and the LPC G1-based vaccines 
could prevent the circulation of most G1 CSFVs in the world and 
reduce the incidences of G3.2 CSFV in Korea, G3.3 CSFV in 
Thailand, and G3.4 CSFV in Japan and Taiwan (36, 37, 53). The 
tissue-adapted version of the C-stain vaccine Riemser vaccine has 
also been demonstrated to provide complete protection against 
G2.1 and G3.3, and G2.1c CSFVs (8, 38). However, we  have 
demonstrated herein that hyperimmune serum from CSFV E2 
glycoprotein-immunized mice exhibited better neutralizing 

FIGURE 4

Cross-reactivity of IgG before and after G 1.1, 2.1d, and 3.4 E2 
immunization in mice against different E2 glycoproteins detected by 
ELISA. Sera sample were collected retro-orbitally before 
immunization and at 70 days post immunization with different E2 
glycoproteins and anti-E2 antibody levels were measured by ELISA 
coated with G 1.1, G 2.1a, G 2.1d, and G 3.4 E2 and read at OD 
405 nm. The hollow icons represent serum samples collected prior 
to immunization and solid icons are at 70 days post immunization. 
Circular shape is against G 1.1 in-house E2-based ELISA, square 
shape is against G 2.1a in-house E2-based ELISA, triangular shape is 
against G 2.1d in-house E2-based ELISA, and diamond shape is 
against G 3.4 in-house E2-based ELISA.

FIGURE 5

Comparison of different mice serum neutralizing antibody titer against different CSFV genotypes. Mice sera at 70 days after immunization with G 1.1, G 
2.1d, or G 3.4 glycoproteins were collected, inactivated at 56°C, incubated with 100 TCID50 of LPC/AHRI strain (G 1.1), TD/96/TWN strain (G 2.1a), or 
94.4/IL/94/TWN strain (G 3.4) of CSFV for 1 h at 37°C, and infected PK-15 cells. The highest dilution that is able to stop 50 percent of the cell from 
infection were recorded. *p < 0.05; **p < 0.01.
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abilities against homologous CSFV than heterogeneous viruses. 
Notably, sera derived from mice immunized with the LPC strain 
E2 (G1.1) had a lower neutralizing antibody titer against G2.1 and 
G3.4 CSFVs. This is consistent with the previous findings (23, 45). 
Our results might also explain, at least partially, occasional cases 
of the new G2.1b and G2.1d sub-genotypes of CSFV infection in 
a large number of C-strain-vaccinated pig farms in China (54, 55) 
and the findings of C-strain-based vaccination could provide 
clinical but not pathological and virological protection against the 
G2.1d CSFV emerging in China (39). According to our results, 
we speculated that the antibody induced by the monovalent G1.1 
E2 subunit vaccine might not be  able to completely neutralize 
heterogeneous viruses. Since the above-mentioned vaccines are 
LAVs, further animal experiments to evaluate the cross-
protectivity of different genotype E2 proteins against different 
genotype CSFVs to understand the immune efficacy and 
protectivity of E2 subunit vaccines are needed.

To investigate potential mutations responsible for the reduction 
of neutralizing abilities of E2 antibodies against heterogeneous CSFVs, 
amino acid sequence alignment was performed. Several amino acid 
substitutions, D705N, L709P, G713E, N723S, and S779A, in the G2.1a 
and G2.1d E2 sequences reported as antigenic domains responsible 
for a decrease in the neutralizing ability of heterologous strains (23, 
26), were noted. Importantly, these mutations were demonstrated to 
lead to conformational changes in the antigenic epitope domain 
covering 773FDGTNP778 of the E2 protein predicted by SWISS-
MODEL as compared with the CSFV G1.1 E2 protein in the present 
study (Supplementary Figure 1). This domain is a conserved linear 
B-cell epitope composed of three essential residues 773F, 775G, and 778P, 
with 774D and 777N contributing to most of the epitope activity. 
Replacing of these residues has been demonstrated to abolish or 

remarkably reduce the reactivity of the epitope (56). We propose that 
the substitutions and structural alteration of the epitope domains of 
the E2 protein might be responsible for the differences in the lower 
neutralizing ability of the G1.1 LPC strain virus against the G2.1a and 
G2.1d CSFVs. Further investigations, such as mutagenesis assays of 
E2 proteins, to map critical mutations responsible for the viral 
neutralization are also needed.

Live attenuated vaccines have been widely used to control 
CSFV. Among the currently used vaccines to combat CSFV, LAVs are 
the most common, with worldwide adaptation to region-specific 
strains or genotypes. However, LAVs have several disadvantages, 
including acceptance of maternal-derived Ab titer interference (57), 
lack of DIVA ability, the requirement for low-temperature 
transportation, and the possibility of virulence reversion (58). 
Combined with the progress in molecular biology and insight into the 
pathogenesis of CSFV infections, methods to distinguish vaccinated 
and clinically infected pigs can be developed using subunit E2 DIVA 
vaccines. However, variable results of vaccination-challenge 
experiments and transmission studies on E2 subunit vaccines (59, 60) 
suggest limited capacity of monovalent CSFV E2 subunit vaccines to 
provide sterilizing immunity against heterogeneous field CSFV-strains 
in pigs (59–61). For CSFV subunit vaccine development, multivalent 
subunit vaccines should be  essential based on the reduction in 
neutralizing ability against heterogeneous CSFV observed in the 
present study. Using the mammalian expression system of HEK-293 
could provide unique opportunities for E2 proteins to process complex 
multi-dimensional folding and post-translational modifications. Four 
CSFV E2 proteins covering G1-G3 CSFV with proper mammalian 
glycosylation and able to elicit neutralizing antibodies against G1–G3 
CSFVs generated in this study could be multi-covalent CSFV subunit 
vaccine candidates.

FIGURE 6

Translational alignment of different genotypes of CSFV E2 sequences. The G 1.1 sequence is used as the reference sequence. The B/C domain are 
underlined in red and A/D domain in blue. Known epitope region are indicated by black line. The extra predicted glycosylation site of G 2.1a, G 2.1d, 
and G3.4 are marked by the red box.
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Porcine circovirus 2 (PCV2) has been recognized as a causative agent of porcine

circovirus diseases (PCVDs) a�ecting the global swine industry. In this study,

the genetic diversity of PCV2 strains circulating in Thailand between 2019 and

2020 was investigated using 742 swine clinical samples from 145 farms. The

results showed PCV2-positive rates of 54.2% (402/742) and 81.4% (118/145)

at the sample and farm levels, respectively. Genetic analysis of 51 Thai PCV2

genomic sequences showed that 84.3% (43/51) was PCV2d, 13.7% (7/51) was

PCV2b and 1.9% (1/51) was PCV2b/2d recombinant virus. Surprisingly, themajority

of the Thai PCV2d sequences from this study (69.77%, 30/43) formed a novel

cluster on a phylogenetic tree and contained a unique 133HDAM136 on the

ORF2 deduced amino acid sequence, which is in one of the previously identified

immunoreactive domains strongly involved in virus neutralization. The PCV2b/2d

recombinant virus also carried 133HDAM136. The emergence of the novel PCV2d

strains predominating in Thailand was discussed. This study highlights the need

for further investigations on the spreading of these PCV2d strains in other regions

and the e�cacy of current commercial vaccines.

KEYWORDS

porcine circovirus 2, PCV2d, mutation, recombination, pigs, Thailand

1. Introduction

Porcine circovirus (PCV) 2, the causative agent of porcine circovirus diseases (PCVDs)

affecting the global swine industry, is a non-enveloped single-stranded DNA virus

containing a circular genome of 1766–1768 nucleotides (nt) (1) containing three main open

reading frames (ORFs). Replicase protein encoded by ORF1 (Rep gene) is essential for viral

replication (2). Capsid protein encoded by ORF2 (Cap gene) is a viral structural protein

playing a significant role in the immunogenicity, virulence, and characteristics of the virus

genotypes (3, 4). Finally, an ORF3 protein could induce apoptosis (4). Since its discovery,

PCV2 has been recognized as a viral pathogen with a significant economic impact on the pig

industry in various regions, particularly in North America, Europe, and Asia (5–7).

To date, PCV2 is classified into eight genotypes, PCV2a–h, based on theORF2 nucleotide

sequence (6). PCV2d is currently the predominant genotype worldwide (8), possibly due

to selection pressure from the global PCV2 vaccination or the previously circulating PCV2
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strains. In general, mutation at neutralizing epitopes might render

the mutant virus less susceptible to the pre-existing antibodies

(from vaccination or previously circulating viruses) (9). Hence,

a further genetic shift from the current PCV2d strains was

not unexpected. In this study, novel variants of PCV2d with

a unique mutation at a previously recognized immunoreactive

domain on the ORF2 were identified and found to rapidly

dominate in Thailand. This finding may raise awareness for further

investigations on the spreading of these viruses in other regions and

the cross-protection with current commercial vaccines.

2. Materials and methods

2.1. Clinical samples

A set of 742 swine clinical samples, each collected from

a different pig, were retrieved from the sample repository of

Chulalongkorn University, Veterinary Diagnostic Laboratory (CU-

VDL) and Diagnostic Laboratory of Large Animal Hospital and

Students Training Center (DLSTC). The samples were originally

submitted to CU-VDL and DLSTC as part of routine diagnosis

from January 2019 to December 2020. These samples were

obtained from 145 swine farms located in 18 provinces across

different geographical regions of Thailand, primarily in the

high pig-density areas in the Western, Central, and Eastern

parts (Supplementary Figure 1). The corresponding data of these

samples were also obtained, including sample types, sample

collection dates, age groups or statuses of the pigs, clinical signs,

and farm locations.

2.2. PCV2 detection and DNA sequencing

Viral DNA was extracted from the clinical samples by using

the IndiMag Pathogen kit of viral RNA/DNA (Indical Bioscience,

Germany) on the automated extraction platform. The obtained

DNA was stored at−80◦C until used.

For PCV2 detection, a real-time PCR assay was done

using Luna R© Universal Probe qPCR master mix (NEB, MA,

USA) with previously described protocol (10). The PCV2-

PCR positive samples were further systematically selected for

genetic characterization.

The sample selection process aimed to fulfill three criteria;

(1) obtaining at least one PCV2 sequence from each of the six

geographical regions of Thailand (the Northern, Northeastern,

Central, Western, Eastern, and Southern regions), (2) including

PCV2 sequences from both 2019 and 2020, and (3) acquiring

a maximum of one PCV2 sequence from each individual pig.

Whenever possible, samples with ct values lower than 30 during the

PCV2 detection process were selected, to increase the likelihood of

successful whole genome sequencing.

For genome sequencing, PCR amplicons were prepared and

then submitted to the third-party sequencing company. The

PCR assay was performed as previously described (11, 12). The

PCR reactions were done using Onetaq R© 2x Master Mix (NEB,

MA, USA). The PCR products were examined by 1% agarose

gels and purified using NucleoSpinTM Gel and PCR Clean-up

(MACHEREY-NAGEL, Germany). The PCR products were then

submitted to Celemics, Inc. (Seoul, Korea) for barcode-tagged

sequencing. The obtained nucleotide sequences were assembled

and validated with SeqMan and EditSeq software v.5.03 (DNASTAR

Inc., Madison, Wisconsin, USA) and submitted to GenBank.

2.3. Sequence analysis

Classification of the Thai PCV2 sequences was done using a

previously proposed phylogeny-based method (6). The Thai PCV2

sequences (n = 51) were aligned with a set of PCV2a-h reference

sequences (n = 266, Supplementary Table 1) (6). In total, 317

sequences were used for phylogenetic analysis. Phylogenetic trees

were constructed based on the Neighbor-Joining (NJ) algorithm

using p-distance data. The classification was separately done using

the complete sequences of genomic, ORF1, and ORF2 data. The

tree was also reconstructed using theMaximum Likelihoodmethod

with a sequence of PCV1 (GenBank accession number: KJ408798)

as an outgroup to confirm the topology.

For the initial PCV2d sequence analysis, a phylogenetic tree of

complete ORF2 sequences of Thai PCV2d from 2010 to 2020 was

built (n = 124). The data from 2010 to 2015 were retrieved from

GenBank (n = 73, Supplementary Table 2) and the data from 2019

to 2020 (n = 51) were from this study. Nucleotide sequences were

aligned and the phylogenetic tree was then constructed based on

the NJ algorithm with the Maximum Composite Likelihood model

(NJ-MCL method).

NCBI BLAST function (https://blast.ncbi.nlm.nih.gov) was

performed using 19RBR58 ORF2 as a query sequence (6th February

2023) to retrieve sequences with high similarity from GenBank

database for further PCV2d ORF2 analysis. The dataset was named

19RBR58/BLAST (n = 440, Supplementary Table 3). The non-

redundant version of 19RBR58/BLAST (19RBR58/BLAST/NR, n=

158) was used in phylogenetic analysis. A phylogenetic tree was

constructed using NJ-MCL method.

Otherwise stated, all sequence alignment was done using the

Clustal W algorithm (13) of BioEdit 7.2.5 (14). Phylogenetic tree

construction was done using MEGA version 10.2.6 (15) with

bootstrap analysis of 1,000 replications.

Recombination analysis was carried out using Recombination

Detection Program (RDP, version 4.22) (16). Seven recombination

detection methods were used; i.e., RDP, GENECOV, Bootscan,

MaxChi, Chimera, SiScan, and 3Seq. A recombination event was

accepted when it was detected by at least five methods with the

p < 0.01. Bonferroni correction was applied. In the final step,

the identified recombinant virus was re-analyzed with SIMPLOT

software v. 3.5 by Bootscan methods (17) and a direct PCR

sequencing covering the recombination breakpoint.

3. Results

3.1. PCV2d is the major genotype
in Thailand

PCV2 screening by real-time PCR was done on 742 pigs from

145 farms. The results are shown in Table 1. Overall, animal-

level and farm-level positivity were 54.2% (402/742) and 81.4%
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TABLE 1 The prevalence of PCV2 in all tested samples during 2019–2020.

Types of samples Prevalence
at sample

level

Prevalence
at farm
level

Periods Group

of pigs†
Pooled
tissues

Serum Feces Semen Oral
fluids

Colostrum Umbilical
cords

Positive
rate

Positive
rate

Jan-Dec 2019 Suckling 16/21 0/7 4/7 - - - - 194/373

(52.0%)

62/81

(76.5%)

Nursery 66/75 24/98 0/1 - - - -

Growers 28/28 15/38 0/1 - - - -

Breeders 2/4 14/48 1/1 1/10 - - -

Fetuses 23/34 - - - - - -

Jan-Dec 2020 Suckling 3/8 2/13 0/1 - - - - 208/369

(56.4%)

66/74

(89.2%)

Nursery 38/43 23/53 1/4 - 0/2 - 2/2

Growers 14/15 90/132 - - - - -

Breeders 0/2 10/38 - 1/12 - 2/2 -

Fetuses 22/42 - - - - - -

Jan 2019-Dec 2020 212/272

(77.9%)

178/427

(41.7%)

6/15

(40.0%)

2/22

(9.1%)

0/2

(0%)

2/2

(100%)

2/2

(100%)

402/742

(54.2%)

118/145

(81.4%)‡

†Suckling: < 4 weeks; Nursery: 5–8 weeks; Growers: 9–20 weeks; Breeders: boars, gilts, and sows.
‡The PCV2 positive farms were calculated from Jan 2019 to Dec 2020.

(118/145), respectively. Fifty-one PCV2-positive samples (from 51

pigs) from 48 farms were genetically characterized. The nucleotide

sequences were deposited in the NCBI GenBank database under

accession no. OL677572–OL677622 (Supplementary Table 4).

Phylogeny-based genotyping of the ORF2 data showed that the

Thai strains were PCV2b and PCV2d (Figure 1), found at 13.73%

(7/51) and 84.31% (43/51), respectively (similar results were

observed when ORF1 or genome data were used). However, one

strain, 19NPT29, was not grouped within any genotype clusters.

At the farm level, PCV2b and PCV2d were found at 14.58% (7/48)

and 87.50% (42/48), respectively.

3.2. Novel PCV2d variants were identified
and dominated among the PCV2d strains

Due to the high detection rate of PCV2d in this study,

a phylogenetic tree was constructed to examine the genetic

relationship between the current Thai PCV2d sequences (2019–

2020) and the previously identified Thai PCV2d sequences (2010–

2015). A cluster of PCV2d strains exclusively from 2019 to 2020

with a high bootstrap support was identified (data not shown).

This cluster was named 19RBR58-like cluster, which accounted for

69.77% (30/43) of the PCV2d strains or 58.82% (30/51) of the PCV2

in this study. Percent nucleotide sequence identity of the 19RBR58-

like cluster were as follows; genomic: 99.60–100, ORF2: 99.29–100,

andORF1: 99.58–100. Amino acid sequence identity was as follows;

capsid: 99.15–100, and replicase: 99.36–100.

ORF2 nucleotide and amino acid sequence alignment were

examined to identify a distinctive genetic characteristic of the

19RBR58-like cluster. A unique 133HDAM136 and 232K were found

in all amino acid sequences from the 19RBR58-like cluster. Other

Thai PCV2 sequences (PCV2a, b, d, and h) were 133ANAL136 or
133ATAL136. To our knowledge, PCV2 strains with 133HDAM136

have not been reported previously.

NCBI BLAST function using 19RBR58 ORF2 (6th February

2023) (https://blast.ncbi.nlm.nih.gov) was used to retrieve

sequences with high similarity from GenBank database for further

analysis (Supplementary Table 3). From the dataset, PCV2d strains

with 133HDAM136 from Japan and Taiwan during the period of

2018–2020 were found. However, those sequences were direct

submissions. Moreover, PCV2d with amino acid sequences other

than HDAM, ANAL, and ATAL at the position 133–136 were also

identified (Supplementary Table 3) such as HAAM and HNAM.

Clustering of the 19RBR58-like viruses was shown in Figure 2.

3.3. The novel PCV2d variants was a
parental strain of a PCV2b/2d recombinant
virus

Recombination analysis using seven different methods

provided strong statistical support (average p = 3.84 × 10−9)

confirming that 19NPT29 is an intergenotypic recombinant

virus of PCV2b and PCV2d. The analysis indicated that PCV2b

strains (such as South Korea/2016/KU-1605-like viruses) and

PCV2d strains (such as Thailand/2019/19RBR10-like viruses)

were the potential parental strains involved in the recombination

event. Notably, the parental PCV2d strain was also found within

the 19RBR58-like cluster, and the presence of 133HDAM136

and 232K in the capsid protein was observed in 19NPT29.

The putative recombination breakpoints were identified at
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FIGURE 1

Phylogenetic tree of PCV2 ORF2 sequences from Thailand. The 317 complete ORF2 sequences were Thai PCV2 sequences (2019–2020) in this study

and reference sequences from an available database (6). The tree was constructed using the Neighbor-Joining method with a p-distance model and

bootstrapping at 1,000 replicates. Node labels indicate bootstrap values. The taxon position markers were adjusted to enhance readability.

FIGURE 2

Phylogenetic tree of PCV2d ORF2 sequences from Thailand. The 158 complete ORF2 sequences were Thai PCV2d sequences in this study and the

related PCV2d sequences from NCBI BLAST. A sequence of Thai PCV2b was used as an outgroup. The tree was constructed using the

Neighbor-Joining method with the Maximum Composite Likelihood model and bootstrapping at 1,000 replicates. Node labels indicate bootstrap

values. Specific branches were shortened, and the taxon position markers were adjusted to improve readability. A tree with each taxon label

indicating the country of origin and the year of sample collection is available as Supplementary Figure 2.
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FIGURE 3

Recombination analysis of 19NPT29. Recombination analysis was done using RDP software. Recombination breakpoints were identified in ORF1 and

ORF2 regions of the 19NPT29 genome, resulting in recombinant region 1 (purple shaded) and 2 (dark green shaded) (A). Bootscanning analysis

shows KU-1605 (South Korea) and 19RBR10 (Thailand, in this study) as parental strains (B). The phylogenetic trees were constructed based on

recombinant region 1 (C) and 2 (D) to confirm recombination event.

nucleotide positions 508 (ORF1) and 1356 (ORF2) (Figure 3).

The detection rate of the recombinant strain at the animal and

farm levels was found to be 1.96% (1/51) and 2.08% (1/48),

respectively.

4. Discussion

PCV2 is a major swine virus causing economic losses. Although

vaccines have been widely used, vaccine failures and immune

escaping mutation of PCV2 has been proposed (8). In this study,

novel variants of PCV2d were identified providing a clue on the

PCV2 evolution and epidemiology.

The prevalence of PCV2 in Thailand remained consistently

high during the period of 2019–2020 compared to the period of

2009–2015. The prevalence at the animal level from 2009 to 2015

was 44.09% (18). In the current study, the prevalence increased to

54.2%. At the farm level, the prevalence from 2009 to 2015 was 80%

(18), and in 2019–2020, it reached 81.4%. These findings suggests

that PCV2 was still circulating, despite the implementation of

PCV2 vaccines in Thailand. Unfortunately, the PCV2 vaccination

status of each farm was not available in this study. Therefore,

no conclusion can be made regarding the effect of the PCV2

vaccination and the overall PCV2 prevalence in Thailand.

In recent years, a genotype shift toward PCV2d can be observed

in various countries, particularly in Asia. These countries include

China (19), South Korea (20), Vietnam (21), Malaysia (22), and

Thailand (18). In Thailand, the prevalence of PCV2d has been

increasing since 2010, with only PCV2d detected by 2015 (18).

However, in this study, a novel strain of PCV2d, which accounted

for 69.77% of all the current Thai PCV2d, was identified. Therefore,

this novel strain of PCV2d plays a crucial role in the prevailing

PCV2d strain in Thailand during 2019–2020. Moreover, this

finding suggests that it may serve as the starting point for the next

genetic shift within PCV2d.

This study identified the dominance of novel PCV2d strains,

the 19RBR58-like cluster, over the previously circulating PCV2

strains in Thailand. At position 133–136 of the capsid protein,

the 19RBR58-like cluster was 133HDAM136 while other Thai PCV2

strains were 133ANAL136 or 133ATAL136. Notably, this region of

amino acids resides in one of the antibody recognition domains

(domain B) previously described (23, 24), i.e., domain A (aa 51–

84), B (aa 113–139), C (aa 161–207), and D (aa 228–233). A single

mutation at position 134, 135 or 136 has been shown to strongly

reduce the neutralization activity (9). Therefore, the capsid protein

with 133HDAM136 might render the 19RBR58-like cluster less

susceptible to the antibodies from the previously circulating strains

and the vaccines. In fact, PCV2 vaccination is widely implemented
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in Thailand (personal communication). The observed immune

escaping mechanism is further supported by the rapid increase of

the 19RBR58-like cluster. Prior to 2015, the 19RBR58-like cluster

was not detected in Thailand, and there is a lack of sequence data

from 2016 to 2018. Thus, it is possible that the emergence of the

19RBR58-like cluster occurred during the period of 2016–2018.

In addition to Thailand, this study also identified PCV2d

sequences with 133HDAM136 from Japan and Taiwan (direct

submission in GenBank). Interestingly, the strains carrying
133HDAM136 from each region formed a distinct cluster on the

phylogenetic tree. This suggests that the current situation of

these viruses may not be attributed to recent spreading between

regions. Phylogenetic analysis further revealed that all the clusters

harboring 133HDAM136 (Thailand, Japan, and Taiwan) likely share

a common ancestor with PCV2d strains fromMalaysia. At present,

the prevalence of the 133HDAM136 PCV2d variants in Japan and

Taiwan is unknown. Further investigations are needed to determine

whether the prevalence of these PCV2d variants is high, similar to

that observed in Thailand.

Recombinant viruses derived from PCV2d strains have been

reported in various countries, including China, India, and South

Korea (25–27). In this study, a recombinant PCV2d/PCV2b strain,

named 19NPT29, was identified. Interestingly, 133HDAM136 was

also found in the capsid protein of 19NPT29. It would be valuable

to conduct further studies to investigate whether the presence of
133HDAM136 provides any advantages to the recombinant PCV2

strain, particularly in the case of inter-genotypic recombinants.

Unfortunately, conducting further epidemiological studies on the

19NPT29-like viruses from the source farm is not possible as the

farm is no longer operational.

The main limitation of this study was the absence of

information regarding the vaccination status of the farms, along

with the passive surveillance nature of the study. The observed

mutation in the antibody recognition domain of the capsid

protein within the 19RBR58-like cluster is suspected to have

played a role in its emergence. Therefore, the information

regarding the vaccination status would have been invaluable

for interpreting the data and generating hypotheses for further

studies on cross-protection. Furthermore, it is important to note

that the samples used in this study were obtained from two

diagnostic laboratories (CU-VDL and DLSTC), whichmay have led

to potential underrepresentation of certain geographical regions.

However, it is worth mentioning that this study managed to

collect samples from all the high-pig-density regions in the

country. Conducting active surveillance in the future may provide

a more precise assessment of the prevalence of PCV2 and the

PCV2d status.

In conclusion, this study reveals the presence of a novel

PCV2d strain with 133HDAM136 in the capsid protein as

the predominant PCV2 strain in Thailand. Additionally, a

recombinant virus between PCV2b and the novel PCV2d was

identified. The emergence of these novel PCV2d strains might

have been influenced by both vaccination and the previously

circulating viruses. Conducting active surveillance can provide a

comprehensive understanding of PCV2 evolution and facilitate the

implementation of early interventions against the emergence of

novel strains.
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Spatiotemporal relative risk 
distribution of porcine 
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Porcine reproductive and respiratory syndrome virus (PRRSV) remains widely 
distributed across the U.S. swine industry. Between-farm movements of animals 
and transportation vehicles, along with local transmission are the primary 
routes by which PRRSV is spread. Given the farm-to-farm proximity in high pig 
production areas, local transmission is an important pathway in the spread of 
PRRSV; however, there is limited understanding of the role local transmission 
plays in the dissemination of PRRSV, specifically, the distance at which there is 
increased risk for transmission from infected to susceptible farms. We used a 
spatial and spatiotemporal kernel density approach to estimate PRRSV relative risk 
and utilized a Bayesian spatiotemporal hierarchical model to assess the effects of 
environmental variables, between-farm movement data and on-farm biosecurity 
features on PRRSV outbreaks. The maximum spatial distance calculated through 
the kernel density approach was 15.3 km in 2018, 17.6 km in 2019, and 18 km in 
2020. Spatiotemporal analysis revealed greater variability throughout the study 
period, with significant differences between the different farm types. We found 
that downstream farms (i.e., finisher and nursery farms) were located in areas of 
significant-high relative risk of PRRSV. Factors associated with PRRSV outbreaks 
were farms with higher number of access points to barns, higher numbers of 
outgoing movements of pigs, and higher number of days where temperatures 
were between 4°C and 10°C. Results obtained from this study may be used to 
guide the reinforcement of biosecurity and surveillance strategies to farms and 
areas within the distance threshold of PRRSV positive farms.

KEYWORDS

PRRS virus, swine disease dynamics, biosecurity, surveillance, local transmission

1. Introduction

Porcine reproductive and respiratory syndrome virus (PRRSV) remains widely distributed 
across the United States swine industry (1–3). Disease surveillance, vaccination strategies, and 
biosecurity protocols have played a key role in curving PRRSV outbreaks; however, variants of 
the endemic North American (NA-type, type 2) and the European (EU-type, type 1) strain 
periodically cause outbreaks that lead to significant economic losses (4–9). Outbreaks of PRRSV 
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in the United States have been shown to exhibit seasonal patterns 
throughout the country, but vary among swine-producing regions (1, 
3, 10–12). In the southeastern United States, PRRSV outbreak patterns 
are typically characterized by a unimodal peak occurring during the 
fall and winter months, followed by decreases in incidence during the 
late spring and summer months (1, 3, 10, 13, 14). Summer outbreaks, 
while less common, occur sporadically and vary by year (3, 7).

The spread of PRRSV is predominantly governed by direct 
contacts facilitated by the movement of infected pigs between farms, 
and indirect contacts also referred to as local transmission or area 
spread, which encompasses several unmeasured between-farm 
dynamics occurring at close geographical proximity (1, 15–25). 
Despite local transmission being the least understood transmission 
pathway of many infectious diseases in humans and animals (26), 
several epidemiological processes have been attributed to contributing 
to the local transmission of PRRSV including, the between-farm 
movement of contaminated personnel (27, 28), trucks delivering pigs 
and feed (18, 21), animal by-products delivered via feed (16, 18, 29, 
30), equipment (e.g., boots, coveralls, bleeding equipment) (28), and 
airborne viral particle dispersal (23, 31–35). However, differentiating 
the contribution of each process remains highly challenging. 
Moreover, the distance at which each process poses a greater risk to 
neighboring farms remains poorly understood but is fundamental to 
the understanding of between-farm transmission dynamics (36). 
Between-farm transmission mechanisms acting on a local scale may 
vary in relation to the distance between farms and have been reported 
to range from 1 km to 35 km (1, 11, 17, 18, 20, 32, 33, 35, 37–39). Some 
of the local transmission mechanisms are also influenced by local 
environmental conditions (e.g., temperature, relative humidity, pH), 
genetic diversity of PRRSV, differences in management and biosecurity 
levels at different farm types, pig density, and the spatial proximity of 
susceptible farms to infected farms (farm density) (15, 39–41). Given 
the high density of farms and pigs in intensive pig production areas 
across the United States, a better understanding of the distance at 
which the risk of PRRSV transmission from infected to susceptible 
farms is increased may support and inform the implementation of 
targeted biosecurity enhancement and surveillance strategies (42, 43).

In this study, we use an adaptive kernel density approach to derive 
spatial and spatiotemporal estimates of the variation in PRRSV 
relative risk. Using the kernel density estimate approach, we (1) define 
the maximum spatial distance at which farms may spread PRRSV 
based on the proximity of susceptible farms to infected farms and (2) 
identify farm types with elevated risk for local transmission of 
PRRSV. Secondly, we  implemented a Bayesian spatiotemporal 
hierarchical model to account for environmental, on-farm biosecurity 
features, pig density, farm density, and between-farm contact networks 
metrics to (3) identify factors associated with the risk of PRRSV 
local transmission.

2. Materials and methods

2.1. PRRSV data source and processing

PRRSV outbreak data for all production types used in this study 
were obtained from the Morrison Swine Health Monitoring Project 
(MSHMP) (2). Outbreak data collection was performed by each 
production company during outbreak investigations or routine 
surveillance activities and shared with MSHMP (2). Data obtained 

includes information on farm-level outbreaks between November 1st, 
2017, through December 31st, 2020, from 2,293 farms belonging to 
three non-commercially related pig production companies in a dense 
pig production region of the United States Information about each farm 
includes, pig capacity, a unique farm identification number, geographical 
coordinates (hereafter geolocations), production type, and date of 
confirmed PRRSV outbreak via PRRSV positive laboratory results. 
Additionally, the Euclidean distance between farms was calculated using 
farm geolocations. Production types in our farm population (n = 2,293) 
were classified as finisher (n = 1,458, premises that raise pigs from 
approximately 10 weeks of age until reaching market weight at 
approximately 5–6 months of age and include wean-to-finish, and 
feeder-to-finish), nursery (n = 468, premises that raise piglets from 
weaning from approximately 3 weeks of age to about 10 weeks of age), 
isolation (n = 33, premises specialized in holding breeding or genetic 
research animals for a temporary period of time), boar stud (n = 15), and 
sow (n = 319, premises with breeding, gestation and/or farrowing rooms 
and includes farrow-to-wean and farrow-to-feeder farms).

Farms were divided into cases and controls, where cases were 
defined as any farm that reported an outbreak during the time period 
of interest, and controls are farms that did not report an outbreak. 
PRRSV case and control data were split into years (2018, 2019, and 
2020) and a seasonal classification (PRRSV season). We defined the 
PRRSV season as a six-month period from November 1st through 
May 31st, which represents a time period where increases in farm-
level PRRSV incidence have been previously described for the region 
of the United States considered in this study (3, 14).

2.2. Spatial PRRSV relative risk

Spatial kernel density-ratio, also known as spatial “relative risk” 
(hereafter risk), is an exploratory approach used to describe the 
geographical variation in disease risk based on the distribution of 
PRRSV outbreaks (cases) and the underlying at-risk (controls) 
population (44–47). PRRSV risk x( ) was estimated for each farm 
( { }1, , , 2,293= … =nx x x n farms ) in each year and PRRSV season. 
Farms can report several PRRSV outbreaks in a given year or PRRSV 
season; however, for the spatial risk analysis, we defined cases as farms 
that reported at least one PRRSV outbreak, and controls as the 
remaining farms that did not report an outbreak for a given year and 
PRRSV season (46). We identified a total of 245 cases in 2018, 190 
cases in 2019, and 165 cases in 2020. For the PRRSV seasons, a total 
of 227 cases in the 2017–2018 PRRSV season, 167 cases in the 2018–
2019 PRRSV season, and 148 cases in the 2019–2020 PRRSV season 
were used. A nonparametric kernel density-ratio approach was used 
to estimate the risk p



x( ) for each farm location (x) in each year and 
PRRSV season as follows:

 
p� � �x f x g x( ) = ( ) − ( )log log

 (1)

where f x ( )  represents the log density estimates of cases and g x ( )  
represents the log density estimates of controls. The natural log is used to 
symmetrize the treatment of the density estimate ratios, with p



x( ) > 0, 
representing areas of medium to high PRRSV risk (high concentrations 
of cases relative to controls), and p x( ) < 0 , representing areas of low 
PRRSV risk (low concentration of cases relative to controls) (45–48). 
Calculating spatial risk relies on the selection of an optimal bandwidth 
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(the maximum distance at which local transmission is unlikely to occur) 
which directly drives the decline of the risk probability (kernel) given the 
geolocation of a farm (45, 46, 87). Given the heterogeneous distribution 
of farm density in our study area, we  used an adaptive smoothing 
approach that allows the bandwidth of each kernel to vary depending on 
the density of farms (cases and controls) at a given farm geolocation (49). 
This method reduces smoothing at locations where the density of farms 
is high (e.g., 10–20 farms per 5 km2), and increases the amount of 
smoothing in areas where farm density is low (e.g., 1–5 farms per 5 km2) 
(49). Adaptive smoothing requires the selection of pilot and global 
bandwidths, where the pilot bandwidths (i.e., cases and controls have a 
separate fixed distance), and the global bandwidth (i.e., cases and controls 
have a shared fixed distance), which is a smoothing parameter that 
adjusts the pilot bandwidth in areas where case and control densities are 
similarly distributed (45). Here, we compared two different approaches–
asymmetric and symmetric adaptive smoothing–for the selection of 
the  pilot bandwidths (Supplementary material S1; Supplementary  
Figures S1–S6). Pilot and global bandwidths were then used to calculate 
f x ( )  and g x ( ) . Spatial risk (Equation 1) was then calculated by using 
f x ( )  and g x ( ) , and applying a uniform edge-correction, which 

accounts for the probability loss of farm geolocations close to the 
boundary of the study region (45, 46). Lastly, we used 1,000 iterations of 
Monte Carlo simulations to delineate areas of significant spatial risk 
(p < 0.05) (50). Farms within areas of significant risk were quantified as 
the count of case or control farms falling within areas of significant spatial 
risk by farm type.

2.3. Spatiotemporal PRRSV relative risk

The spatiotemporal risk of PRRSV was estimated in weekly time 
steps of cases for each year and PRRSV season, thus cases were defined 
as farms with at least one outbreak per week and controls as farms that 
did not report outbreaks for a given week. The entire farm population 
(n = 2,293) is considered in each weekly time step. A total of 438 cases 
with an average of 8.76 cases/week were used in 2018, 279 cases with 
an average of 5.47 cases/week in 2019, and 238 cases with an average 
of 4.67 cases/week in 2020. Similarly, a total of 382 cases with an 
average of 12.7 cases/week were used for the 2017–2018 PRRSV 
season, 231 with an average of 7.45 cases/week in the 2018–2019 
PRRSV season, and 190 with an average of 6.33 cases/week in the 
2019–2020 PRRSV season. In contrast to the spatial risk, the 
spatiotemporal risk uses spatial and temporal bandwidths derived 
from farm geolocations of cases to generate density estimates of cases, 
while density estimates for controls were generated using only the 
spatial bandwidth previously calculated for cases since we assume the 
farm population to be  static between November 1st, 2017 and 
December 31st, 2020 (48, 51, 52). Thus, conditional spatiotemporal 
risk surfaces were derived as:

 
p | ,� � � �x t x t t xf f g( ) = ( ) − ( ) − ( )log log log

 (2)

where p | x t( )  is the conditional risk, f x t ,( )  is the log density 
estimates of cases at a given time step t = (t1,..., tw, w = 52 weeks per 
year; w = 30 weeks per PRRSV season), f t ( )  is an estimator for the 
marginal temporal case density, and g x ( )  is the static spatial log 
density of the controls (48). One thousand iterations of Monte Carlo 

simulations were used to delineate areas of significant spatiotemporal 
risk (p < 0.05) (50).

Spatiotemporal risk values generated for the entire farm population 
at each time step (t) were extracted to individual farm geolocations (x
). Farms were then classified as low, medium, and high risk based on 
quantiles of the spatiotemporal risk distribution of all the farms in each 
year and PRRSV season. Spatiotemporal risk above 60% of the risk 
distribution was considered as the exceedance risk threshold (53) since 
it represented a midpoint between lower (negative) and higher 
(positive) risk values for the years and PRRSV season. Thus, farms with 
risk below 60% of the risk distribution were categorized as low risk, 61 
to 80% quantile as medium risk, and 81 to 100% quantile as high risk 
for each year and PRRSV season (Supplementary Figures S7–S12).

2.4. Priority index

The priority index (PI) is a metric that has been used to facilitate 
the communication of spatiotemporal risk (54). The aim of the PI is 
to provide an easily interpretable metric, represented as an ordered 
percentage that indicates the level of prioritization that should 
be given to a farm based on the estimated risk. The priority index 
was calculated from the spatiotemporal risk weekly estimates as:

 
PI x t x t= ( ) ( )( ) ∗p | p | / max 100

 
(3)

where the PI of a farm is a percentage based on the risk p | x t( )  of 
a farm in reference to the maximum risk value of the farm population. 
Priority indices calculated for each farm were further reclassified as 
low (0–30%), medium (31–60%), and high (61–100%) priority 
classifications based on quantiles. Priority index classifications were 
then summarized by farm types for each year and PRRSV season time 
periods and used to set the priority risk order of each farm type.

2.5. Bayesian spatiotemporal hierarchical 
model framework

We fit a Bayesian spatiotemporal hierarchical model of PRRSV 
weekly outbreak data to account for three on-farm biosecurity features, 
six between-farm contact network metrics, six environmental variables, 
farm density, and pig density (Figure 1; Supplementary material Table S1). 
A total of 1,948 farms out of our 2,293 farms were used in the Bayesian 
spatiotemporal hierarchical model, since 217 farms lacked between-
farm contact data, 124 lacked on-farm biosecurity features, and four 
lacked environmental data. Additionally, between-farm contact data 
was not available for the entire study period; therefore, the Bayesian 
spatiotemporal hierarchical model was implemented for the year 2020. 
Farm geolocations i ( )1, , , 1,948    2020= … =ni i i n farms in the year  
were defined as Yi =1 when a PRRSV outbreak was reported, and Yi = 0 
for farms with no reported outbreaks of each week in the year 2020. 
The generalized hierarchical spatiotemporal model was implemented 
as a logistic regression, where Yi follows a binomial distribution:

 Y Bernouillii i~ µ( ) (4)
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and linear predictors were constructed as:

 
Logit X i week w iiµ α β υ ω( ) = + + ( ) + ( ) + ( )  (5)

where ∝ represents the probability of a PRRSV outbreak, 𝛼 the 
model intercept, Xβ describes the matrix of covariates, υ i( ) is an 
independent and identically distributed (iid) random effect to account 
for variation between individual farms, week w( )  is an iid random 
effect to account for variation between weeks, and ω i( ) represents a 
spatial random field (Gaussian field) to account for spatial errors (55).

Briefly, the regression analysis was implemented with a 
stochastic partial differential equation (SPDE) model using 
integrated nested Laplace approximations (INLA) (56–60). The 
process first requires the creation of a mesh of Delaunay 
triangulations, which includes the specification of the maximum 
triangle edge length, and the model domain boundary. The 
resulting mesh (Supplementary Figure S13) consisted of 4,504 
triangle vertices, where the model domain boundary was defined 
by a polygon representative of our study area in which the 
maximum triangle edge length was specified as 10 km within the 
inner domain and 20 km in the outer domain (55).

The INLA default priors were used; therefore, the penalized 
complexity (PC) priors [(1, 0.01), (0.32, 0.01)] were used for the 
spatial random fields where the spatial range and standard deviation 
quantile and probability tailored to be higher than 1 is 0.01 (59, 61, 
62). Model fixed effect outputs were exponentiated and presented as 
odds ratio (63, 64). The sensitivity of priors to the posterior random 
field values was examined by comparing the random posterior mean 
distribution values of PC priors against log-gamma priors [(1, 0.05), 
(1, 0.001)] (Supplementary Figure S14).

2.6. Bayesian spatiotemporal hierarchical 
model data preparation

Variables considered in our Bayesian spatiotemporal hierarchical 
model framework focus on local transmission mechanisms, and 

environmental or anthropogenically mediated factors that may 
contribute to increases or decreases in risk of PRRSV outbreaks 
(Figure 1; Supplementary material Table S1) (1, 3, 19, 20, 23, 25, 65–
67). On-farm biosecurity feature data were extracted for each farm 
from a database of Secure Pork Supply (SPS) biosecurity plans 
assembled by the Rapid Access Biosecurity app (RABapp™) (68) and 
included: the count of site entries, count of perimeter buffer area access 
points (PBAAP), and count of lines of separation access points 
(LOSAP) (Supplementary Figure S16; Supplementary material Table S1). 
In addition to on-farm biosecurity features, we included pig capacity, 
and farm density, which was calculated by creating a spatial buffer of 
17 km around each farm location and counting the number of farms 
within the buffer. A spatial buffer of 17 km was used based on findings 
from the spatiotemporal kernel density approach discussed in further 
detail in section 3.2.

A directed and static network was reconstructed from 
between-farm pig movement data between January 1st, 2020, and 
December 31st, 2020, and represented as a graph g = (V, E), where 
V represents the nodes (farm) of the network and E represents 
the contact between two nodes or edges of the network. The 
unique farm identification number in each origin and destination 
movement record was used to form the edges of the network (69). 
Between-farm contact network metrics: in-degree, out-degree, 
PageRank, clustering coefficient, closeness centrality, and 
betweenness were calculated to characterize node and network-
level features of the directed, static network and are described in 
Supplementary material Table S1. A total of 217 farms were 
missing pig movement data in 2020, and thus were excluded from 
this dataset. Therefore, between-farm pig movement data 
belonging to 1,948 farms was used to calculate between-farm 
contact network metrics considered in the Bayesian 
spatiotemporal hierarchical model framework (Figure 1).

Individual farm geolocations were used to extract 
environmental variables: weekly enhanced vegetation index 
(EVI), downloaded from the National Aeronautics and Space 
Administration (NASA), Moderate Resolution Imaging 
Spectroradiometer (MODIS) Land Products (70), and yearly 
averages of aboveground biomass density (AGBD), canopy 

FIGURE 1

The conceptual model framework of the Bayesian spatiotemporal hierarchical model showing the directional relationship between variables and 
PRRSV outbreaks. *Variables representing vegetation buffers around farms.
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height, and land surface elevation, downloaded from the Oak 
Ridge National Laboratory, Distributed Active Archive Center for 
Biogeochemical Dynamics website (ORNL DAAC) (71). These 
variables are meant to represent topographical or vegetative 
buffers around farms that reduce or facilitate the spread of 
airborne particulate matter and PRRS virus (1, 72–75). Similarly, 
farm geolocations were used to extract daily average land surface 
temperature, and relative humidity data from Daymet: Daily 
Surface Weather Data (76). Temperature and relative humidity 
have been shown to impact the infectivity and stability of PRRSV 
(41, 65, 67), and were included in our model as the count of days 
a farm geolocation i was associated with temperatures between 
4°C and 10°C [T(4°C,10°C)] [e.g., farm geolocation i had 20 days 
of T(4°C,10°C) over the studied period], and the count of days a 
farm geolocation i was associated with relative humidity below 
20% (RH < 20%) (e.g., farm geolocation i was 30 days on RH < 20% 
over the studied period). All variables listed above were 
downloaded at a 1 km x 1 km spatial resolution and are described 
in further detail in Supplementary material Table S1. A total of 
71 farm geolocations were outside the data availability range of 
the AGBD, canopy height, or land surface elevation data products; 
therefore, data from the nearest farm [average = 5 km 
(min = 446 m; max = 9.8 km)] within a 10 km radius with complete 
data were used. Four farms were beyond the 10 km threshold and 
were excluded from the analysis (Supplementary Figure S15).

2.7. Bayesian spatiotemporal hierarchical 
model variable selection and model 
comparison

All variables considered in our model framework (Figure 1) were 
first examined via univariate analysis following the model established 
in Equation 5, and significance was determined by the 95% credible 
intervals (CI) in which estimates did not cross one, and the model fit 
was evaluated using the Watanabe-Akaike information criteria 
(WAIC). Before selecting variables for the multivariate model, 
multicollinearity between variables was examined by calculating 
Pearson’s correlation coefficient (r), where significant (p < 0.05) 
correlations above 0.6 were considered highly correlated and would 
limit our ability to determine individual effects on PRRSV outbreaks. 
The variables T[4°C,10°C] and RH < 20% (r = 0.98), biosecurity 
features LOSAP and PBAAP (r = 0.79), and network metrics, page rank 
and in-degree (r = 0.69) were highly correlated. All other variables were 
below 0.6 or had insignificant correlations. Among highly correlated 
variables, the variable yielding a lower WAIC in the univariate analysis 
was selected for the multivariate model variable selection process. A 
backward elimination process was carried out starting with all 
significant variables retained from the univariate analysis. Insignificant 
variables from the multivariable model were removed one-by-one the 
and the best-fitting model was selected based on the WAIC. Given the 
high density of farms in our study area, farm density was included in 
the multivariate analysis as a confounding factor.

All data extraction, processing, and analyzes presented in this 
work were performed in the R (4.2.1) programming language (77) 
using the packages: tidyverse (78), sf (79), sp. (80), spatstat (81), sparr 
(82), raster (83), igraph (84), MODIStsp (70), daymetr (85), INLA 
(56), inlabru (86), and INLAoutputs (64).

3. Results

3.1. Spatial PRRSV relative risk

The median distance between farms reporting PRRSV outbreaks 
was 66.7 km (interquartile range (IQR): 39.4 km - 109.3 km) for 2018, 
70 km (IQR: 40.4 km - 114 km) for 2019, 61.4 km (IQR: 36.6 km - 
98 km) for 2020, and 66 km (IQR: 39 km - 106.4 km) for all years 
combined. For the PRRSV seasons, the distance between PRRSV cases 
was 64.6 km (IQR: 38 km  - 107.5 km) for the 2017–2018 PRRSV 
season, 70.7 km (IQR: 40.2 km - 120.5 km) for the 2018–2019 PRRSV 
season, and 63.4 km (IQR: 37.3 km  - 102 km) for the 2019–2020 
PRRSV season. The maximum distance the spatial PRRSV risk 
extended to was, on average, 14.8 km for both the annual and PRRSV 
seasons. A total of 377 farms in 2018, 91 in 2019, and 321 in 2020 were 
within high risk areas (p < 0.05) (Table 1). Among the different farm 
types, sow farms consistently had a higher number of infected farms 
within areas of significant high risk in both the annual and PRRSV 
season time periods, while finisher and nursery farms had more 
control farms (Table  1; Supplementary material Tables S2–S4). 
Comparison among years, 2018 (n = 85) had the greatest number of 
PRRSV infected farms within significant high risk areas compared to 
2019 (n = 21) and 2020 (n = 57; Table 1).

3.2. Spatiotemporal PRRSV relative risk

The spatiotemporal analysis revealed that the maximum distance 
PRRSV risk extended to was 15.3 km in 2018, 17.6 km in 2019, and 
18 km in 2020, and for the PRRSV seasons, 13.6 km in the PRRSV 
2017–2018, 19.2 km in the PRRSV 2018–2019, and 18.9 km in the 
PRRSV 2019–2020. Spatiotemporal risk estimates for the entire farm 
population in each time step were classified as high, medium, and low 
risk based on a 60% exceedance threshold where, on average, 20% of 
the farms were classified as high risk, 20.1% as medium risk, and 
59.9% as low risk for all farm types and years combined 
(Supplementary Figures S7–S12). Among farm types, boar stud farms 
were more frequently located in areas of high risk (30% IQR: 27–38%), 
followed by sow (29% IQR: 27–34%), nursery (19% IQR: 18–22%), 
finisher (14% IQR: 13–19%) and isolation farms (12% IQR: 9–24%) 
(Table 2). However, it is important to note that the higher percentages 
seen for boar stud farms may be driven by the fewer number of boar 
stud farms (n = 15) in the farm population. Spatiotemporal risk 
estimates for the PRRSV seasons revealed sow farms we  more 
frequently classified to be  in high risk areas (29% IQR: 24–36%) 
during this time period, followed by boar studs (27% IQR: 20–33%), 
nursery (21% IQR: 18–24%), isolation farms (12% IQR: 12–30%), and 
finisher (18% IQR: 16–25%; Supplementary material Table S5). 
Among all farm types, finisher farms (63% IQR: 54–74%) and nursery 
farms (57% IQR: 52–67%) were consistently classified to be in areas of 
low risk for both the yearly (Table 2) and PRRSV season time periods 
(Supplementary material Table S5).

Our spatiotemporal analysis revealed a seasonal signal, marked by 
an increase in farms classified as being in high and medium PRRSV 
risk areas during the fall, winter, and spring months, with varying 
intensity between farm types, and years 2018 to 2019, and 2019 to 2020 
(Figure 2; Supplementary Figure S8). The signal onset of the seasonal 
pattern appears to begin at an earlier date [mid-summer (Week 28) to 
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FIGURE 2

Farm type breakdown of high, medium, and low PRRSV risk levels for the entire farm population (2,293) based on a 60% exceedance relative risk 
threshold for each week (from 1 to 52 weeks) in the years 2018 through 2020.

early fall (Week 35)] for the year 2019; however, it is not consistent 
among all farm types. Sow farms displayed an interesting pattern 
among farm types, with increases in risk during summer months 
(Week 20–35) (Figure 2; Supplementary Figure S17). Nursery, finisher, 
boar stud, and isolation farms appear to show a similar summer 

increase in the year 2020, but it is not present for other years. Among 
all farm types, sow, finisher and nursery farms appear to more closely 
resemble each other in terms of seasonal risk. Boar stud and isolation 
show more erratic changes in risk, however, the large shifts in risk levels 
are related to the small number of farms for these farm types.

TABLE 1 Yearly count of cases and controls by farm type within significant (p < 0.05) high risk areas estimated using a spatial asymmetric adaptive 
smoothing approach for 2,293 farms (n = number of farms per farm type) in a dense pig production region of the United States.

Year
Sow (n = 319) Nursery (n = 468) Finisher (n = 1,458) Isolation (n = 33) Boar Stud (n = 15)

Cases Controls Cases Controls Cases Controls Cases Controls Cases Controls

2018 34 49 13 79 21 126 0 2 0 4

2019 27 21 6 52 5 85 0 1 0 2

2020 44 43 7 81 6 135 0 3 0 3

TABLE 2 Percent of high, medium, and low PRRSV risk levels [median and interquartile range (IQR)] based on weekly risk estimates obtained from the 
spatiotemporal analysis by farm type for each year and for the entire study period.

Period
Sow Nursery Finisher Isolation Boar Stud

High Med. Low High Med. Low High Med. Low High Med. Low High Med. Low

2018 24 (24–29) 22 (17–31) 51 (40–57) 18 (16–21) 21 (15–30) 56 (50–73) 17 (13–25) 20 (10–28) 59 (49–77) 12 (9–19) 39 (19–45) 45 (39–75) 27 (20–27) 27 (20–27) 53 (47–60)

2019 33 (29–37) 16 (14–21) 49 (45–53) 18 (17–20) 16 (11–23) 65 (55–71) 14 (14–20) 17 (6–21) 71 (55–79) 12 (12–48) 21 (12–33) 33 (27–88) 40 (33–40) 13 (7–20) 47 (47–47)

2020 30 (28–35) 27 (16–29) 44 (42–48) 20 (19–25) 22 (20–28) 53 (51–59) 15 (13–16) 25 (21–28) 61 (58–64) 18 (6–29) 42 (24–48) 39 (33–73) 27 (27–33) 20 (13–27) 53 (40–60)

2018–2020* 29 (27–34) 21 (14–28) 48 (43–53) 19 (18–22) 21 (15–26) 57 (52–67) 14 (13–19) 21 (13–26) 63 (54–74) 12 (9–24) 35 (18–45) 42 (33–82) 30 (27–38) 20 (13–27) 47 (47–53)

*Median and IQR for all years combined.
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Results obtained from calculating the PI, which may be used to 
order farms in risk priority, revealed that 79.4% of the farms in 2018 
were in the low PI category, 16.1% were in the medium PI, and 4.5% 
were in the high PI category (Supplementary material Table S6). 
Similarly, 63.7% in 2019 and 67.9% in 2020 were in the low PI category, 
28% in 2019 and 23.9% in 2020 were in the medium PI category, and 
8.35% in 2019 and 8.28% in 2020 were in the high PI category. Among 
the different farm types, sow farms consistently had the most farms in 
the high and medium risk category except boar stud farms in 2019 and 
2020; however, as noted before, there are fewer boar stud farms as 
compared to sow farms in the study population. A similar proportion 
of farms with high, medium, and low PI overall and by farm type were 
observed for the PRRSV seasons (Supplementary material Table S7).

3.3. Bayesian spatiotemporal hierarchical 
model

Results from the univariate analysis revealed that the animal 
movement network metric, out-degree, the number of LOSAP, 
number of days the temperature was between T [4°C,10°C], and 
relative humidity <20% were significantly associated with PRRSV 
outbreaks (Table 3). The best fitting multivariate model (WAIC = 2,620) 
obtained through backward variable selection included the following 
variables: out-degree, LOSAP, T [4°C, 10°C], and farm density 
(Table  3). The strongest association was related to out-going 
movements, which resulted in an increase in the odds of PRRSV 
outbreaks by 1.11 times (Table 3). The second most associated variable 
was LOSAP, with an increase of 1.04 times the odds of PRRSV 
outbreaks for every additional LOSAP. Lastly, T [4°C, 10°C] resulted 
in a 1.01 increase in odds for every one unit increase in T [4°C, 10°C].

4. Discussion

We estimated the maximum distance at which the risk of PRRSV 
is significantly high given the spatial proximity of farms reporting 
PRRSV outbreaks. Through our spatial and spatiotemporal analysis, 
we demonstrated that farms within an 11.9 km to 17 km radius of 
PRRSV positive farms were at greater risk of being infected due to 
proximity. PRRSV risk was higher during fall winter and early spring 
months with variation among the different farm types and years 
(Figure  2), which is consistent with seasonal patterns previously 
described for this region of the United  States (1, 3, 10, 11, 14). 
Spatiotemporal risk estimates revealed that approximately 29% of sow 
farms were consistently located in areas of high risk. We also show that 
outgoing animal movements (out-degree), the number of barn access 
points (LOSAP), and the number of days where temperatures were 
between 4°C and 10°C [T(4°C,10°C)] were risk factors for PRRSV 
outbreaks (Table 3).

Given the temporal dynamics of PRRSV, and in comparison to the 
spatial analysis which is a time-static representation of farms reporting 
PRRSV outbreaks for an entire year and/or PRRSV season, weekly 
PRRSV outbreak reports were used in our spatiotemporal analysis. 
Our spatiotemporal analysis showed that the risk of PRRSV 
transmission from infected farms was significant up to 17 km 
compared to 11.9 km in our spatial analysis. We attribute the increase 
in distance calculated in our spatiotemporal analysis to the density of 

cases to controls considered in each weekly time step, since we expect 
that the farm density modulates the size of the bandwidth radius, thus 
increasing the radius distance to compensate for the low density of 
cases (46, 87). We remark that the spatial distribution of cases and 
controls alone may not be  sufficient to fully explain PRRSV risk 
dynamics; therefore, we consider that the maximum distance of 17 km 
calculated in our spatiotemporal analysis reflects a close representation 
of PRRSV spatial risk in our study region, since risk estimates consider 
temporal patterns associated with PRRRV (3, 10, 11).

Our spatiotemporal analysis showed increases in PRRSV risk 
during the fall, winter, and early spring months, which aligns with 
previous findings for the dense pig production region considered in 
this study (3, 10, 11, 14). The seasonal effect was consistently detected 
throughout the study period, but varied in intensity between years and 

TABLE 3 Summary statistics of the fixed effects of the Bayesian 
spatiotemporal hierarchical models, showing odds ratio (OR), 2.5%–
97.5% credible intervals, and WAIC.

Univariate

CI

Covariate OR 2.5% 97.5% WAIC

Pig capacity 1 1 1 2,456.06

Farm density 1 0.99 1 2,462.08

EVI 1.04 0.07 4.65 2,445.97

T[4°C,10°C] 1.02 1.01 1.03 2,421.68

RH < 20% 1.01 1.01 1.02 2,425.71

Aboveground 

biomass density

1 0.97 1.03 2,449.03

Canopy height 0.96 0.69 1.30 2,459.40

Elevation 1 0.99 1.01 2,457.84

In-degree 1 0.95 1.01 2,456.86

Out-degree 1.11 1.08 1.14 2,397.36

Closeness 

centrality

−0.14 37.44 229.68 2,448.63

Betweenness 1 1 1 2,454.07

Clustering 

coefficient

0.28 0.07 1.31 2,451.75

Page rank 0 0 0 2,451.87

Site entry 4.102065 × 

104

7.698183 × 

1014

12.97760 × 1010 13,045.11

PBAAP 1.03 0.98 1.07 2,448.90

LOSAP 1.05 1.02 1.08 2,423.73

Multivariate

CI

Covariate OR 2.5% 97.5% WAIC

Out-degree 1.08 1.11 1.14

LOSAP 1.01 1.04 1.07

T[4°C,10°C] 1.01 1.01 1.02

Farm density 1 1 1.01

2,374.83

Bold values correspond to variables that were significant in our analysis.
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farm types. In contrast to the typical seasonal patterns previously 
reported for the dense pig production region considered in this study 
and continued to be observed in this study, an increase in risk during 
the summer (Week 20–35) months was detected in sow farms for all 
years in our study period, with nursery and finisher farms displaying 
a similar pattern for the years 2018 and 2020, and boar stud and 
isolation farms only in 2020 (Figure 2). Summer PRRSV outbreaks in 
breeding and finisher farms have been previously reported (3, 7); 
however, we show that given the spatial proximity of farms in dense 
pig production areas, the risk for a PRRSV outbreak may propagate to 
different farm types. This information supports previous findings and 
highlights the importance of considering transmission dynamics 
between farm types during months outside the typical PRRSV season 
to help farm managers and veterinarians plan for enhanced biosecurity 
and surveillance (2, 3, 10, 12, 13).

Transmission dynamics of PRRSV involve two main transmission 
pathways: direct contacts mediated by the movement of infected pigs 
between farms (18, 20, 25, 66), and indirect contacts referred to as 
local transmission (1, 11, 15, 16, 18, 19, 23, 33, 66). Local transmission 
encompasses several mechanisms of spread and is typically used to 
explain processes that occur over short geographical distances and 
cannot be attributed to direct contacts caused by live animal shipments 
among farms (16, 18, 19, 27, 28, 31, 88). Airborne transmission of 
PRRSV has been suggested as a possible source of local transmission, 
especially in areas of high farm density; however, evidence has been 
inconsistent (31). Experimental studies conducted to examine the 
distance airborne between-farm transmission of PRRSV may occur 
showed that PRRSV was recovered at a distance of 9.2 km (23, 32). In 
a recent study, an atmospheric dispersion model was used to 
determine that farms within a distance of 25 km distance from a 
PRRSV positive farm were at high PRRSV risk (33). Dispersion 
models, such as the one developed by (33) may be invaluable tools 
when conducting outbreak investigations; however, as noted by the 
authors, further refinement to include environmental factors (e.g., 
temperature and humidity) and seasonal differences may yield more 
accurate estimates. In our study, both the spatial (11.9 km - 14.8 km) 
and spatiotemporal (17 km) distances calculated are within the 
distances proposed in (23, 33), and given the high density (e.g., 10–20 
farms per 5 km2) of farms in our study area, the potential for airborne 
transmission occurring in our study area cannot be  ruled out. 
However, given the additional mechanisms (e.g., movement of 
contaminated transportation vehicles, equipment, and personnel) 
involved in local transmission that have been shown to contribute to 
the between-farm transmission of PRRSV (18, 28, 89), the small 
number of samples recovered through airborne transmission (23, 32), 
and consideration of mechanical (presence of air filtration systems) or 
environmental factors (e.g., temperature, humidity, vegetation and 
slope) that may impact the survivability or infectivity of PRRSV, 
we agree with previous conclusions that airborne transmission is an 
infrequent or unlikely event (31).

Breeding farms have been the center of most swine disease 
transmission studies (3, 38, 39, 43, 90–92). In this study, we have 
shown that the number of sow farms in high-risk areas was larger than 
all other farm types. A potential explanation as to why sow farms were 
consistently categorized as high risk may be due to the higher level of 
systematic testing performed at sow farms as compared to other farm 
types (2, 18, 19). Higher levels of surveillance in sow farms increase 
the detection rate of PRRSV outbreaks, consequently increasing the 
number of analyzed PRRSV outbreaks in our study. Conversely, the 

underdetection of downstream farms, which has been noted in 
previous studies as a limitation to understanding PRRSV transmission 
dynamics (18, 19, 42, 91, 93), is consistent with our findings in the 
spatial analysis where large numbers of PRRSV negative farms were 
within areas of significant high risk. A recent work investigated the 
association between PPRSV outbreaks and farm proximity to areas of 
high commingling (slaughterhouses) and found no association; 
however, the study only considered breeding herds, which highlights 
the need to consider other farm types that may contribute to disease 
circulation (43). Our study showed both upstream and downstream 
farm types within areas of significant risk, and until systematic testing 
occurs in all farm types, estimations of PRRSV spatial risk will remain 
a challenge, especially for the estimations for growing pigs. 
We encourage future research to incorporate parameters that evaluate 
the sensitivity of the model on the basis of a distribution of possible 
surveillance levels among the different farm types.

The most important risk factor associated with PRRSV outbreaks 
in this study was the movement of animals, which has been shown to 
be the dominant PRRSV transmission route (17, 18, 25, 90, 91, 94, 
95–97). Specifically, the effect was related to the out-going movements 
of animals, which is usually associated with farm types that have large 
and consistent outgoing shipments of pigs, such as sow and nursery 
farms. Such farms may usually take on the role of “movement hubs” 
in a network, thus facilitating the spread of diseases (38, 90, 91, 98). 
The high number of out-going movements is supported in 
our findings, where the largest out-degree values were associated 
with infected nursery farms with a median value of 9 (IQR: 7–11), 
and 8 (IQR: 6–11) for controls (Supplementary material S2; 
Supplementary material Table S8). Similarly, positive sow farms had 
out-degree median values of 6 (IQR: 4–10), and 6 (IQR: 3–10) for 
controls (Supplementary material Table S8).

The second important variable was LOSAP, which can serve as 
potential entry pathway for the introduction of pathogens (42, 94). 
Entry or exit through a LOSAP may involve several risk events such 
as garbage collection, equipment repair, and removal of cull sows that 
have been identified as relevant risk events associated with the 
introduction of diseases (18, 27, 28, 97, 99). Among the different farm 
types, sow farms had the highest median LOSAP values with control 
farms having a median value of 5 (IQR: 1–16) LOSAP, and cases 
having a median value of 3 (IQR: 1–12) LOSAP.

Temperature and relative humidity have been shown to influence 
the survivability and optimal preservation of infectivity of PPRSV (65, 
67). Here, we showed that the increased number of days between 4°C 
and 10°C and the number of days a farm experienced relative humidity 
values below 20% increased the probability of PRRSV outbreaks. This 
is consistent with the seasonal signal of increased risk during the fall 
and winter months seen in our data and reported in previous research 
(3, 14). Lastly, we sought to expand on the investigation of the use of 
vegetation buffers as possible means to mitigate PRRSV transmission. 
EVI values between 41 and 45, which correspond to dense tree 
coverage that is consistent with evergreen broadleaf forests were shown 
to prevent the spread of PRRSV (1). We  included EVI, AGB, and 
canopy height data to capture the structure of the vegetation around 
the farms; however, these variables were not significant. Given the 
coarse spatial resolution used in this study, and the benefits of using 
vegetation buffers to mitigate odor and pathogen emission and 
introduction (1, 72, 74), we remark that further exploration into the 
use of remotely sensed data to delineate vegetation buffers is warranted 
since the availability of imagery from satellites with high temporal and 
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spatial resolution continues to become more accessible. Lastly, a 
previous study found the slope of the terrain to be associated with 
lower PRRSV incidence, with an elevation of 61 meters from sea level 
determined to be  a safe range (1). We  did not find a significant 
correlation between PRRSV outbreaks and land slope in our model; 
however, we remark that our results may in-part be related to the 1 km 
x 1 km spatial resolution of our data, and a finer spatial resolution 
should be explored.

4.1. Limitations and further remarks

The present study has limitations. Firstly, swine production is 
dynamic in nature, with farms being active and inactive throughout 
the years. During the time period considered in this study, 34/2,293 
farms (1.5%) changed from active to inactive between Nov 1st, 2017 
through December 31st 2020, thus we consider our results closely 
reflect the current status of the swine industry in our study region 
given the high level of participation of the swine production companies 
in our study. Another limitation in our study relates to how PRRSV 
surveillance systems differ between farm types, with sow farms usually 
conducting routine testing while downstream farm testing is not 
always performed systematically (39, 42, 93). Differences in systematic 
testing between the different farm types could have affected our risk 
estimations; however, we believe that the PRRSV database captured by 
MSHMP is still the best alternative to the currently available PRRSV 
datasets (2). For our spatiotemporal analysis, we arbitrarily chose the 
exceedance risk threshold to be  at 60% since it aligned with the 
interpretation described in (46), where p x( ) > 0  represent areas of 
higher risk, and p x( ) < 0  areas of low risk. In future studies, other 
cutoff values should be explored. Additionally, given that a farm may 
continue to be reported as having an outbreak for multiple weeks, this 
may potentially influence our spatiotemporal relative risk estimates by 
increasing the number of cases in a given week. However, since we are 
interested in quantifying the risk for the potential transmission of 
PRRSV, it is important we do not omit farms that could contribute to 
the dissemination of PRRSV. A future study should consider an 
approach that considers observation autocorrelated in time.

Even though we had to restrict our risk factor analysis to 2020 
due to limitations of the between-farm movement data, our 
results would likely be similar for other years, given how animal 
movements are vertically integrated in the United States (18, 2, 
66, 91, 100). Environmental factors that are known to vary 
through time were averaged for an entire year, which might dilute 
the temporal differences in environmental conditions that may 
influence PRRSV transmission dynamics (3, 13, 14). However, 
results obtained from this study provide the important 
groundwork for further exploration of temporal differences 
related to factors associated with PRRSV local spread. Despite the 
limitations present in this study, here, we address an important 
gap related to the spatial range associated with the risk of PRRSV 
local transmission and estimate the maximum distance to which 
farms may become exposed and or infected from nearby infected 
farms. Both results could potentially be used to inform swine 
producers within areas of elevated risk to consider enhancing 
surveillance, sampling and disease control strategies (2, 96, 101). 
In addition, information gathered from this study may be used to 
calibrate future PRRSV transmission models by considering the 

calculated spatial bandwidths as the maximum transmission 
distance (18–20, 66).

The results of this study suggest that farms within a 17 km radius of 
farms reporting PRRSV outbreaks are at greater risk of infection. 
We demonstrated that PRRSV outbreaks remain mostly seasonal, with 
differences in risk intensity between farm types. Our analysis also 
captured sporadic summer increases in risk, with differences between 
years and farm types. We found that sow farms had the highest number 
of cases within areas of significant high risk and were collocated with 
at-risk finisher and nursery farms. These findings suggest that 
downstream farms (i.e., finisher farms) may play an important role in 
maintaining the circulation of PRRSV within the farm population, and 
support the need for systematic testing among the different farm types. 
Lastly, out-going movement of pigs, the number of access points and 
temperature were significant risk factors of PRRSV outbreaks. Ultimately, 
we provide insights into PRRSV risk dynamics among farm types and 
establish a maximum distance for the risk of PPRSV local transmission, 
which could be used to inform targeted surveillance and disease control 
strategies and calibrate future PRRSV transmission models.
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