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Porcine epidemic diarrhea virus (PEDV) is a porcine enteric coronavirus, which is one of the main causative agents

of porcine epidemic diarrhea (PED), with 100% morbidity and 80–100% mortality in neonatal piglets. Since 2010,

large-scale PED caused by highly pathogenic variants of PEDV has occurred successively in China and other

countries in the world, posing a great threat to the global pig industry.
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1. Introduction

Coronaviruses (CoVs) have single-stranded, positive-sense RNA viruses with the largest known genomes among

all RNA viruses, ranging from 26 to 32 kb, and they are a family of viruses (Alpha-, Beta-, Gamma-, and

Deltacoronavirus) that can cause major diseases in humans, such as severe acute respiratory syndrome (SARS),

Middle East respiratory syndrome (MERS), and the recent outbreak of SARS-CoV-2 . In pigs, several

different CoVs have been identified, including four Alphacoronaviruses: porcine epidemic diarrhea virus (PEDV),

transmissible gastroenteritis virus (TGEV), porcine respiratory coronavirus (PRCV), swine acute diarrhea

syndrome-coronavirus (SADS-CoV), one Betacoronavirus: porcine hemagglutinating encephalomyelitis virus

(PHEV), and a porcine Deltacoronavirus (PDCoV) . Porcine CoVs have caused significant economic losses to

the global pig industry due to their high mortality in neonatal piglets. It is noteworthy that there is the potential for

zoonotic transmission because porcine CoVs continue to adapt and evolve in their hosts, changing their tropism.

Recently, a study revealed that PDCoVs were identified in Haitian children with acute undifferentiated febrile

illness, and the flexibility of the protein and its interaction with the host cell receptor may be impacted by

modifications to the spike S1 subunit, which contains the receptor-binding domain . Therefore, the zoonotic

transmission of porcine CoVs could pose a threat to human health.

PEDV was originally discovered in the UK in 1971 and then spread to other European countries, where it

occasionally broke out in the latter half of the 20th century . In China, a comparable case of diarrhea caused by

PEDV was initially documented in 1973, and PEDV was discovered in 1984 . Since 2010, a pervasive outbreak

of PED has afflicted the southern regions of China, impacting pigs across all age groups. Notably, the PEDV

spread rapidly nationwide, and the mortality rate among neonatal piglets approached 100% . Following the

first reports of PEDV in the United States in 2013, a highly pathogenic PEDV emerged and quickly infected pig

populations . The virus then quickly spread throughout the pig industry in Europe, North America, and Asia,

posing serious economic threats to the pig industry worldwide .
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2. Etiology

2.1. PEDV Genome and Functions

PEDV is a single-stranded positive-sense RNA virus that belongs to the alphacoronavirus genus. It has a diameter

of 95–190 nm, a characteristic nested crown, and a genome size of approximately 28 kb . Seven overlapping

open reading frames in the PEDV genome encode the replicase (ORF1a, 1b) nonstructural proteins and the

accessory protein ORF3, the spike (S), the envelope (E), the membrane (M), and the nucleocapsid (N) structural

proteins . As the major envelope glycoprotein, the S protein promotes the entry of virions into the cell and gives

the viral family name its corona-like appearance in electron micrographs. It comprises five domains: a signal

peptide; an S1 region that aids in the attachment of virions to cellular receptors; an S2 region that mediates the

fusion of the virus with host cells; a transmembrane domain; and a cytoplasmic tail. The S1 domain is further

divided into two sub-domains: an N terminal domain and a C terminal domain, which have the potential to be

receptor-binding domains . The capacity of the S protein to bind to a receptor and its role in viral entry determine

PEDV invasion and release, host range, tissue tropism, cross-species transmission, and trypsin-dependent

proliferation . Importantly, the S protein is the major target of induced neutralizing antibodies, and six neutralizing

epitopes have been identified: the S1  (aa 19–220) , S1  (aa 435–485) , COE (aa 499–638) , SS2 (aa

748–755), SS6 (aa 764–771) , and 2C10 (aa 1368–1374) . In addition, the PEDV S gene is very genetically

diverse and is prone to mutation, and it is frequently utilized to evaluate the virulence and genetic variety of the

strains that are circulating in the field . The M protein, a component of the viral envelope, participates in the

assembly and release of viral particles . Furthermore, the recombinant PEDV M protein is used as the antigen in

the indirect enzyme-linked immunosorbent assay (ELISA), which has great sensitivity and specificity in identifying

PEDV antibodies . Numerous activities in the viral life cycle have been linked to the N protein, such as

regulating the production of viral RNA, encasing viral RNA in helical nucleocapsids, and assembling virions . The

N protein’s suppression of the host response might account for the increased PEDV replication in Vero E6 cells

that overexpress the protein . By delaying the S-phase cell cycle and inhibiting NF-κB from moving to the

nucleus during the host cell confronting process, the PEDV N protein suppressed the formation of IFN-λ in IPEC-J2

cells .

2.2. Emergence of PEDV Strains in China

When the first cases of PED were reported in the UK in 1971, the phrase “epidemic viral diarrhea” (EVD) was

coined . Many European countries were impacted by a similar viral diarrhea outbreak in 1976, known as EVD II

. One of the EVD samples those Belgian researchers collected in 1978 was identified experimentally as CV777,

a new coronavirus strain that causes diarrhea in pigs . The disease was collectively named “porcine epidemic

diarrhea” (PED) in 1982 . PED reports have been provided on a regular basis in China since 1973. The

presence of PEDV in China was not confirmed until 1984 when the causative agent was discovered by utilizing

fluorescently labeled antibodies and serum neutralization assays . Between 1984 and the beginning of 2010,

PEDV-related epidemics were mostly sporadic or there were local epidemics in some provinces. However, in 2010,
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a large-scale PED outbreak occurred in southern China . Multiple studies have confirmed that emerging PEDV

is the culprit of PED in China, and PEDV has mutated compared with previously prevalent strains .

PEDV is classified into genotype I (GI) and GII based on the evolutionary analysis of the S gene (Figure 1). The

majority of cell culture-adapted mutant strains generated by continuing passaging in vitro, such as attenuated

CV777 and DR13, as well as several classical strains, including the virulent strain CV777 that was first discovered

in Europe and Belgium, are classified as PEDV GI . The GI strains have been reported in most of Europe and

Asia, they are less virulent than other strains and typically cause sporadic outbreaks . All the PEDVs isolated in

China before 2010 belonged to GI, such as PEDV strain JS2008 (GenBank accession No. KC210146) (Figure 1).

The main pandemic strain currently circulating in China is GII, which poses an enormous threat to the pig industry

in China. In Ohio, USA, a PEDV variant OH851 strain known as PEDV S-INDEL was initially found in 2014 . The

S-INDEL strain was later found in China, such as the CH/SCZY44/2017 (GenBank accession No. MH593418) and

CH/SCMY/2018 (GenBank accession No. MH061343) strains (Figure 1).

Figure 1. Phylogenetic analysis of the PEDVs based on S gene. The S gene sequences of 64 PEDV strains

worldwide were downloaded from GenBank. The tree was constructed using MEGA 7 and visualized using the

Interactive Tree Of Life (iTOL) software (version 6.8.1) (accessed on 25 October 2023). The GenBank accession

numbers, strain names, collection dates, and countries are shown in the trees. The blue and red dots represent GII

and GI, respectively. The green dot represents the PEDV S-INDEL strains. The gray square icon at the branch

represents bootstrap values of 1000 replicates.

2.3. PEDV Pathogenicity
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PEDV can infect pigs of different ages, and the clinical symptoms are different depending on the virulence of the

strain, the immune status of the herd, the age of the affected pigs, and environment variations. The main clinical

symptoms of 1- to 7-day-old newborn piglets infected with PEDV were acute watery diarrhea, dehydration,

vomiting, and marked emaciation, with 80–100% mortality. Adult pigs infected with PEDV had comparatively low

mortality, which was characterized by watery diarrhea, anorexia, agalactia, depression, and impaired reproductive

function .

Early studies confirmed that the classic strain, PEDV CV777 (GI strain), infected piglets 1–20 days old. The clinical

symptoms (diarrhea with moderate to severe) appeared at 24–40 h post-inoculation (hpi), and pathological tests

also showed marked villus shortening along with the villus height . Since 2010, new non-S-INDEL PEDV strains

have emerged, which are highly pathogenic and are known as “highly virulent” PEDV strains based on

epidemiologic and clinical data in the field. The emerging non-S-INDEL PEDV strains harbor some novel

pathogenic features, such as rapid onset, rapid transmission, rapid death, and high mortality. Additionally, another

study reported that the non-S-INDEL PEDV HM2017 strain caused clinical symptoms in piglets at 12 hpi, and they

all died at 84 hpi . In the lab, the PEDV CH/Yinchuan/2021 strain infected pig populations of all ages and caused

100% mortality in 3-day-old piglets . Moreover, researchers found that 13-week-old growing pigs infected with

PEDV experienced watery diarrhea and vomiting and significantly reduced weight gain despite low mortality

(unpublished data). In the challenge test of piglets not separated from their mothers, the sows also showed

anorexia after the challenge (unpublished data). Other studies have also confirmed that the highly pathogenic

PEDV strains resulted in significant growth retardation in weaned pigs and significant productivity impairment,

including reduced sow nursing performance, fewer total pigs and pigs born alive per litter, and lower farrowing rates

. Strikingly, the pathogenicity may change as PEDV continues to evolve; a new isolate PEDV targets not only

the intestinal tract but also the respiratory system in pigs, especially the lungs .

2.4. PEDV Transmission

PEDV mainly infects the intestinal tract of pigs, targets small intestinal epithelial cells, and then destroys intestinal

villi, resulting in intestinal dysfunction in pigs, causing diarrhea, dehydration, and death, especially for newborn

piglets with imperfect digestive systems . Current studies have revealed that PEDV can reach the intestine and

cause disease in pigs after entering PEDV-containing media through the mouth and nasal cavity . The

primary oral–fecal route of PEDV transmission involves direct or indirect contact with pigs that are clinically or

subclinically infected as well as diarrheal feces and vomitus . Pigs were infected with PEDV through the

consumption of PEDV-contaminated food or exposure to PEDV-contaminated fomites, such as feed, feed

ingredients and additives (spray-dried porcine plasma), humans (footwear and clothes), equipment, transport

trailers (delivering feed, transporting pigs or carcasses), feed totes, and wild animals (mice, birds, and stray cats)

. A recent study reported that PEDV colonizing in the intestinal epithelial cells of sows could transfer

to CD3  T cells, which can transmit the virus to the mammary gland through blood circulation and ultimately deliver

PEDV to the intestinal tract of piglets through colostrum to cause infection . This finding indicated that sows

could transmit PEDV vertically to their offspring through their milk. Additionally, utilizing semen contaminated with

PEDV increases the risk of PEDV infection in the pig population . Another important route of transmission is
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the fecal–nasal route, which is basically the airborne transfer of aerosolized PEDV particles into the nose to cause

infection in pigs or farms . These data indicated that PEDV infected the nasal mucosa, and then the PEDV-

loaded dendritic cells transferred the virus to CD3  T cells and reached the intestine through the blood circulation

at the latest, resulting in infection .

PEDV transmission in pig populations is influenced by many factors, such as the immune status, biosafety level,

and overall health status of pig populations. Feedback feeding is used to control PEDV in some pig farms in China.

While this strategy can successfully lower infection, PEDV will recur as time goes on, and PEDV circulation will be

formed when the overall antibody level in the pig population is reduced. In addition, although most farms are

immunized with vaccines, there is a lack of real-time monitoring of antibody levels in the herd, which leads to the

incorrect implementation of vaccine programming and vaccine selection. Comprehensive disinfection is necessary

to prevent PED-infected farms since the virus may persist on birthing beds and other associated equipment,

possibly causing secondary infections. In fattening pigs and sows, PEDV usually manifests as a subclinical disease

with minimal clinical signs (diarrhea). Nevertheless, these herds keep shedding, which facilitates the transmission

of PEDV to vulnerable newborn piglets and leads to a high number of fatalities. Therefore, pathogen monitoring

and the removal of pathogen-infected pigs are key to the healthy breeding of the system.

3. Epidemiology of PEDV in China

The pig diarrheal disease was first recorded in 1966, it occurs seasonally, usually in the autumn and winter, and it

has a localized epidemic pattern . After PEDV was identified in 1984, systematic epidemiological investigations

began in China . A general survey of PED epidemics in some provinces, municipalities, and autonomous regions

of China revealed that PED was responsible for 1.74% of the overall mortality from 36 pig diseases between 1987

and 1989, whereas TGE was responsible for 9.53% . In 2004, an epidemiological investigation of PEDV in

Guangxi Province showed that all pig herds had 42% morbidity and 5.69% mortality, while newborn piglets had

46.4% morbidity and 6.16% mortality, and there was 19.5% morbidity for sows, but no deaths were reported .

From 1984 to the beginning of 2010, PEDV was mainly sporadic or regionally endemic in China, with a low

mortality rate in piglets . Prior to 2010, PEDVs circulating in China belonged to G Ⅰ  based on full-gene

phylogenetic analysis . Importantly, before 2010, the PEDV pandemic was effectively controlled with the

widespread use of early-stage Chinese-developed inactivated tissue vaccines, inactivated CV777 vaccines, and

inactivated or attenuated bivalent vaccines (PEDV and TGEV) .

In the winter of 2010, a large PED outbreak that began in southern China quickly swept throughout the nation,

killing millions of piglets and catastrophically harming the pig industry (Figure 2A,B). Of note, the vaccine-

immunized farms were not spared, and the mortality rate was close to 100% in neonatal piglets . It has

been confirmed by some investigations that PEDV has mutated in China, and the traditional vaccine PEDV CV777

cannot completely protect against highly pathogenic variants . These variants have higher virulence and

cause clinical symptoms in pigs of all ages, with 80–100% mortality in piglets . In 29 Chinese provinces,

excluding Tibet and Hainan, an epidemiological survey carried out between February 2011 and March 2014 found

that the rate of PEDV-positive samples ranged from 61.10% to 78.49%, while the rate of PEDV-positive pig farms
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was 71.43% to 83.47% . These data are essentially comparable with those from other countries. In 2013, data

showed that piglet mortality was 90–95% and morbidity was almost 100% in the United States . In Germany,

the mortality rate for piglets infected with PEDV strains was more than 70% as of 2014 . Recent studies have

revealed a seropositivity of PEDV in Croatia as high as 82.8% . Zhang et al. collected 149,869 clinical samples

of feces and intestinal tissues from pigs from seven provinces and Shanghai City in China from 2011 to 2021 for

possible pathogen identification. The results revealed that PEDV was the major causative agent, with a positive

rate of more than 40%, while the positive rates of RV and PDCoV were relatively low at 1–20% and 0–14%,

respectively. However, 3.21% of the samples were co-infected with PEDV, TGEV, porcine rotavirus (PoRV),

PDCoV, or SADS-CoV, and 31.28% of the samples remained undiagnosed . These data indicate that PEDV is

the main pathogen causing PED at present, but PoRV and PDCoV cannot be ignored, and other possible

pathogens need to be further identified. A recent study revealed that the Guangdong and Henan provinces are

hubs for PEDV transmission in China, and the live pig trade may play a major role in disseminating the virus .

Since the African swine fever virus (ASFV) invaded China in 2018, the impact of PEDV on the pig industry has

been underestimated, but recent statistics have revealed that PEDV is still widespread in the Chinese pig

population (http://www.moa.gov.cn/was5/web/search) (accessed on 25 October 2023).

Figure 2. Epidemic distribution of PEDV in provinces and cities in China before and after 2010. (A) Provinces or

cities with localized prevalence of PEDV in China before 2010. (B) Provinces or cities with large-scale outbreaks of

PEDV in China since 2010.
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