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SUMMARY

In  recen t  years ,  the  emergence  and h igh preva lence  of  porc ine  epidemic  d ia r rhoea

v i r u s  ( P E D V )  i n  p i g l e t s  h a s  b e e n  o b s e r v e d  i n  v a r i o u s  r e g i o n s  o f  G u a n g d o n g

Province. In this study, novel genetic features of the PEDV S1 gene were detected in

fifty-five PEDV samples from eleven different pig farms collected from 2018 to 2019

i n  e i g h t  c i t i e s i n  G u a n g d o n g  P r o v i n c e ,  C h i n a .  M o r e  t h a n  9 8 . 2 %  ( 5 4 / 5 5 )  o f  t h e

samples tested positive with a PEDV antigen assay. The S1 gene of 11 samples was

s e q u e n c e d .  A n a l y s i s  r e s u l t s  s h o w e d  t h a t t h e  f o u r  n o v e l  P E D V  i s o l a t e s  w e r e

9 9 . 9 % ~ 1 0 0 %  i d e n t i c a l  t o  e a c h  o t h e r  a n d  c l u s t e r e d  t o  a  s e p a r a t e  c l a d e  i n  t h e  G 2 a

subtype, sharing 90.4–98.8% and 87.7–97.7% identities at the nucleotide and amino

acid levels, respectively, with 57 strains from GenBank. It  is  worth noting that the

novel PEDV strains contained nine novel amino acid substitutions (L299I, V312A,

Q 3 1 9 P ,  N / D 3 6 0 A ,  S 5 5 8 L ,  S 5 6 6 K ,  K 5 9 3 R ,  Y 6 1 2 H  a n d  S 7 7 3 F )  i n  t h e  S 1  p r o t e i n

c o m p a r e d  t o  t h e  s e q u e n c e s  o f  w i d e l y  u s e d  v a c c i n e  s t r a i n s  ( C V 7 7 7  a n d  A J 1 1 0 2

strains) and other variant PEDV strains (G2 group strains). Furthermore, the amino

acid substitutions were in the COE region of the important S protein neutralization

e p i t o p e .  I n  t h i s  s t u d y ,  w e  d e t e c t e d  n o v e l  P E D V  e p i d e m i c  s t r a i n s  i n  G u a n g d o n g

P r o v i n c e,  w h i c h  h ad  t h e  h i g he s t  i d e n t i t y  (9 8 . 7 - 98 .8 % nu c le o t i d e  l e ve l ,  96 .6 -9 7 . 2%

amino acid level) with the BJ2011-1 strain and differed greatly from vaccine strains.

C o m p a r e d  t o  v a c c i n e  s t r a i n s ,  t h e r e  a r e  9 1  ( C V 7 7 7 )  o r  2 7  ( A J 1 1 0 2 )  a m i n o  a c i d

c h a n g e s  i n  t h e  n e u t r a l i z a t i o n  e p i t o p e  o f  t h e  S 1  p r o t e i n ,  a n d  w h e t h e r  a m i n o  a c i d

substitutions affect the immune efficacy of the vaccine should be verified in further

studies.
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P o r c i n e  e p i d e m i c  d i a r r h o e a  v i r u s ( P E D V )  i s  a  l a r g e ,  e n v e l o p e d ,  s i n g l e - s t r a n d e d ,

p o s i t i v e - s e n s e  R N A  v i r u s  w i t h  a  2 8  k b  g e n o m e  a n d  i s  a  m e m b e r  o f  t h e  g e n u s

A l p h a c o r o n a v i r u s  b e l o n g i n g  t o  t h e  f a m i l y  C o r o n a v i r i d a e  o f  t h e  o r d e r  N i d o v i r a l e s

that can cause porcine epidemic diarrhoea (PED). PED is a highly contagious disease

c h a r a c t e r i z e d  b y  a c u t e  w a t e r y  d i a r r h o e a ,  v o m i t i n g ,  a n d  d e h y d r a t i o n ,  w i t h  a  h i g h

mortality rate, particularly in newborn piglets (D. Sun, Wang, Wei, Chen, & Feng,

2 0 1 6 ).  P E D  w a s  f i r s t  d i s c o v e r e d  i n  t h e  1 9 7 0 s  i n  E n g l a n d , a n d P E D V  w a s

s u b s e q u e n t l y  i d e n t i f i e d  a s  t h e  c a u s a t i v e  a g e n t ,  i s o l a t e d ,  a n d  d e s i g n a t e d  C V 7 7 7  i n

Belgium in 1978 (Pensaert & de Bouck, 1978). PEDV was the first outbreak in the

1 9 7 0 s  i n  C h i n a .  H o w e v e r ,  P E D V  w a s  f i r s t  i d e n t i f i e d  i n  t h e  1 9 8 0 s  ( X u a n  e t  a l . ,

1 9 8 4 ). N o t a b l y ,  t h e  e m e r g i n g  h i g h l y  v i r u l e n t  P E D V  c a u s e d  m a s s i v e  o u t b r e a k s  i n

s o u t h e r n C h i n a, l e a d i n g  t o  s e v e r e  e c o n o m i c  l o s s e s  i n  t h e  s w i n e  i n d u s t r y  i n  2 0 1 0 .

The PEDV strains differ from the European strain (CV777) (Bi, Zeng, Xiao, Chen, &

Fang, 2012; W. Li et al., 2012; R. Q. Sun et al., 2012). Different types of PEDV are

still common throughout China (Dong, Dai, Li, & Yang, 2020; Tan et al., 2020; Wen

e t  a l . ,  2 0 1 8 ;  Y u  e t  a l . ,  2 0 1 8 ).  H o w e v e r ,  v a r i a n t  P E D V  s t r a i n s  ( G 2  g r o u p

b a s e d o n  t h e  S  g e n e )  r e m a i n  t h e  m a j o r  c a u s e  o f  s w i n e  d i a r r h o e a  i n  G u a n g d o n g

(Mai et al., 2018).

The spike (S) glycoprotein of PEDV, a major surface protein, contains two functional

s u b u n i t s :  S 1 ,  r e s p o n s i b l e  f o r  c e l l u l a r  r e c e p t o r  b i n d i n g ,  a n d  S 2 ,  r e s p o n s i b l e  f o r

m e m b r a n e  f u s i o n  ( L i u  e t  a l . ,  2 0 1 5 ).  T h e  S 1  s u b u n i t  c o n s i s t s  o f  t w o  d o m a i n s ,

namely, an N-terminal domain (NTD, residues 21–324 based on PEDV CV777) and a

C - t e r m i n a l  d o m a i n  ( C T D ,  r e s i d u e s  2 5 3 – 6 3 8 )( C .  L i  e t  a l . ,  2 0 1 7 ;  F .  L i ,
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2015).  Moreover ,  the  S1 subun i t  con ta ins  th ree  neut ra l i z ing  epi topes  named  COE,

S S 2 ,  a n d  S S 6 ,  a n d  t h e  r e g i o n s  o f  t h e  a l i g n e d  s e q u e n c e s  t h a t  c o r r e s p o n d  t o  t h e s e

regions are amino acids 499–638, 748–755, and 764–771 (C. Li et al., 2017; F. Li,

2015; D. Sun et al., 2008). Most of the PEDV strains have greater variability in the S1

gene,  which has been widely used for genet ic  relatedness and evolut ion as well  as

vaccine development (Chen et al., 2014; Jarvis et al., 2016).

I n  t h i s  s t u d y ,  f i f t y - f i v e  s m a l l  i n t e s t i n e  t i s s u e  s a m p l e s  f r o m  s i c k  p i g s  s u s p e c t e d  o f

PEDV viral infection were collected from eleven different swine farms in eight cities

in Guangdong Province from 2018 to 2019 (Fig. S1). The sows were immunized with

class ica l  or  o ther  vacc ines to  prevent  PED.  However , 92 .61% (2345/2532) of s i ck

piglets exhibited multiple clinical symptoms consistent with previously reported PED

( L .  W a n g ,  B y r u m ,  &  Z h a n g ,  2 0 1 4 ),  i n c l u d i n g  s e v e r e  e n t e r i t i s ,  v o m i t i n g ,  a c u t e

d i a r r h o e a ,  d e h y d r a t i o n ,  a n d  m o r t a l i t y  ( T a b l e  1 ) .  A  P E D V  A G  T e s t  K i t  ( B i o n o t e ,

H w a s e o n g ,  K o r e a )  w a s  u s e d  t o  d e t e c t  P E D V  i n  t i s s u e  s a m p l e s ,  a n d  t h e  P E D V

positive rate was 98.2% (54/55). We amplified the S1 gene to analyse mutations and

e v o l u t i o n a r y  r e l a t i o n s h i p s w i t h a p r e v i o u s l y d e s c r i b e d  p r o t o c o l.  ( E .  W a n g  e t  a l . ,

2016). Then, the sequences of the S1 gene were cloned into the pCE2 vector using a 5

m i n T A / B l u n t - Z e r o  C l o n i n g  K i t  (V a z y m e ,  N a n j i n g ,  C h i n a) .  T h e  r e c o m b i n a n t

plasmids were then sequenced in both directions by a commercial company using the

S a n g e r  m e t h o d  ( S a n g o n ,  S h a n g h a i ,  C h i n a ) . F o u r  r e p r e s e n t a t i v e  s e q u e n c e s  o f  S 1

g e n e s  w e r e  r a n d o m l y  s e l e c t e d  f o r  n a m i n g  C H / G D - 4 / 2 0 1 8  ( f r o m  G u a n g z h o u ) ,

C H / G D - 9 / 2 0 1 8  ( f r o m  J i a n g m e n ) ,  C H / G D - 1 1 / 2 0 1 8  ( f r o m  Y u n f u )  a n d  C H / G D -

14/2018 (from Zhaoqing), which have been deposited in GenBank under accession

numbers MT739790, MT739779, MT739781 and MT739784.
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C o m p a r i s o n  o f  t h e  S 1  g e n e  s h o w e d  t h a t  C H / G D - 4 / 2 0 1 8 ,  C H / G D - 9 / 2 0 1 8 ,

C H / G D - 1 1 / 2 0 1 8  a n d  C H / G D - 1 4 / 2 0 1 8 s h a r e d 9 9 . 9 %  i d e n t i t y  w i t h e a c h  o t h e r  a n d

9 0 . 4 – 9 8 . 8 %  a n d  8 7 . 7 – 9 7 . 7 %  i d e n t i t y a t  t h e  n u c l e o t i d e  a n d  a m i n o  a c i d  l e v e l s .

However, compared to the other 57 S1 genes, the background information is shown in

phylogenetic trees (Fig. 1), which showed 90.4–98.8% and 87.7–97.7% identity at the

n u c l e o t i d e  a n d  a m i n o  a c i d  l e v e l s ,  r e s p e c t i v e l y .  T h e  d e t e c t e d  P E D V  s t r a i n s  o f

G u a n g d o n g  s h a r e  9 6 . 6 - 9 8 %  ( n u c l e o t i d e  l e v e l )  a n d  9 5 . 8 - 9 7 . 6 %  ( a m i n o  a c i d  l e v e l )

i d e n t i t y  w i t h t h e S 1  g e n e ,  i n d i c a t i n g  t h a t  P E D V  e x h i b i t s  t h e  t r e n d  o f  v a r i a t i o n

in Guangdong Province. Interestingly, the S1 genes of the four isolates shared 98.7-

98.8% nucleotide identity with BJ-2011-1 from Beijing and 97.4-97.7% amino acid

identity with AH2012 from Anhui Province. In addition, the four isolates showed low

amino acid identity with two common vaccine strains, the classical attenuated strain

CV777 (89.6-89.9%) and the variant strain AJ1102 (96.5%-96.8%).

P h y l o g e n e t i c  a n a l y s i s ,  w h i c h  w a s  b a s e d  o n  t h e  n u c l e o t i d e  s e q u e n c e s  o f

the complete S1 gene, was conducted with MEGA X (Kumar, Stecher, Li, Knyaz, &

T a m u r a ,  2 0 1 8 ) u s i n g  t h e  n e i g h b o u r - j o i n i n g  ( N J )  m e t h o d  ( S a i t o u  &  N e i ,

1987 ) wi th  1 ,000  boo t s t r a p  r ep l i ca t e s  a nd  a  p -d i s t anc e  mode l .  The  r e su l t s  show ed

that CH/GD-9/2018, CH/GD-11/2018, and CH/GD-14/2018 clustered with the highly

pathogenic mutant BJ-2011-1 and belonged to the PEDV G2a subgroup that is mainly

e n d e m i c  i n  G u a n g d o n g  P r o v i n c e,  w h i c h  w a s  c o n s i s t e n t  w i t h  p r e v i o u s  r e p o r t s

(Fan et al., 2020; Gao et al., 2013; Mai et al., 2018). Alignment of S1 protein amino

acid sequences from the isolates with widely used vaccine strains and other variant

P E D V  s t r a i n s  r e v e a l e d  p r e v i o u s l y  u n r e p o r t e d  a m i n o  a c i d  s u b s t i t u t i o n s ,  n a m e l y ,

L299I, V312A, Q319P, N/D360A, S558 L, S566K, K593R, Y612H and S773F (Fig.
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2). In a recent study with amino acid variation, the three-dimensional (3D) structure

o f  t h e  S 1  p r o t e i n  c h a n g e d  ( S u  e t  a l . ,  2 0 2 0 ).  T h e r e f o r e ,  w e h a v e  m o d e l l e d t h e  3 D

structure  of  the  novel  S1 prote ins us ing the  open-source model l ing  server  SWISS-

MODEL (https://swissmodel.expasy.org/) from the Swiss Institute of Bioinformatics

( W a t e r h o u s e  e t  a l . ,  2 0 1 8 ) a n d  t h e  s p i k e  p r o t e i n  o f  P E D V  ( P D B  I D :  6 V V 5 )

( K i r c h d o e r f e r  e t  a l . ,  2 0 2 0 ) a s  a  t e m p l a t e .  C o m p a r i s o n s  o f  t h e s e  m o d e l l e d  t e r t i a r y

s t r u c t u r e s  w e r e  p r o d u c e d  u s i n g  t h e  P y t h o n b a s e d‐  m o l e c u l a r  v i e w e r  P y M O L .  T h e

s e q u e n c e s  i n v o l v e d  i n  t h e  m o d e l l i n g  a r e  G 2 a ,  G 2 b ,  A J 1 1 0 2 ,  C V 7 7 7 - C h i n a  a n d

CH/GD-4/2018, where G2a and G2b sequences are the main sequences of the G2a

and G2b subgroups in the PEDV G2 group, respectively, and CH/GD-4/2018 is the

representative sequence among the four isolates. The results showed that the isolates

o b t a i n e d  i n  t h i s  s t u d y  h a d  t h r e e  n o v e l  s t r u c t u r a l  a l t e r a t i o n s  i n  t h e  N T D  a n d  C O E

regions compared to those of the reported PEDV strains (Fig. 3). The COE region is

o n e  o f  t h e  i m p o r t a n t  n e u t r a l i z i n g  e p i t o p e s  o n  t h e  P E D V  S  p r o t e i n

( C .  L i  e t  a l . ,  2 0 1 7 ), a n d w h e t h e r  t h e s e  a m i n o  a c i d  d i f f e r e n c e s  a n d  a l t e r a t i o n s  i n

prote in  s t ruc ture  have  an  impact  on  vacc ine- induced immuni ty  needs  to  be  fur ther

determined.

I n  r e c e n t  y e a r s ,  P E D V  h a s  b e e n  p r e v a l e n t  i n  v a r i o u s  r e g i o n s  o f  G u a n g d o n g

Province and has caused significant harm to piglets in the province. In this study, a

novel PEDV strain was detected in newborn piglets with severe clinical symptoms

from eight different cities. This strain was most similar to the BJ-2011-1 strain from

Bei j ing  in  t e rms  o f  nuc leo t ide  charac te r i s t i c s  but  had  s ign i f i cant  changes  f rom the

p r e v i o u s l y  r e p o r t e d  e n d e m i c  s t r a i n s  a n d  w i d e l y  u s e d  v a c c i n e  s t r a i n s  f r o m

Guangdong, which altered the structure of the NTD and COE regions of the PEDV
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S 1  p r o t e i n .  I n  c o n c l u s i o n ,  t h e  d i s c o v e r y  o f  a  n o v e l  P E D V  s t r a i n  h a s  e n r i c h e d

knowledge of the diversity of PEDV in Guangdong Province, with alterations in its

n e u t r a l i z a t i o n  e p i t o p e s  a n d  a  p o s s i b l e  p r o g r e s s i v e  i n c r e a s e  i n  p a t h o g e n i c i t y .

T h e r e f o r e ,  a d d i t i o n a l  e x t e n s i v e  e p i d e m i o l o g i c a l  i n v e s t i g a t i o n s  a r e  n e c e s s a r y ,  a n d

further studies are needed to determine whether variations in those amino acid sites

have an impact on the immunological efficacy of the vaccines.
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Tables

Table 1. PEDV sample information for Guangdong Province in 2018-2019.

Figures captions

Figure 1. Phylogenetic analysis of PEDV isolates and reference strains based on the

S1 gene. NJ tree of S1 gene nucleotide sequences from PEDV strains. Black triangles

represent PEDV strains from Guangdong Province identified in this study. The name,

G e n B a n k  a c c e s s i o n  n u m b e r ,  c o u n t r y  a n d  y e a r  o f  i s o l a t i o n  o f  e a c h  P E D V  s t r a i n

are shown in the phylogenetic trees.

Figure 2. Alignment of the deduced amino acid sequences of the S1 gene.

Figure 3. Comparison of the 3D structure of the S1 subunits. G2a and G2b represent

t h e  m a i n  s e q u e n c e s  o f  t h e  P E D V  G 2 a  a n d  G 2 b  s u b g r o u p s ,  r e s p e c t i v e l y .  T h e  S 1

p r o t e i n  m o d e l l i n g o f  t h e  P E D V  C V 7 7 7  s t r a i n  i s s h o w n  a s  a  s u r f a c e  a n d  c a r t o o n

r e p r e s e n t a t i o n  i n  g r e e n .  T h e  S 1 N T D  o f  ‐t h e  C V 7 7 7  s t r a i n  i s s h o w n  a s  a  p i n k

s u r f a c e.  T h e  S 1 C O E  o f  ‐ t h e  C V 7 7 7  s t r a i n  i s s h o w n  a s  a  y e l l o w  s u r f a c e.  T h e  S 1

p r o t e i n  m o d e l l i n g o f  t h e  C H / G D - 4 / 2 0 1 8  s t r a i n  i s s h o w n  a s  a  s u r f a c e  a n d  c a r t o o n

r e p r e s e n t a t i o n  i n  r e d .  T h e  S 1  p r o t e i n  m o d e l l i n g o f  t h e  A J 1 1 0 2  s t r a i n  i s s h o w n  a s

a cartoon in cyan. The S1 protein modelling of the G2a strain is shown as a cartoon

i n p u r p l e .  T h e  S 1  p r o t e i n  m o d e l l i n g o f  t h e  G 2 b  s t r a i n  i s s h o w n  a s  a  c a r t o o n  i n

orange.
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Supporting information

F i g u r e  S 1 .  G e o g r a p h i c a l  d i s t r i b u t i o n  o f  t h e  c o l l e c t e d s a m p l e s i n  G u a n g d o n g

Province. GZ: Guangzhou (1 farm, 3 samples), JM: Jiangmeng (1 farm, 6 samples),

Y F :  Y u n f u  ( 1  f a r m ,  3  s a m p l e s ) ,  Z Q :  Z h a o q i n g  ( 1  f a r m ,  5  s a m p l e s ) ,  H Z :

Huizhou (2 farms, 18 samples), FS: Foshan (3 farms, 13 samples), YJ: Yangjiang (1

farm, 5 samples), QY: Qingyuan (1 farm, 4 samples).
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