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ABSTRACT (ENGLISH) 
# # 5687861320 : MAJOR BIOMEDICAL SCIENCES 
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 Supansa Tuanthap : MOLECULAR EPIDEMIOLOGY AND CHARACTERIZATION OF ROTAVIRUS GROUP A, 

GROUP C AND PORCINE EPIDEMIC DIARRHEA VIRUS IN PIGS WITH GASTROENTERITIS AMONG THE 
COMMERCIAL SWINE FARMS IN THAILAND, 2011-2016. Advisor: Prof. Alongkorn Amonsin, D.V.M., 
Ph.D. Co-advisor: Prof. Yong Poovorawan, M.D. 

  
The most frequent viruses associated with pig gastroenteritis have been previously reported as 

porcine epidemic diarrhea virus (PEDV) and rotavirus (RV).  Rotavirus is an important cause of diarrhea in piglets 
and pigs worldwide, and group A (RVA) and group C (RVC) are mostly affected.  In Thailand, studies on RVA and 
PEDV have been reported periodically, whereas information on RVC is still limited.  In this study, 769 samples 
(fecal and intestinal content) from pigs with diarrhea were collected from pig herds located in difference 
provinces throughout Thailand between 2011 and 2016.  The specimens were tested using virus-specific RT-
PCR to detect the gene encoding capsid protein VP7 and VP4 for RVC, complete 11 gene segments of RVA and 
S, ORF3, N genes for PEDV.  Sequencing analyses showed that 6.6% (51/769) of samples were positive for RVC, 
9.5% (73/769) for RVA and 19.9% (153/769) for PEDV.  Co-infections of RVA/RVC accounted for 21.6% (11/51) of 
samples and of PEDV/RVC for 7.8% (4/51) of samples, while only three samples (3/51) or 5.8% tested positive 
for all three viruses.  RV was detected in piglets up to 8 weeks old, while PEDV was often demonstrated from 
newborn up to 4 weeks of age.  Infection severities were not associated with seasonality, since the virus was 
detected throughout the year.  From our study, the G9 and P[13] as the dominant genotypes for RVA, while 
predominant genotypes of RVC were G1 and P[5].  Furthermore, genome constellation of the Thai RVA strains 
showed the predominance of Wa-like genotype with significant of reassortment between the porcine and 
human RVA strains.  Comparison of 95 PEDV-positive samples indicated those Thai strains had close genetic 
relationship and resembled to previously identified PEDV from Thailand and China.  Interestingly, eight Thai 
PEDV strains possessed the amino acid deletions in the N protein.  Our findings provide substaintial information 
in regional rotavirus and PEDV strains in field circulations and may assist inclusions of suitable strains for future 
vaccine development. 
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CHAPTER I 
GENERAL INTRODUCTION 

 

Background and rationale 

 The viral gastroenteritis associated with high morbidity and mortality rate in 

suckling and post-weaning piglets are porcine epidemic diarrhea virus (PEDV) and 

rotavirus.  Among these viruses could be a single infection or mixed infections which 

the naturally infected pigs displayed the similarity of fecal appearances and 

symptoms.  Moreover, the pathogenesis of rotavirus and PEDV infection are similar 

because the target cells of viral replication are the villous enterocytes in the animal 

intestine.  Blunting of the villi of infected enterocytes and atrophy results in 

electrolyte imbalance, dehydration due to intestinal malabsorption, osmotic 

irregularities, watery diarrhea and eventually death.  

 Rotavirus (RV) contains segmented double-stand RNA genome which genetic 

reassortments and interspecies transmission naturally occur upon mixed RV strain 

infection.  RV is frequently responsible for diarrhea in humans and animals which 

porcine RVA strains are one source of new emerging RV genotypes found in human 

and animal.  In general, porcine rotavirus (PRV) infection is associated with 

gastroenteritis in pigs of all ages but neonatal piglets to 3 weeks and post-weaning 

periods are frequently infected, resulting in poor growth performance, increased 

morbidity and mortality rates.  Nevertheless, the disease severity depending on the 

age of infected host. 

Nowadays, the Rotavirus Classification Working Group or RCWG classified 

rotavirus into 8 serogroups based on the basis of major antigenic differences that 

predominantly reside in the VP6, including A, B, C, D, E, H, I and J.  In pig, rotavirus 

group A (RVA) is most commonly associated with gastroenteritis in piglets while non-
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group A RV (group B, E and H) often causes sporadic infection.  However, recently 

rotavirus group C were also frequently reported as a cause of diarrhea in young piglet 

less than 1 week and preferred in asymptomatic pigs.  

 Porcine epidemic diarrhea virus (PEDV) is a member of family 

Coronaviridae.  PEDV infection causes of acute watery diarrhea, vomiting and severe 

dehydration in pigs of all age but the infection of younger piglets are usually more 

severe than the older pigs (especially less than 1 week old).  The sudden death is 

often found from metabolic acidosis symptoms in newborn pigs.  PEDV infection 

significantly contributes to economic loss in pig herds around the world because 

disease prevention and control programs have not been successful. 

The pathogenesis of rotavirus and PEDV infection are more or less similar.  

The target cells of virus replication are the villous enterocytes, results in cell lysis 

and led to villi blunting and atrophy.  The incubation period of virus infections are 

slightly short and the onset diarrhea can occur between 18-96 hours post-infection.  

Infected piglets get severe an electrolyte imbalance, dehydration from intestinal 

malabsorption, osmotic irregularities, watery diarrhea and eventually death.  It causes 

tremendously losses to the pig industry worldwide up to now including Thailand. 

Therefore the aims of this study were to: 

1. To study the molecular epidemiology of the rotavirus group A, group C and 

the porcine epidemic diarrhea virus in pigs with clinical diarrhea in Thailand during 

year 2011-2016. 

2. To investigate the co-infection of rotavirus group A, group C and porcine 

epidemic diarrhea virus and to compare the clinical data of those with and without 

co-infection. 
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3. To determine the genotype and the reassortment pattern of rotavirus group A 

based on a complete genotype constellation and compare to the rotavirus group A 

identified in human infection. 

 To achieve all objectives, the study have been performed in pigs with 

gastroenteritis on Thai swine farms, from year 2011-2016 as follow in 4 parts; 

Part 1:  The sensitivity and specificity tests of new designed primers for rotavirus 

group A and group detection. 

Part 2:  Molecular epidemiology of porcine rotavirus group C and viral co-infection 

among rotavirus group A, group C and porcine epidemic diarrhea virus. 

Part 3:  Molecular characterization and genome constellation of Thai porcine 

rotavirus group A. 

Part 4:  Molecular epidemiology and characterization of spike, ORF3 and 

nucleocapsid genes of porcine epidemic diarrhea virus. 
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Conceptual framework 
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The work diagram 

 
769 extracted attempt for viral RNA 

PCR amplification for PEDV (S gene)/ RVA (VP7)/ RVC (VP7) 

Negative samples 
 

Positive samples 
 

The amplifications were subjected  
- ORF3 and N genes for PEDV 
- complete the rest 10 genes for RVA 
- VP4 gene for RVC 

- Identification of sequence variations 
- Phylogenetic tree analysis 
- Genome constellation pattern (for RVA) 
 

Sequencing 
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Ethical Consideration 

 This study have been approved by The Institutional Animal Care and Use 

Committee (IACUC permission number 1731020) and the Institutional Biosafety 

Committee (IBC permission number 1731008) of Chulalongkorn University. 
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CHAPTER II 
LITERATURE REVIEW 

 

Characteristic of virus 

 Rotavirus (RV) 

Rotavirus is member of family Reoviridae, genus Rotavirus.  Rotavirus particle 

size is 75 nm in diameter, icosahedral in shape, non-envelope RNA virus with triple 

layer capsid structure (Figure 1).   A total genome size is approximately 18,522 base 

pairs with 11 segments of double stranded RNA (ds RNA), each segment encodes 

only 1 protein except segment 11 which is able to encode 2 non-structural proteins 

in some species.  In porcine rotavirus, the structural proteins comprise with VP1, VP2, 

VP3, VP4, VP6 and VP7, while non-structural proteins comprise NSP1-NSP5 (1). 

The outer layer forms by VP7 and VP4 proteins, while the intermediate layer 

is formed by VP6 protein and the inner layer (core) is formed by VP1, VP2, and VP3 

proteins (1).  The complete particle resembles a wheel under electron microscope.  

Only triple layer virus is infectious (2).  Based on the serological differences and 

diverse virus types, VP6 was used in the classification of rotavirus into 8 serogroups 

(group A, B, C, D, E, H, I and J) (The cut-off value at 53% amino acid level of VP6 

protein) (3-7).  

Porcine rotaviruses (PRV) are divided into 5 serogroups (A, B, C, E and H).  

Group A is the major cause of diarrhea (10-70%) affecting piglets between 1 and 3 

weeks of age.  Groups B is detected sporadically, while group C commonly causes 

diarrhea in suckling pigs less than 1 week of age (8-10).  Group E has only been 

detected in pigs in the United Kingdom (11).  The new group H has been recently 

discovered in 2011 (4, 12). 
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Figure  1.  Structure organization of mature RV particle (TLP).   

The outer capsid layer represent the VP7 are green and the VP4 spikes are orange.  

The internal VP6 protein layer is blue and the core VP2 layer in yellow.  The flower-

shaped VP1–VP3 transcription complex inside of the VP2 layer is colored red (adapt 

from Pesavento 2006) (13). 
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Gene function 

 Rotavirus replication 

 The function of VP7 and VP4 genes of mature RV particle (triple layer particle, 

TLP) associated with cell attachment on host cell surface via sialo-glycans or histo-

blood group antigens (HBGAs), followed by cellular receptors mediated interactions 

(such as Integrins and Hsc70) and entranced to host cell by endocytosis.  The low 

calcium of the endosome induced the uncoated of outer layer and release those 

double-layered particles (DLPs) into the cytoplasm.  VP1, VP2 and VP3 genes activate 

the DLPs rounds for mRNA transcription and protein translation.  Cellular protein 

synthesis is inhibited by NSP3, which NSP3 bind to consensus sequence at 3’end of 

mRNA (UGUGACC) replace RNA-binding protein (named PABA) and forms dimer for 

eIF4G cellular protein binding, resulting PABA disable to bind 3’end of mRNA.   

 NSP2, NSP5, VP1, VP2 and VP3 mediated RNA genome replication within 

viroplasm structure (double stranded RNA synthesis, RNA packaging and new DLP 

formation).  NSP4 serves as intracellular receptor of endoplasmic reticulum (ER) for 

those new DLPs, then DLPs go through inside ER.  The transient enveloped particles 

are also found in the ER.  Removal of the transient membrane and assembly of the 

outer capsid proteins VP4 and VP7 and complete virus particle maturation (TLPs; 

triple layer particle).  The progeny virions are released by a non-classical vesicular 

transport mechanism through cell lysis (Figure 2) (14).  
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Figure  2.  The scheme of rotavirus replication cycle.  
(adapt from Hu et al. 2012) (14)) 

 Host innate immunity  

VP4 and VP7 genes are main antigenic properties which induced production 

of host neutralizing antibodies (15, 16).  NSP1 acts as IFN antagonist by IRF3/5/7 and 

β-TrCP degradation, block NF-kB activation by Zinc-binding motif at N-terminal 

domain.  The production of several cytokines, chemokines, intermediated signaling 

molecules or secondary antiviral proteins are inhibited.  Meanwhile, NSP4 acts as 

enterotoxin activity which its pathway associated to diarrhea and vomiting in infected 

host (17, 18).   

Rotavirus genome segments and their encode proteins are shown in Table 1.  
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Table  1.  Rotavirus genome segments and their encode proteins  
(3, 13, 14, 17, 19).  

Rotavirus 
segment 

segment 
length (bp) 

Encoded 
proteins 

Protein 
symbol 

Location  
in virus 
particles 

 
Function 

 RVA*  RVC**      

1 3302 3290 VP1 R Core RNA-dependent RNA 
polymerase, ssRNA 
binding, complex with VP3 

2 2690 2736 VP2 C Core RNA binding, required for 
replicase activity of VP1 

3 2591 2145 VP3 M Core Guanylytransferase, 
methyltransferase, ssRNA 
binding, complex with VP1 

4 2362 2246 VP4 P Outer capsid Neutralizing antigen, viral 
attachment, homotrimer, 
protease-enhanced 
infectivity, virulence, 
putative fusion region 

5 1581 1235 NSP1 A or V NSP Interferon antagonist, RNA 
binding 

6 1356 1352 VP6 I Intermediate Subgroup antigen, require 
for transcription, trimer 

7 1104 1348 NSP3 T NSP Inhibits host translation, 
acidic dimer, bind 3’end of 
mRNAs 

8 1059 995 NSP2 N NSP Forms viroplasms with VP1 
and NSP5, octamer, RNA 
binding, NTPase, NDP 
kinase, RTPase 
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9 1062 1063 VP7 G Outer capsid G-type neutralization 
antigen, glycoprotein 
calcium dependent  trimer 

10 751 613 NSP4 E NSP Enterotoxin secreted from 
cells, virulence, 
intracellular receptor for 
DLPs, involves in 
morphogenesis of TLPs, 
viroporin, interact with 
viroplasms and autophagy 
pathway 

11 667 693 NSP5 H NSP Protein kinase, RNA 
binding, forms viroplasm 
with NSP2, interacts with 
VP2 and NSP6, 
phosphoprotein 

   NSP6  NSP Interacts with NSP5, RNA 
binding 

* Strain Wa-liked represent for RVA 
** Strain Cowden represent for RVC 
VP (viral protein), NSP (non-structural protein), ssRNA (single strand RNA), DLPs 
(double layer particles), TLPs (triple layer particles) 
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Rotavirus nomenclature  

 The Rotavirus Classification Working Group (RCWG) has assigned rotavirus 

genotypes based on 11 genome segments, displays as Gx-P[x]-Ix-Rx-Cx-Mx-Ax-Nx-Tx-

Ex-Hx, which representing the genotypes of VP7-VP4-VP6-VP1-VP2-VP3-NSP1-NSP2-

NSP3-NSP4-NSP5, respectively (20).  Rotavirus genotype of individual genes have 

been defined by the nucleotide identity cut-off percentage value which “x” behind 

capital letters indicating genotype numbers.  The summary of cut-off values for 11 

rotavirus segments is shown in Table 2. 
 

Table  2. Nucleotide percentage identity cut-off values defining genotypes for 
11 rotavirus gene segments.  
 

 
Gene 

% nucleotide identity  
cut-off value 

Genotypes  
Name of genotypes 

 RVA RVC RVA RVC   

VP7 80% 84% 35 G  13 G Glycosylated 
VP4 80% 77% 50 P 21 P Protease sensitive 
VP6 85% 85% 18 I 13 I Inner capsid 
VP1 83% 86% 9 R 4 R RNA-dependent RNA polymerase 
VP2 84% 84% 9 C 6 C Core protein 
VP3 81% 86% 8 M 6 M Methyltransferase 
NSP1 79% 74% 18 A 9 A Interferon Antagonist 
NSP2 85% 89% 10 N 8 N NTPase  
NSP3 85% 80% 12 T 6 T Translation enhancer 
NSP4 85% 71% 15 E 5 E Enterotoxin 
NSP5 91% 79% 11 H 4 H pHosphoprotein 

   

  (applied from RotaC 2.0 automated genotyping tool for group A rotaviruses,      
http://rotac.regatools.be/classificationinfo.html (19, 21). 

  

http://rotac.regatools.be/classificationinfo.html
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Rotavirus genotype 

- G/P genotype 

 VP7 and VP4 genes can be used to classify G and P genotypes, which the 

VP7/VP4 combinations (G/P genotypes) have been suggested as host range restriction 

patterns.  

 RVA:  from 35G and 50P genotype, genotype G1-G2, G3, G4 (VP7) and P[4], 

P[8] (VP4) are mainly identified in human RVAs, while genotype G3-G4-G5, G9 and 

P[6], P[7], P[13], P[19], P[23] are typical genotypes in pig (22-24).  Nevertheless, some 

genotype such as G3, G4, G9 and P[6], P[19] were often identified in both pig and 

human populations (25-27). 

 RVC: based on VP7 gene has been established into 18 G genotypes, G1 to 

G18.  Porcine RVCs are shown in G1, G3, G5-G10, G12, G13, bovine RVCs exhibited in 

G2, dog exhibits in G11, human RVCs exhibited in G4.  VP4 gene has been established 

into 21 P genotypes which the common P genotype in pig are P[1] and P[4], human is 

P[2], bovine is P[3] and canine is P[8].  Common G/P genotypes in pig have been 

classified into G1, G3, G5, G6 and P[1], while G4 and P[2] genotype has been classified 

into a  single genotype in human (28-32). 

- Other genotypes  

The rest of genotype classification for rotavirus have followed by VP4, VP6, 

VP1, VP2, VP3, NSP1, NSP2, NSP3, NSP4 and NSP5 genes.  For RVA, those genotypes 

have been established into 18I, 9R, 9C, 8M, 18A, 10N, 12T, 15E, 11H (RotaC 2.0 

automated genotyping tool for group A rotaviruses, 

http://rotac.regatools.be/classificationinfo.html).  Meanwhile RVC revealed genotypes 

into 13I, 4R, 6C, 6M, 9A, 8N, 6T, 5E and 4H (19, 30).  However, the data of RVC 

complete genome in animals are limited. 

  

http://rotac.regatools.be/classificationinfo.html
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Genetic reassortment event among animal and human RV strains 

 Although most rotavirus infection is host species specific but several studies 

suggested the interspecies reassortment can occur.  According to human and animal 

rotavirus have close evolutionary relationship, this may provide interspecies 

transmission events, resulting the emergence of new reassortant strains.  The 

occurrence of reassortment events among RV strains are often represented in the 

outer capsid genes than other gene segments (VP7 (G genotype) and VP4 genes  

(P genotype).  Nevertheless, the study of whole 11 gene segments of RV is provides 

better understanding in the origins, genetic relationships, gene reassortment or 

interspecies transmission events among strains (1, 20) 

- RVA 

 The unusual rotavirus strains from animals could introduce across the host 

species barrier into human populations, leading human-to-human transmissions and 

probably become pandemic infections.  Human rotavirus strains are also introduced 

across into animals as the same pathways (33-35).  The genotype variations are 

mostly reported on the VP7, VP4, VP6 and NSP1 segments (Table 3).   
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Table  3.  Genetic relationship among RVA strains.   
The gene constellations of each prototype strains are given a color, for example, Wa 
strain is denoted blue, DS-1 strain is denoted in pink, AU-1 strain is denoted in 
orange, and PO-13 strain is denoted in yellow.  Some typical porcine genotypes are 
colored in blue and purple (modified from Martella et al. 2010) (36). 
 

Prototypes 

Strain 

name 

Host VP7 VP4 VP6 VP1 VP2 VP3 NSP1 NSP2 NSP3 NSP4 NSP5 

Wa Human G1 P[8] I1 R1 C1 M1 V1 N1 T1 E1 H1 

DS-1 Human G2 P[4] I2 R2 C2 M2 V2 N2 T2 E2 H2 

AU-1 Human G3 P[9] I3 R3 C3 M3 V3 N3 T3 E3 H3 

PO-13 Avian G18 P[17] I4 R4 C4 M4 V4 N4 T4 E4 H4 

Reassortants 

Strain 

name 

Host VP7 VP4 VP6 VP1 VP2 VP3 NSP1 NSP2 NSP3 NSP4 NSP5 

IAL28 Human G5 P[8] I1 R1 C1 M1 V1 N1 T1 E1 H1 

Se584 Human G6 P[9] I2 R2 C2 M2 V3 N2 T1 E2 H3 

KTM368 Human G11 P[25] I1 R1 C1 M1 V1 N1 T1 E1 H1 

L26 Human G12 P[4] I2 R2 C2 M2 V2 N1 T2 E2 H1 

A131 Porcine G3 P[7] I5 R1 C2 M1 V1 N1 T1 E1 H1 

Gottfried Porcine G4 P[6] I1 R1 C1 M1 V8 N1 T1 E1 H1 

OSU Porcine G5 P[7] I5 R1 C1 M1 V1 N1 T1 E1 H1 

A253 Porcine G11 P[7] I5 R1 C2 M1 V1 N1 T1 E1 H1 

YM Porcine G11 P[7] I5 R1 C1 M1 V8 N1 T1 E1 H1 

Cat2 Feline G3 P[9] I3 R3 C2 M3 V3 N1 T6 E3 H3 

K9 Canine G3 P[3] I3 R3 C2 M3 V9 N2 T3 E3 H6 

 

 Porcine rotaviruses have been proposed to be origin of several human RV 

reassortant strains which are mostly detected as cause of human diarrhea (37-39).  

Porcine RV strains are genetically similar to human Wa-like strains because their 
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backbone genotype constellation are resembles the human rotavirus strains.  Some 

historical porcine liked human rotavirus strains as shown in Table 4. 

Table  4.  Some porcine like human RVAs which have been previously 
published. 

Country 

origin Porcine-like human reassortant strains 

 G/P 

genotype Reference 

Thailand RVA/Human-wt/THA/MC345/1989/G9P[19] G9P[19] (38) 

 

RVA/Human-wt/THA/MC323/1989/G9P[19] G9P[19] (38) 

 

RVA/Human-wt/THA/CU-B1738-KK/2013/G4P[6] G4P[6] (40) 

 

RVA/Human-wt/THA/KKL-117/2014/G9P[23] G9P[23] (41) 

 

RVA/Human-wt/THA/CMH-S070-13/2013/G9P[19] G9P[19] (42) 

Japan RVA/Human-wt/JPN/Ryukyu-1120/2011/G5P[6] G5P[6] (43) 

Korea RVA/Human-wt/KOR/CAU12-2/2012/G11P[25] G11P[25] (44) 

China RVA/Human-wt/CHN/E931/2008/G4P[6] G4P[6] (45) 

 

RVA/Human-wt/CHN/R1954/2013/G4P[6] G4P[6] (45) 

India RVA/Human-wt/IND/RMC321/1990/G9P[19] G9P[19] (46) 

 

RVA/Human-wt/IND/Mani-362/2007/G4P[6] G4P[6] (47) 

 

RVA/Human-wt/IND/Mani-97/2006/G9P[19] G9P[19] (47) 

Taiwan RVA/Human-wt/TWN/03-98s140/2009/G4P[6] G4P[6] (48) 

Belgium RVA/Human-wt/BEL/BE2001/2009/G9P[6] G9P[6] (49) 

Argentina RVA/Human-wt/ARG/Arg4605/2006/G4P[6] G4P[6] (50) 

 

RVA/Human-wt/ARG/Arg4671/2006/G4P[6] G4P[6] (50) 

Hungary RVA/Human-wt/HUN/BP271/2000/G4P[6] G4P[6] (51) 

 

RVA/Human-wt/HUN/BP1547/2005/G4P[6] G4P[6] (51) 

Paraguay  RVA/Human-wt/PRY/1809SR/2009/G4P[6] G4P[6] (52) 

Ecaudor RVA/Human-wt/ECU/EC2184/2005/G11P[6] G11P[6] (37) 
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- RVC 

 Unlike RVA, whose genetics are well studied, the complete genetic 

characterization of RVC are incomplete.  Other gene segments except VP7 and VP4 

are limited number of sequence databases, while most of full genome sequence 

data are available for Asian RVC strains.  Therefore, the zoonotic potential of RVCs is 

not completely understood in their evolution to date.  Most of reports indicated the 

reassortant human RVCs bearing the genetic backbone among human strains greater 

than animal RVC strains (53).  However, pig have been suspected to be origin of 

human RVC reassortant strains and being reservoir for interspecies transmission 

among animal species involving VP3 gene segment (54-56). 

 Porcine epidemic diarrhea virus (PEDV) 

Porcine epidemic diarrhea virus is the member of family Coronaviridae, genus 

Alphacoronavirus.  The particle size of the virus is approximately 130 nm in diameter 

(95-190 nm) and genomic size of 28-32 kb.  PEDV morphology under electron 

microscopy is spherical shape with crown-like spikes (57).  

The PEDV genome is a single positive-strand RNA, linear, and non-segmented.  

The gene arrangement is 5’-Rep-S-ORF3-E-M-N-3’ which genome contains 1 non-

structural gene, 4 structural genes and 1 accessory gene.  The non-structural gene is 

replicase gene or Pol gene encoding polymerase polyprotein with cleavage site.  The 

cleavage site is separated into 15-16 non-structural proteins (NSPs) by specific 

protease enzymes (58, 59).  Some types of non-structural proteins encodes enzyme 

associated with tRNA processing (tRNA splicing) (60).  The 4 structural genes consist of 

the spike gene (S gene), envelope gene (E gene), membrane gene (M gene) and 

nucleocapsid gene (N gene) which each gene encoded proteins with similar gene 

name as S protein, E protein, M protein and N protein, respectively.  For necessary 

gene, the numbers of the accessory gene are different depends on coronavirus 
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group.  For PEDV genome has only an accessory gene which is designated as open 

reading frame 3 (ORF3 gene). 

Gene function 

Spike gene encoded S protein which found on the surface of coronavirus 

particles, making crown-like appearance under electron microscope.  S protein 

contains several domains such as a signal domain (located between aa position 1-

18), neutralizing epitopes (located in 4 parts such as position 499-638, 748-755, 764-

771 and 1,368-1,374), a transmembrane domain (located between aa position 1,334-

1,356 at C-terminal domain) and a short cytoplasmic tail with cysteine-rich residues 

(60, 61).  S protein is the main target of neutralizing antibodies against PEDV (62).  

The envelope gene encoded E protein.  E protein involves in envelope 

organization and forms the neck of the viral particle at the final stages of viral 

budding process.  E gene is conserved among members in coronavirus groups but it is 

not often used for phylogenetic studies because it too short sequence (60, 63). 

The membrane gene encoded M protein.  M protein is the most common 

envelope protein that is found on the viral surface.  The roles of M protein associate 

with viral assembly process (S and N protein fusion), induce complement and α-

interferon production (63, 64).  

The nucleocapsid gene encoded N protein.  N protein plays an important 

role in biological process of virus such as RNA-binding protein, virus RNA synthesis, 

and cell-mediated immunity production (such as up-regulation of IL-8 expression, NF-

kB activation or inhibit interferon production) (65-67).  

The open reading frame 3 is accessory gene located between S and E genes 

which encoded ORF3 protein.  ORF3 gene is one of pathogenicity factors and could 

be a marker for monitoring of nucleotide sequence variation during higher passage 

adaptation through cell culture (68).  
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Clinical symptoms and pathogenesis in pigs 

 Rotavirus  

Rotavirus causes acute watery diarrhea in weaning and post-weaning piglets 

which the most susceptible age is between 1-5 weeks.  It is transmitted via fecal-oral 

route.  The target site of rotavirus replication is the villous enterocytes in the small 

intestine, especially jejunum and ileum, although rotavirus also replicates in the 

duodenum, cecum and colon.  Infection leads to cell lysis, villi blunting and atrophy.  

The degree of villous atrophy associated with rotavirus strain, serogroup and pig age, 

in which RVA and RVC showed more severe villous atrophy and pig diarrhea than 

others (69).  There are many stages of villous destruction from rotavirus infection, 

such as no visible, slight and large lesions.  Slight lesions included enterocyte 

vacuolization or loss, while large lesions are resulting in villous blunting and crypt 

hyperplasia.  The general symptom of rotavirus infection is osmotic diarrhea, 

enterocyte destruction reduces sodium and water reabsorption includes decrease 

mucosal disaccharidase enzyme activity, impaired glucose-coupled sodium transport 

and increase thymidine kinase activity.  The undigested carbohydrate, fat, protein are 

deposit within the intestine, resulting an undigested bolus causing osmotic diarrhea.  

Moreover, the reduction of Na+K+- ATPase activity and glucose-coupled sodium 

absorption are caused of malabsorption at villi tips (3, 70). 

The incubation period is approximately 18–96 hours.  At 16-18 hour post-

infection, infected villous epithelial cells become degeneration, the most severe of 

villous atrophy are seen between 24-72 hours.  At 48 hour of infection, crypt 

epithelial cells begin hyperplasia.  Lateral villi fusion occurs by 24-168 hour post-

infection.  However, the age of pig associates with the time of villi regeneration (71).  

The disease is more severe in newborn and young pigs.  However, colostrum from 
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lactating sows with levels of immunoglobulin could reduce disease severity in 

neonatal piglets by inducing piglet’s gut protective immunity (72). 
 

 PEDV 

 Porcine epidemic diarrhea virus is a cause of per-acute to acute watery 

diarrhea with high mortality rate in neonatal and sucking piglets.  The major route of 

transmission is fecal-oral.  The onset of diarrhea is often found between 12-36 hours 

after ingestion of PEDV particle.  Virus goes directly to the enterocytes of the small 

intestine and replicates inside within 18 hours post-infection.  At 24 hours post-

infection, villi shortening and atrophy is found, while crypts of epithelial cells are not 

affected.  The villous height is decreased from 700-900 nm to 200-300 nm, resulting 

in the reduced ratio of villous height and crypt depth from 6.5-8: 1 to 1.5-2.3: 1.  The 

PEDV particles are found along the length of small intestine and produce the narrow 

membranous bridge from infected epithelial cell to the membrane of a normal 

epithelial cell at 120 hours post infection (73).   

In field cases, infected pigs either RV or PEDV showed the similarity of disease 

appearance in clinical sign of diarrhea and degree of the pathogenicity on the small 

intestine.  Congested intestines, thin-walled, dilated and reduce peristalsis were 

found.  The pale gray to yellow watery fluid or white flecks of milk curd deposited 

within intestinal lumen were often seen.  The co-infection among these viruses are 

possible. 
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Disease distribution in pig populations 

 Rotavirus 

Rotavirus was first discovered in a bovine calf in 1969, human in 1973, and 

pigs in 1975 (71).   

 RVA is the most common causative agents associated with diarrhea in both 

young human and animals (74, 75).  In the pig industry, rotavirus infections have 

continuously been reported in other countries since 1985 such as England, Brazil, 

Slovakia, Canada, USA, Japan, Korea, and Thailand with prevalence rate in diarrhea 

pig is varies between 0.9-89% (Table 5).  

RVC was the first identified in 1980s in pig and considered as an enteric 

pathogen in several countries with moderate prevalence rate between 4.4-46% (such 

as Japan, South Korea, USA, Canada, Italy, Brazil, Czech and Ireland).  RVC have been 

distributed to human and many animal species.  Particularly in pig, RVC infections are 

often reported in piglets with coinfection with the other viruses rather than a single 

infection.  The infection could be found in asymptomatic pigs (10, 28, 29, 31, 55, 76-

81). 
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Table  5.  The prevalence studies of porcine RVA. 
Country Report Pig age % RVA 

prevalenc
e 

Method 
detection 

Brazil (82) 
(83) 
(84) 

post-weaning 
34 days 

< 7 to >21 days 

46% 
27% 
53% 

RT-PCR 
RT-PCR 
PAGE 

Canada (85) late feeder pigs 6.8% RT-PCR 
EU 

country 
(81) 0-18 wks 0.9% Real time PCR 

Belgium (76) <2wks 61% RT-qPCR 
England (86) post weaning 80-89% RT-PCR 

USA (87) 
 

(88) 

pre-post weaning 
(>21 d) 

diarrhea pigs 

62% 
 

67% 

RT-qPCR 
 

PAGE 

Vietnam (89) <9 to >52 wks 32.7% RT-PCR 

Thailand (90) 
(91) 
(92) 
(93) 
(94) 

0-4 wks 
0-4 wks 
piglets 

7-49 days 
piglets 

23% 
19% 

10.7% 
22.3% 
89% 

RT-PCR 
Multiplex RT-PCR 

RT-PCR 
RT-PCR 
PAGE 

India (95) <3 month 10.8% PAGE/ RT-PCR 

Slovenia (34) 3 to >10 wks 18% RT-PCR 

Italy (31) nursery pigs 16.1% EM/ 
immunoenzyme 

assay 

Ireland (28) 4-5 wks 
(asymptomatic pig) 

6.5% RT-PCR 

Korea (96) 1-14 days 13.2% Multiplex RT-PCR 
Japan (75) suckling pig 

post weaning pig 
67.3% 
65.5% 

RT-PCR 

Germany (97) pre-post weaning 20.8% EM 
Hungary (98) post weaning 18.6% ELISA 
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 PEDV 

PEDV infection is a major etiologic agent in gastroenteritis pig herds 

worldwide.  The first detection was reported in 1971 in England.  In 1978, a 

prototype strain designated CV777 was experimentally isolated (99).  In the past, 

PEDV outbreak in Europe, North and South American and Australia is rare.  In Asia, 

PEDV outbreaks have been reported in several countries since the 1980s including 

Japan, Korea, China, Vietnam, Philippines and Thailand (the example of first PEDV 

reports in each countries were summarized in Table 6).  Nevertheless, in 2013 there 

was a widespread PEDV outbreak in the USA resulting in >95% mortality rate among 

infected suckling piglets (100). 
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Table  6.  The first reports of PEDV detection in each countries of the regions. 
 

Continent Country Year of publication Reference 

America Canada 1980 , 2016 (101, 102) 

 
USA and Mexico 2013 (100) 

Europe UK 1971 (103) 

 
Belgium 1978 (99) 

 
Spain 1985 (104) 

 

The 
Netherlands 1989 (105) 

 
Czech Republic 1993 (68) 

 
Hungary 1995 (98) 

 
Italy 2005 (106) 

 
Germany 2014 (107) 

 
France 2014 (108) 

 
Slovenia 2014 (109) 

 
Portugal 2014 (110) 

 
Austria 2014 (111) 

Asia China 1973 (112) 

 
Japan 1982 (113) 

 
South Korea 1993 (114) 

 
Philippines 2007 (115) 

 
Thailand 1995 (116) 

 
Vietnam 2013 (117) 

 
Taiwan 2014 (118) 

 

The pandemic PEDV strain terms 

Nowadays, PEDV strains are termed into 2 major groups called genogroup 1 

(G1) and 2 (G2).  Each genogroups are sub-divided into subgroup 1a and 1b, 2a and 

2b which are termed in the classical strain (G1a), the new variant strains or S INDEL 

strains (G1b), Asian highly virulent strains (G2a) and North American virulent strains 

(G2b) (119).  Original PEDV (represented by the prototypic CV777 strain) was first 
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reported in the 1970’s in Europe and was associated with high morbidity and 

mortality among infected pigs which was widespread and became endemic disease 

in several areas out of European countries (99).  

  The new variant strains or S INDEL strains were firstly denoted in the US in 

2014 and subsequently introduced to Asia and Europe.  In the N-terminal region of 

the S protein (S1 region) present d insertions and deletions (S-INDEL) compared to 

the prototype CV777.  One-third of S gene among the new variants G1b shared 

genetic identity greater than 95% to classical strain (G1a), while the rest of two-third 

had genetic similarity greater than 99% to highly virulent strains (G2).  Therefore, S- 

INDEL variants appear to be recombination strains among G1a and G2 (120, 121).  For 

example, US-liked strain OH851 (First U.S S-INDEL strain), Indiana1283/2013 and 

Minisota52 have amino acid insertion at residue 161-162 and 2 deletions at residue 

59-62 and residue 140 (121, 122).  The deletion within S1 region (at residue 23-230) 

might responsible for less pathogenic (123, 124).  Infection by some S-INDEL variants 

was reported to produce decreased symptom severity including moderate diarrhea, 

lower titers of viral shedding, and reduced mortality (124, 125).   

The high virulent strains (G2) initially reported as epidemic disease in Asia and 

have continuously emerged in North America.  Nowadays, highly virulent strains 

become the pandemic strains which have resulted globally severe outbreaks (126).  

However, S-INDEL and high virulent strains have been suspected as cause of classical 

PEDV vaccine failure in Asia (127, 128). 

Disease epidemiology in Thailand 

 Rotavirus 

- RVA 

Disease surveillances have been limited within breeding herds of Northern 

region and were not carried out simultaneously.  The previous reports suggested G 
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genotype as G3, G4, G5, G9, G10 are often combined with P genotypes as P[6], P[7], 

P[13], P[19], P[23].  Meanwhile, P[27] was proposed as a new novel P genotype in 

2001.  Due to G/P genotype reports, G4P[6] were commonly detected between 2000-

2001 and 2009-2010, G3P[6] were detected between 2002-2005, G3P[23] and G9P[23] 

were detected between 2006- 2007 (91-94, 129, 130).  Otherwise, the porcine RVA 

genome constellation study in Thailand was rare documented elsewhere (24, 42, 

129). 

- RVC 

 Report of infection and molecular characterization study of Thai porcine RVC 

are rarely documented. 

 PEDV 

 PEDV is most commonly distributed in Thai pig herds since 1990’s.  The first 

PEDV identification was published in 1995 by IFA technique and PEDV was successful 

expressed the viral cell culture adaptability in Vero cell line in 1997 (116, 131).  The 

outbreak was more deleterious in breeding farms of central Thailand during late year 

of 2007 to 2008 and then became endemic pathogen in Thai breeding herds.  The 

first molecular characteristics of Thai PEDV (based on M and partial S genes) was 

published in 2009 and the molecular characterization study of Thai PEDV have 

periodically monitored (132).  The complete S and ORF3 gene characterizations were 

reported in 2014 and 2 genetic distinct variants of PEDV were observed in 2015 (133, 

134).  Most of PEDV studies suggested Thai PEDV strains have close genetic 

relatedness to the Chinese-liked strains.  Up to date, several studies during 2017-

2018 have been changed from molecular epidemiology and genetic characterization 

of PEDV into host immune response to against PEDV infection, the monoclonal 

antibody production, the viral replication in cell line and the viral pseudotyped 

characterization model for PEDV spike gene (135-139). 
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Vaccine 

 Rotavirus 

Rotavirus vaccine has been introduced into human populations as prophylaxis 

to against rotavirus diarrhea since early 1980s (140).  Nowadays, human rotavirus 

vaccines are available as RotaRix (single strain human rotavirus, G1P[8]) and RotaTeq 

(5 bovine-human reassortant rotaviruses, G1, G2, G3, G4, G6, P[8], P[7]) (141).  Both 

vaccines have been implemented into the immunization program for infant 

worldwide which vaccine efficacy to prevent severe rotavirus gastroenteritis are 

shown in the individual (142, 143).   

For pig populations, farm managements based on the overall biosecurity are 

still the main strategy to prevent rotavirus infection within herds.  Vaccine usage aims 

to reduce disease severity and prevent piglet death from rotavirus infection.  Only 

RVA vaccination has been conducted in some countries, while RVC vaccine is not yet 

available (144).  RVA vaccine for pregnant sow could induce high level of rotavirus 

antibody in passive milk to prevent diarrhea in piglet and reduce significantly viral 

shedding from their feces.  Presently, the licensed porcine RVA vaccines are available 

as ProSystems series (Merck, Whitehouse Station, NJ), which consist of ProSystems 

RCE for pregnant sows-gilts, ProSystems ROTA for young piglet and ProSystems 

TGE/ROTA for nursing piglets (combination attenuated live TGE virus and two major 

rotavirus) (Table 7).  There were limited information on the vaccine efficacy in field 

study and those vaccines are not available in Thailand. 
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Table  7.  The licensed rotavirus vaccines available in pig. 

*PO (oral route), IM (intramuscular injection route) 

    TGEV (transmissible gastroenteritis virus), PEDV (porcine epidemic diarrhea virus) 

 PEDV 

 During 1999 to 2015, most of commercial vaccines have been produced from 

China, South Korea and Japan.  Classical PEDV strains such as CV777, Japan 83P-5, 

SM98 and Korean DR13 have been used as traditional attenuated vaccines in Asia 

(145) (Table 8).  The immunized sow with attenuated vaccine could successfully 

 

Product 

 

G type 

 

Others 

Vaccine 

type 

 

Route  

 

Recommended 

- ProSystems 
RCE 

G4, G5 E.coli pilus 
antigen (K88, K99, 

F41, 987P) 

Modified 
lived 

IM x 2 Gilt and late term 
pregnant sow (5 
wk before 
farrowing) 

  Clostridium 
perfringens Type 

C toxoid 

    

- ProSystems 
TGE/Rota 

G4, G5 TGEV Modified 
lived 

IM x 2 Late term 
pregnant sow 
previously 
exposed to TGE 
virus (5 wk before 
farrowing) 

    PO x 2 
(2 wk interval) 

and IM x 1 

Gilt and late term 
pregnant sow not 
previously 
exposed to TGE 
virus 

- ProSystems 
Rota 

G4, G5 - Modified 
lived 

PO x 1 
and IM x 1 

Young pig (7-10 
days) 
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induce lactogenic immunity in their piglets to against classical PEDV strain infections.  

Afterwards, the new variants have emerged in China in the end of 2010 and 

introduced into USA in 2013 have the mutations within neutralizing epitopes of S 

gene which make those strains differed from classical derived vaccine strains.  

Therefore, US commercial vaccine have been launch in 2014 (100, 120, 146, 147).   

 Nevertheless, the licensed PEDV vaccine in Thailand has been used in some 

breeding herds, although PEDV remains circulating in commercial swine herds 

nationwide. 
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Table  8.  The licensed PEDV vaccines available worldwide. 
 

License 
country 

 
Company 

 
Product 

 
Virus 

 
Strain 

Vaccine 
type 

              
Adjuvant 

South 
Korea 

- CAVAC (ChoongAng 
Vaccine Laboratories) 

SuiShot PT-100 PEDV, 
TGEV 

N/A killed aluminium 
hydroxide 

  SuiShot PED PEDV N/A live none 

  SuiShot PED-SM PEDV 61P live none 

 - Green Cross Veterinary 
Products  

PT-Vac PEDV, 
TGEV 

N/A killed IMS-1313 

  PED oral vaccine PEDV DR13 live none 

  PED Guard PEDV QIAP1401 killed montanide 
gel 

  PED Virus Live 
vaccine 

PEDV KPEDV-9 live none 

  PTR Combined 
Live vaccine 

PEDV, 
TGEV, 
RVA 

SM98P, 
175L, A1 

live none 

 - Komipharm International  PRO-VAC PED-Fc PEDV SM98P live IMS-1313 
  PRO-VAC PED PEDV SM98P live none 

  PRO-VAC TP PEDV, 
TGEV 

SM98P, 
175L  

killed Montanide 
IMS-1313 

NPR 

  PRO-VAC TRP PEDV, 
TGEV, 
RVA 

SM98P 
175L, A1 

live none 

Japan - KAKETSUKEN (Chemo-
Sero-Therapeutic 
Research Institute) 

SUIMMUGEN 
TGE/PED 
 

PEDV, 
TGEV 

96P4C6
Vesicle 
strain  

live N/A 

 Nisseiken NIKEN PED  PEDV P-5V live none 
  NIKEN TGE-PED 

Mixed Live vaccine 
PEDV, 
TGEV 

P-5V,  
H-5  

live none 
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China - CAHIC (China Animal 

Husbandry) 

PEDV and TGEV 

vaccine 

PEDV, 

TGEV 

ZJ08, 
HB08 

live N/A 

  

- Chengdu TECBOND 

Biological Products 

 

 

PEDV and TGEV 
vaccine 

 

PEDV, 
TGEV 

 

CV777,   
Chinese 
strain 

 

killed 
 

aluminium 
hydroxide 

  

- Guangdong Wens 

Dahuanong Biotechnology 

 

PEDV and TGEV 
vaccine 

 

PEDV, 

TGEV 

 

   N/A 
 

killed 
 

N/A 

  

- HVRI (Harbin Veterinary 

Research Institute) 

 

Porcine viral 
diarrhea triple live 
vaccine 

 

PEDV, 
TGEV, 
RVA 

 

CV777, 
Huada, 
G5  

 

live 
 

N/A 

 - Pulike Biological 

Engineering 

PEDV and TGEV 
vaccine 

PEDV, 
TGEV 

CV777, 
Huada  

killed N/A 

 - Shanghai Kile Bio-

Pharmaceutical 

PEDV, TGEV and 
RVA vaccine 

PEDV, 
TGEV, 
RVA 

CV777,  
Huada , 
NX  

live none 

  PEDV and TGEV 
vaccine 

PEDV, 
TGEV 

CV777, 
Huada  

live none 

 - Zhejiang Ceva Ebvac 

Biotech 

PEDV and TGEV 

vaccine 

PEDV, 

TGEV 

N/A killed aluminium 

hydroxide 

USA - Zoetis PEDV vaccine PEDV N/A killed N/A 

 - Merck PEDV vaccine PEDV N/A RNA N/A 
 

*TGE (transmissible gastroenteritis virus), PEDV (porcine epidemic diarrhea virus), 

RVA (rotavirus group A), N/A (data not available) (Source; The Center for Food 

Security and Public Health, Iowa State University)   
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CHAPTER III 
METHODS AND RESULTS 

 
Sensitivity and specificity tests of new designed primers for rotavirus group A 
and group C detection 
 

Materials and methods 

 The 2 primer sets of RVA VP7 and RVC VP7 were newly designed for RVA/ RVC 

detection.  The primer sequences of RVA VP7 was VP7-CU-RVAF: 

CGGTTAGCTCCTTTTAATGT for forward primer sequence, VP7-CU-RVAR: 

CATTTCTTCCAATTTACTCGC for reverse primer sequence and the primer sequences 

of RVC VP7 was VP7-CU-RVCF: GAAGCTGTCTGACAAACTGG for forward primer 

sequence, VP7-CU-RVCR: GCCACATGATCTTGTTTACGC for reverse primer sequence.  

The expected PCR product size of RVA VP7 was 891 bp and was 1046 bp for RVC 

VP7.  The detection primers were determined the impact of a variable under the 

specificity and sensitivity analysis. 

 Initially, RVA and RVC positive control from plasmid cloning were quantified 

for the purified nucleic acid concentrations by NanoDrop spectrophotometer and 

subsequently converted the nucleic acid concentrations into copy number by 

formula; 
 

1. Number of copies (molecules) =   x ng x 6.0221 x 1023 molecule/mole 
                      (N x 660 g/ mole) x 1 x 109 ng/g 
            where   

    x = amount of nucleic acid concentration 

    N = expected PCR product size 
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2. Dilution calculator = C1V1 = C2V2 

where 

   C1 = initial concentration of solution 

   V1 = initial volume of solution 

   C2 = final concentration of solution 

   V2 = final volume of solution 
     

 To determine the primer sensitivity, a serial of the 10 fold dilutions (start from 

109 to 100) of known RVA and RVC plasmid concentrations were performed.  Each 

dilutions were served as DNA template for PCR amplification step, following 

conditions: 35 cycles of amplification steps including denaturation at 94°C for 30 

seconds, annealing at 55°C for 1 minute for RVA VP7 and 52°C for 1 minute for RVC 

VP7, extension at 72°C for 90 seconds, and final extension at 72°C for 5 minutes.  The 

amplicons were purified using agarose gel electrophoresis.  

 For the specificity test, cross-amplification among the primer sets and other 

reference strains were also verified by PCR amplification method.  The reference 

strains were the common enteric viral pathogens which consist of porcine epidemic 

diarrhea virus (PEDV), hepatitis E virus (HEV), porcine circovirus type 2 (PCV2) and 

norovirus genogroup I and II (NOV GI and GII).  The PCR conditions followed by 

sensitivity test.  
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Results 

 Sensitivity test 

 The lower detection limit of the positive plasmids ranging from 102 copies/ul 

for RVA, and 10 3 copies/ul for RVC, respectively (Figure 3a, 3b).  
 

 

 

 

 

 
 

     Figure  3.  Sensitivity limits of serial dilution of RVA/RVC plasmids.   

Lane M, 100-bp DNA ladder; lane 1-10, 109 to 100; lane 11 negative control.  PCR 

method was able to detect RVA plasmid concentrations at 102 copies/ul (a) and RVC 

plasmid concentration was able to detect at 103 copies/ul (b). 
 

 Specificity test 

 The primer sets were able to produce the expected sizes of each proper 

rotavirus strains.  There were no cross-amplification among primer sets to references 

(Figure 4a, 4b). 
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    Figure  4.  The primers produced the expected sizes of RVA (a) and RVC (b) 

strains. 

Lane M, 100-bp DNA ladder; lane 1 = RVA (a) or RVC (b), lane 2 = RVC (a) or RVA (b), 

lane 3 = PEDV, lane 4 = HEV, lane 5 = PCV2, lane 6 = NOV GI, lane 7 = NOV GII, lane 

8 = negative sample, lane 9 = negative control.  
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Molecular epidemiology of porcine rotavirus C and viral co-infection among 
rotavirus group A, group C and porcine epidemic diarrhea virus 

 Diarrhea is associated with high morbidity and mortality rates in suckling and 

post-weaning piglets.  The frequent viral etiologies are identified as RV and porcine 

PEDV.  Enteric virus replication blunts the villous enterocytes in the small intestine, 

resulting in electrolyte imbalance, intestinal malabsorption, watery diarrhea, 

dehydration, and often death (54, 148).  Infections generally occur via fecal-oral 

route and result in significant economic impact due to animal loss, sanitation efforts, 

and reduced pork production.  Without molecular diagnostics, PEDV and rotavirus 

infections are difficult to ascertain and differentiate as they cause similar clinical 

symptoms and frequently co-infect pigs.  Pigs of all ages are susceptible to these 

viral infections, which can manifest in different disease severity depending on the age 

of the animal (149-152).  Among the most common to infect swine, RVA affects 

piglets between one and three weeks of age, while RVC frequently causes diarrhea in 

pre- and post-weaning piglets (8, 10, 31).  However, neonatal and post-weaned 

piglets are most vulnerable due to the lack of protective immunity (153).  

Asymptomatic infection in adult pigs further complicate efforts to identify and 

quarantine sick animals, which are crucial in preventing the spread of infection (10, 

28, 76, 80, 81).  

 Based on the binary classification of Rotavirus Classification Working group 

(RCWG) that assigned using VP7 (G) and VP4 (P) proteins, genotype G3-G4-G5, G9 and 

P[6], P[7], P[13], P[19], P[23] are typical genotypes associated with infection in pigs 

(154).  For porcine RVC, the common G genotypes are shown in G1, G3, G5-G10, G12, 

G13 (28, 29, 155).  Due to the common P genotype in pig are P[1] and P[4] (10, 156). 

 This genetic diversity renders most pig herds susceptible to repeated rotavirus 

infection.  Thus, awareness of the circulating porcine RVC on pig farms is critical in 
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evaluating the disease burden and the potential impact of widespread infection.  

RVC infection is currently not well-studied in Thailand due to the lack of disease 

awareness, vaccine availability, and access to molecular diagnostics in current routine 

practices. 
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Materials and methods 

Sample collection and preparation 

 A total of 769 samples (509 feces and 260 small intestine contents) from 

various ages of pigs with watery diarrhea were submitted to the Livestock Animal 

Hospital of the Faculty of Veterinary Science, Chulalongkorn University in Nakhon 

Pathom province between May 2011 and August 2016 for viral testing.  Samples were 

from 2011 (n = 40), 2012 (n = 95), 2013 (n = 87), 2014 (n = 158), 2015 (n = 164), and 

2016 (n = 225).  These represent archived and convenient samples from 123 

commercial pig farms located throughout Thailand (Table 9).  Samples were 

categorized following age groups: 0–6 days, 1–4 weeks (pre-weaning), 4–8 weeks 

(early nursery), 8–12 weeks (late nursery), >12 weeks (starter–finisher), and sow (both 

pregnant and lactating).   

 The small intestine contents (the duodenum and upper part of the jejunum 

collected from dead piglets, particularly the thin walled area where gas accumulated 

inside the lumen) and fecal samples were prepared to be 10% (v/v) suspensions in 

sterile phosphate-buffered saline (0.1 M, pH 7.2), centrifuged at 3,000 xg for 20 

minutes.  The supernatants were collected and kept in -20°C until used. 
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Table  9.  Details of the farm location and pig age for which samples were 

derived between 2011 and 2016. 
 

Region/ province Total 0-6 d 1-4 wk >4-8 wk >8-12 wk >12 wk Sow N/A 

Central (173)        
Lop Buri  2  1 1     

Samut Songkhram  3  3      

Suphan Buri  32 12 18    1 1 

Saraburi  16 3 4 8   1  

Phranakhon Si 
Ayutthaya  

6 6       

Nakhon Pathom  114 36 31 16 2 12 5 12 

Western  (316)        
Kanchanaburi  16 0 8 7    1 

Prachuap Khiri Khan  4  4      

Phetchaburi  2  2      

Ratchaburi  294 36 131 89 12 5 11 10 

Eastern  (109)        
Chon Buri  92 27 21 10 0 34   

Chachoengsao  17 10 1   6   

Northeastern  (80)        
Ubon Ratchathani 4 4       

Udon Thani  4  4      

Nakhon Ratchasima  72 10 2 9 15 14 22  

Southern (26)        
Trang  23  9 6    8 

Nakhon Si Thammarat  3  3      

Unspecified location  (65) 3 2 3  1 1 55 

N/A, data not available. 
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Viral nucleic acid detection and sequencing 

 A total of 769 viral RNAs were extracted using Ribospin vRD II viral RNA 

extraction kit (GeneAll, Seoul, Korea) according to the manufacturer’s instructions.  

The partial S gene of PEDV and VP7 gene of RVA/RVC were initially amplified using 

SuperScript III One- Step RT-PCR System with Platinum Taq DNA polymerase 

(Invitrogen, Carlsbad, CA, USA).  RNAs were reverse-transcribed at 48°C for 45 minutes.  

Cycling parameters were initial denaturation at 95°C for 2 minutes, followed by 35 

cycles at 94°C for 30 seconds, 52°C or 55°C for 1 minute, 72°C for 90 seconds, and 

final extension at 72°C for 5 minutes.  Moreover, RVC VP7- positive samples were 

further subjected to the amplification of VP4 gene.  The primer sequences are shown 

in Table 10.  Amplicons were purified using agarose gel electrophoresis and 

sequenced.     
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Table  10.  Nucleotide primers used in the amplification of PEDV, RVA and RVC 

in this study. 

 

Analysis of the RVC VP7 and VP4 genes 

 Nucleotide sequences were assembled and edited using SeqMan II and 

aligned using BioEdit and ClustralX v.2.0.11 (159).  Phylogenetic trees were 

constructed using MEGA6 software with the maximum likelihood method and 1,000 

replicates (160).  Reference sequences from the GenBank database were available for 

inclusion in all phylogenetic trees.  Prototypic RVC strain Cowden (G1P[1]) (accession 

no. M61101.1 for VP7, M74218.1 for VP4), Shintoku (G2P[3]) (accession no. U31750.1 

for VP7, U26551.1 for VP4), HF (G3, undetermined P) (accession no. U31748.1) and 

Bristol (G4P[2]) (accession no. X77257.1 for VP7, X79442.1 for VP4) served as reference 

strains.  Best model fitting was automatically calculated for genetic distances.  

Bootstrap values >85% were considered significant for the VP7 gene and >80% for 

the VP4 gene.  Nucleotide (nt) sequences of RVC VP7 and VP4 genes were deposited 

in the GenBank database (Appendix, Table S1). 

Primers Sequence (5’ to 3’) Location Annealing  Amplicon 

PEDV S 
(157) 

TTCTGAGTCACGAACAGCCA 1466-1485 55°C 651 bp 

CATATGCAGCCTGCTCTGAA 2097-2116 

RVA VP7 
(AB176677.1) 

CGGTTAGCTCCTTTTAATGT 33-52 55°C 891 bp 

CATTTCTTCCAATTTACTCGC 903-924 

RVC VP7 
(M61101.1) 

GAAGCTGTCTGACAAACTGG 17-36 52°C 1046 bp 

GCCACATGATCTTGTTTACGC 1042-1061 

RVC VP4 
(158) 

GATCRATGGCGTCYTCAC 17-34 55°C 1222 bp 

CCTGATGAATGTAATCCWGGAT 1216-1238 
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Results  

Viral detection  
 Between 2011 and 2016, 19.9% (153/769) of the samples tested positive for 

PEDV.  The overwhelming majority of the samples were from 0-6 day-old piglets 

(Figure 5).  RVA was found in 9.5% (73/769) of the samples, while RVC was identified 

in 6.6% (51/769) of the samples.  One-fifth of the samples (21.6%, 11/51) were co-

infected with RVA/RVC, most of which were from piglets ≥4-8 weeks of age.  Fewer 

PEDV-positive samples were co-infected with RVC (4/51) (7.8%).  Only 3 samples 

tested positive for all 3 viruses (5.8%). 
 

 

Figure  5.  Age distribution of pig samples tested positive for PEDV, RVA and 
RVC. 
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Sequence and phylogenetic analysis of the RVC VP7 gene 

We sought to focus our study on RVC and therefore examined the G and P 

genotypes.  Sufficient sequences of VP7 were successfully obtained from 47 samples 

(47/51), most of which were derived from feces (Table 11).  The near full-length VP7 

sequences were compared to the RVC references available in the GenBank database.  

Phylogenetic analysis showed that the RVC in this study belonged to genotype G1 

(59.6%, 28/47), G3 (2.1%, 1/47), G6 (21.3%, 10/47), and G9 (17%, 8/47) (Figure 6).  

The G1 strains were closely related to the prototypic Cowden (86.1-91.7% nt 

identity).  The lone G3 strain RVC/Pig-wt/THA/CU-PY/12/G3 was distantly related to 

the prototypic HF (78%).  The G6 strains shared high identity to a porcine rotavirus 

strain RVC/Pig-wt/ITA/43/06-16/2005/G6P[x] isolated in Italy in 2005 (88.6-90.9% nt 

identity) and the G9 strains were closely related to a Vietnamese porcine rotavirus 

strain (strain RVC/Pig-wt/VNM/14175-22/2016/G9P[7]) (86.3-89.5% nt identity).   
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Table  11.  Porcine RVC strain information. 

 

 

 

 

 

Year Strain name 
Age of 

pig Sample Genotype Co-infect 
     (wk)     VP7 VP4 RVA  PEDV  

2012 RVC/Pig-wt/THA/CU-PY/2012/G3P[x] 1-4  s.i  G3 
  

  

2013 RVC/Pig-wt/THA/CU571/2013/G6P[x] n/a feces G6       
  RVC/Pig-wt/THA/CU264-U12/2013/G9P[7] n/a feces G9 P[7]     

2014 RVC/Pig-wt/THA/CU875-1C/2014/G1P[x] 5-8  s.i G1   +   
  RVC/Pig-wt/THA/CU1035/2014/G1P[x]    1-4  deces G1 

  
+ 

  RVC/Pig-wt/THA/CU781-2/2014/G1 P[x]  1-4  s.i G1       

2015 RVC/Pig-wt/THA/CU-SUN/2015/G9P[x] 5-8  feces G9   +   
  RVC/Pig-wt/THA/CU-BDN-C/2015/G1P[x] 5-8  feces G1 

 
+   

  RVC/Pig-wt/THA/CUSB-N/2015/G1P[x] 5-8  feces G1 
 

+   
  RVC/Pig-wt/THA/CU-CHN/2015/G1P[x] 5-8  feces G1 

  
  

  RVC/Pig-wt/THA/CU4-6C/2015/G1P[x] 5-8  s.i G1 
  

  
  RVC/Pig-wt/THA/CU5-1C/2015/G1P[x] 5-8  s.i G1 

  
  

  RVC/Pig-wt/THA/CU5-3/2015/G1P[x] 5-8  s.i G1 
  

  
  RVC/Pig-wt/THA/CU12/2015/G6P[x] 5-8  feces G6 

  
  

  RVC/Pig-wt/THA/CU13/2015/G9P[x] 1-4  feces G9 
  

  
  RVC/Pig-wt/THA/CU14/2015/G1P[x]      5-8  feces G1 

  
  

  RVC/Pig-wt/THA/CU40/2015/G9P[4]   5-8  feces G9 P[4] +   
  RVC/Pig-wt/THA/CU48/2015/G1P[4]      5-8  feces G1 P[4] 

 
  

  RVC/Pig-wt/THA/CU49/2015/G9P[x] 1-4  feces G9 
  

  
  RVC/Pig-wt/THA/CU54/2015/G6P[x] 5-8  s.i G6 

  
  

  RVC/Pig-wt/THA/CU60/2015/G1P[5]      5-8  s.i G1 P[5] 
 

+ 
  RVC/Pig-wt/THA/CU62C/2015/G1P[x]     5-8  s.i G1 

  
  

  RVC/Pig-wt/THA/CU68C/2015/G1P[x]     5-8  s.i G1 
  

  
  RVC/Pig-wt/THA/CU69C/2015/G1P[x]  5-8  s.i G1 

  
  

  RVC/Pig-wt/THA/CU74C/2015/G1P[x] 1-4  s.i G1 
  

+ 
  RVC/Pig-wt/THA/CU79C/2015/G1P[x]     0-6 d s.i G1 

  
+ 

  RVC/Pig-wt/THA/CU84/2015/G9P[7]      5-8  feces G9 P[7] + + 
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*continued 

Year Strain name 
Age of 

pig Sample RVC genotype Co-infect 
    (wk)    VP7 VP4 RVA     PEDV 

2016 RVC/Pig-wt/THA/CU108C/2016/G1P[x]    5-8  feces G1       
  RVC/Pig-wt/THA/CU109C/2016/G1P[x]    1-4  feces G1 

  
  

  RVC/Pig-wt/THA/CU111C/2016/G1P[x]    1-4  feces G1 
  

  
  RVC/Pig-wt/THA/CU150C/2016/G1P[x]    5-8  s.i G1 

  
  

  RVC/Pig-wt/THA/CU115C/2015/G1P[x] 5-8  feces G1 
  

  
  RVC/Pig-wt/THA/CU99C/2016/G1P[x] 5-8  feces G1 

 
+ + 

  RVC/Pig-wt/THA/CU100C/2016/G1P[x]    5-8  feces G1 
 

+ + 
  RVC/Pig-wt/THA/CU122/2016/G6P[5]     0-6 d feces G6 P[5] 

 
  

  RVC/Pig-wt/THA/CU123/2016/G6P[5]     0-6 d feces G6 P[5] 
 

  
  RVC/Pig-wt/THA/CU124/2016/G6P[5]     0-6 d feces G6 P[5] 

 
  

  RVC/Pig-wt/THA/CU125/2016/G6P[5] 0-6 d feces G6 P[5] 
 

  
  RVC/Pig-wt/THA/CU135/2016/G6P[5] 1-4  feces G6 P[5] 

 
  

  RVC/Pig-wt/THA/CU136/2016/G6P[x] 1-4  feces G6 
 

+   
  RVC/Pig-wt/THA/CU146C/2016/G6P[x]  5-8  feces G6 

  
  

  RVC/Pig-wt/THA/CU200/2016/G1P[1]     5-8  feces G1 P[1] +   
  RVC/Pig-wt/THA/CU201C/2016/G1P[x] 1-4  feces G1 

  
  

  RVC/Pig-wt/THA/CU202/2016/G1P[x]     5-8  feces G1 
  

  
  RVC/Pig-wt/THA/CU275C/2016/G9P[x]  1-4  feces G9 

  
  

  RVC/Pig-wt/THA/CU276C/2016/G9P[x]  1-4  feces G9 
  

  
  RVC/Pig-wt/THA/CU330C/2016/G1P[x] 5-8  Feces G1       

wk (week), d (day), s.i (small intestine) 
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Figure  6.   Phylogenetic analysis of the RVC VP7 gene.  
Strains identified in this study are shown as dotted.  RVC reference strains are blue. 

 KX911691 RVC/Pig-wt/THA/CU201C/2016/G1P[x]

 KX911692 RVC/Pig-wt/THA/CU202/16/G1P[x]

 KX911685 RVC/Pig-wt/THA/CU99C/2016/G1P[x]

 KX911675 RVC/Pig-wt/THA/CU200/2016/G1P[x]

 KX911686 RVC/Pig-wt/THA/CU100C/2016/G1P[x]

 KX911677 RVC/Pig-wt/THA/CU-BDN-C/2015/G1P[x]

 KX911670 RVC/Pig-wt/THA/CU-CHN/2015/G1P[x]

 KX911676 RVC/Pig-wt/THA/CU875-1C/2014/G1P[x]

 KX911672 RVC/Pig-wt/THA/CU14/2015/G1P[x]

 KX911671 RVC/Pig-wt/THA/CU5-3/2015/G1P[x]

 KX911673 RVC/Pig-wt/THA/CU48/2015/G1P4P[x]

 KX911668 RVC/Pig-wt/THA/CU781-2/2014/G1P[x]

 KX911680 RVC/Pig-wt/THA/CU62C/2015/G1P[x]

 KX911674 RVC/Pig-wt/THA/CU60C/2015/G1P[5]

 KX911679 RVC/Pig-wt/THA/CU5-1C/2015/G1P[x]

 KX911690 RVC/Pig-wt/THA/CU150C/2016/G1P[x]

 KX911667 RVC/Pig-wt/THA/CU1035/2014/G1P[x]

 KX911682 RVC/Pig-wt/THA/CU69C/2015/G1P[x]

 KX911683 RVC/Pig-wt/THA/CU74C/2015/G1P[x]

 KX911681 RVC/Pig-wt/THA/CU68C/2015/G1P[x]

 KX911684 RVC/Pig-wt/THA/CU79C/2015/G1P[x]

 KX911689 RVC/Pig-wt/THA/CU111C/2016/G1P[x]

 KX911687 RVC/Pig-wt/THA/CU108C/2016/G1P[x]

 KX911688 RVC/Pig-wt/THA/CU109C/2016/G1P[x]

 MF139516 RVC/Pig-wt/THA/CU115C/2015/G1P[x]

 KX911678 RVC/Pig-wt/THA/CU4-6C/2015/G1P[x]

 MF139509 RVC/Pig-wt/THA/CU330C/2016/G1P[x]

 KX911669 RVC/Pig-wt/THA/CUSB-N/2015/G1P[x]

 U31749.1 RVC/Pig-wt/USA/WH/19xx/G1P[x]

 M61101.1 RVC/Pig-wt/USA/Cowden/1982/G1P[1]

 JX273363.1 RVC/pig-wt/USA/MN11-66/2011/G1P[x]

 KJ814485.1 RVC/Pig-wt/KOR/06-238-2/2006/G1P[x]

 HQ323754.1 RVC/Pig-wt/KOR/CUK-6/2009/G1P[4] 

G1

 KJ814509.1 RVC/Pig-wt/KOR/2885/2012/G7P[x]

 JX273347.1 RVC/Pig-wt/USA/TN10-50/2010/G9P[x]

 LC122589.1 RVC/Pig-wt/Tochigi-1-1/2015/G9P[4]

 AB905225.1 RVC/Pig-wt/JPN/91-G10/2008/G9P[4]

 AB905228.1 RVC/Pig-wt/JPN/93-Z4/2008/G9P[x]

 KX911703 RVC/Pig-wt/THA/CU49/2015/G9P[x]

 MF139507 RVC/Pig-wt/THA/CU275C/2016/G9P[x]

 MF139508 RVC/Pig-wt/THA/CU276C/2016/G9P[x]

 KX911708 RVC/Pig-wt/THA/CU-SUN/2015/G9P[x]

 KX911704 RVC/Pig/THA/CU264-U12/13/G9P[7]

 KX362473.1 RVC/Pig-wt/VNM/14175 22/2016/G9P[7]

 KX911707 RVC/Pig-wt/THA/CU13/2015/G9P[x]

 KX911705 RVC/Pig-wt/THA/CU40C/2015/G9P[4]

 KX911706 RVC/Pig-wt/THA/CU84/2015/G9P[7]

G9

 KP776608.1 RVC/Human-wt/HUN/ERN6216/2013/G4P[2] 

 KP342029.1  RVC/Human-wt/CHN/SZ94/2011/G4P[2] 

 AB281654.1 RVC/Human-wt/JPN/OH567/2003/G4P[2]

G4

 KX911696 RVC/Pig-wt/THA/CU123/2016/G6P5P[x]

 KX911697 RVC/Pig-wt/THA/CU124/2016/G6P5P[x]

 KX911699 RVC/Pig-wt/THA/CU125/2016/G6P5P[x]

 KX911700 RVC/Pig-wt/THA/CU135/2016/G6P5P[x]

 KX911701 RVC/Pig-wt/THA/CU136/2016/G6P[x]

 KX911698 RVC/Pig-wt/THA/CU122/2016/G6P[5]

 KX911694 RVC/Pig-wt/THA/CU571/2013/G6P[x]

 KX911695 RVC/Pig-wt/THA/CU54/2015/G6P[x]

 KX911702 RVC/Pig-wt/THA/CU12/2015/G6P[x]

 EF464655.1 RVC/Pig-wt/ITA/134/04-2/2003/G6P[x]

 EF464656 RVC/Pig-wt/ITA/43/06-16/2005/G6P[x]

 KM099269.1 RVC/Pig-wt/CZE/P21/2013/G6P[x]

 KT281807.1 RVC/Pig-wt/BRA/UEL-863/2014/G6P[5] 

 MF139517 RVC/Pig-wt/THA/CU146C/2016/G6P[x]

 EU624403.1 RVC/Pig-wt/IRE/1GA/05/Cork/2005/G6P[x]

G6

G13 LC122621.1 RVC/Pig-wt/JPN/Ishi-1/2015/G13P[4]

G2 U31750.1 RVC/Cow/JPN/Shintoku/1991/G2P[3]

 KX911693 RVC/Pig-wt/THA/CU-PY/2012/G3P[x]

 KJ814488.1  RVC/Pig-wt/KOR/06-144-2/2006/G3P[x]

 U31748.1 RVC/Pig-wt/USA/HF/19xx/G3P[x]

 KJ814489.1  RVC/Pig-wt/KOR/09-15-9/2009/G3P[x]

G3
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 The nearly full-length VP7 sequence encompassing nt 112-952 from the Thai 

RVC strains encoded amino acid residues 38 to 316.  This region spans the variable 

region 2 (VR2) to variable region 8 (VR8).  Genotype G1 and G9 represented three 

variable sites at residues 39, 53 and 57.  Most G6 strains (9/10 strains) had four 

residue insertion between amino acid positions 245 and 248 (SSSV/SSTL/SSTM/SSSM) 

towards the carboxyl terminus of VR8 except strain RVC/Pig-

wt/THA/CU46C/2016/G6P[x] (Figure 7).  Potential N-linked glycosylation sites at 

residues 67-69 and 225-227 and the putative signal cleavage site at residues 49-50 

(A/G-Q) were conserved in all the Thai strains in this study. 
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Figure  7.  The selected amino acid position of VR8 region for sequence 
comparison and analysis.   
Most Thai G6 strains had four residue insertion between amino acid positions 245 
and 248 (covered by the box).  RVC G6 reference strains are bold.  
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Sequence and phylogenetic analysis of the RVC VP4 gene 

Partial VP4 gene amplification was subsequently performed for all VP7-

positive samples.  Phylogenetic analysis of the 11 available sequences of VP4 

showed that the majority clustered with the genotype P[5] prototype (Figure 8).  

Other P genotypes identified were P[1], P[4], and P[7].  In all, there were six G/P 

combinations (G6P[5], G1P[1], G1P[4], G1P[5], G9P[4] and G9P[7]).  The combination 

G6P[5] predominated in this study (45.5%, 5/11).  

 
 

Figure  8.  Phylogenetic analysis of the RVC VP4 gene.   

Strains identified in this study are indicated with triangles.  RVC reference strains are 

blue.  

 MG575526 RVC/Pig-wt/THA/CU122/2016/G6P5

 MG575529 RVC/Pig-wt/THA/CU124/2016/G6P5

 MG575527 RVC/Pig-wt/THA/CU123/2016/G6P5

 MG575530 RVC/Pig-wt/THA/CU135/2016/G6P5

 MG575528 RVC/Pig-wt/THA/CU125/2016/G6P5

 MG575525 RVC/Pig-wt/THA/CU60C/2015/G1P5

 KC164679.1 RVC/Pig-wt/USA/RV0143/2011/P5

 KJ814472.1 RVC/Pig-wt/KOR/06-268-2/2006/GXP5

 KJ814469.1 RVC/Pig-wt/KOR/07-60-4/2007/G6P5

 AB905232.1 RVC/Pig-wt/JPN/CJ10-1/2002/G6P5

 AB905231.1 RVC/Pig-wt/JPN/CJ3-6/2002/G6P5

P[5]

P[8] KM099261.1 RVC/Pig-wt/CZE/P8/2011/G3P8

 AB738415.1 RVC/Bovine-ct/JPN/Toyama/19xx/G6P3

 U26551.1 RVC/Bovine-ct/USA/Shintoku/19xx/G6P3
P[3]

 M74218.1 RVC/Pig-wt/UK/Cowden/19xx/G1P1

 MG575522 RVC/Pig-wt/THA/CU200C/2016/G1P1

 AB905234.1 RVC/Pig-wt/JPN/CJ16-4/2002/G1P1 

P[1]

 MG575531 RVC/Pig-wt/THA/CU264-U12/2013/G9P7

 MG575532 RVC/Pig-wt/THA/CU84/2015/G9P7

 KJ814474.1 RVC/Pig-wt/KOR/2478/2012/GxP7

 KJ814471.1 RVC/Pig-wt/KOR/08-148-2/2008/GxP7

P[7]

 X79442.1 RVC/Human-wt/UK/Bristol/19xx/G4P2

  HQ185646.1 RVC/Human-wt/JPN/Wu82/2001/G4P2
P[2]

 LC122611.1 RVC/Pig-wt/Tottori-KT01/2015/G13P4

 LC122590.1 RVC/Pig-wt/Tochigi-1-1/2015/G9P4

 AB905235.1 RVC/Pig-wt/JPN/CJ27-1/2002/G6P4 

 MG575523 RVC/Pig-wt/THA/CU40C/2015/G9P4

 MG575524 RVC/Pig-wt/THA/CU48C/2015/G1P4

P[4]
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 Analysis of the Thai RVC intra-genotype nt sequences showed between 79.5% 

(for P[4] strains) and 80.7% (for P[7] strains).  Sequence identity for P[5] strains was 

>99.8%.  The deduced amino acid sequences of several representative RVC strains 

from this study were compared with the amino acid sequences of the prototype 

strains (Figure 9).  The alignment region spanned residues 15 to 385 (based on 

Cowden numbering).  Regions of exceptionally high conservation were more frequent 

towards the carboxyl than the amino terminus, especially in the last one-third of the 

sequence.  Of interest is the two residues deletion at position 111-112 of strain 

RVC/Pig-wt/THA/CU200C/2016/G1P[1] compared to the Cowden strain.  Other 

deletions found appeared to be genotype-specific, such as at positions 109-110 for 

P[4] strains, position 257 for P[4], positions 72, 213, and 214 for P[5], and positions 

138-140 for P[7].  Hypervariation such as at positions 228, 236 and 241 were located 

throughout the sequence. 
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Figure  9.  Amino acid alignment of the deduced amino acid residues encoded 

by the RVC VP4 gene.    

Residue positions 15 to 385 were numbered based on the prototype strain Cowden 

(genotype P[1]).  Other reference strains belonging to P[4], P[7] and P[5].  Reference 

strains are in blue, while strains from this study are black.  Dots represent identical 

residues to the prototypic Cowden.  Dash represents unknown amino acids due to 

missing nucleotides in the alignment. 

 

                                              10        20        30        40        50        60        70        80        90       100 

                                     ....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 

RVC/Pig-wt/UK/Cowden/19xx/G1P1       MASSLYQQLISQNYYSIGNEILTDQQTTETVVDYVDAGNYTYAQLPPTKWGARGTFKSAFNVSNITGPHTNTIIEWSNLLNSNGWVIYQKPANX--XTKL 

RVC/Pig-wt/THA/CU200C/2016/G1P1           ---------..N.....M.L...K.T.................D...GA..E...SS.......A.......Y........L.E...V.--.... 

RVC/Pig-wt/JPN/Tochigi-1-1/2015/G9P4 - -    -------..T.....L.K...R.TK................E...GS..E.T.KS.......S..V...G..I..DV..L....L.ITAPVR. 

RVC/Pig-wt/THA/CU40C/2015/G9P4     ----   --    ---..T.....L.....K.TR...EV...........E...GS..E.T.RS.......N..V...N...D.DI.LL....LDTNAPIR. 

RVC/Pig-wt/THA/CU48C/2015/G1P4------------       --..T.....L.K..NG..R....................GS....T.KSPD.....S..V......ID.DL.LL....L.ATAPIR. 

RVC/Pig-wt/KOR/08-148-2/2008/GxP7   ---    -----   ..T.....K.L...K.T.....................GA..E...SAAE....Y..GV...N...S.DQ.LLFS..ID.--.V.. 

RVC/Pig-wt/THA/CU264-U12/2013/G9P7--------    --   ..T.....K.L...K......N................GA..E...SAAE.......RV.A.......DQ.LLFP..G..--.I.. 

RVC/Pig-wt/THA/CU84/2015/G9P7    -----------       ..T.....K.L...K.T.....V...............GA..E.V.S.TE.......RV.........DQ.LLF...V..--.V.. 

RVC/Pig-wt/USA/RV0143/2011/GxP5            -----   ..T..D..V....NK.T.....V...S.T.....S...GM.......AEE....N.G-D.DLN..T.A...IL.D..T..--.KR. 

RVC/Pig-wt/THA/CU60C/2015/G1P5      ----    ----   ..T..D..L....NK.T.....V...S.T.....S...GT.......AEE....N.G-DVDLN..ASA...IL.N..T..--.KR. 

RVC/Pig-wt/THA/CU122/2016/G6P5         --------   -..T..D..L....NK.T.....V...S.T.....S...GT..R....AEE....N.G-D.DLN..T.T...IL.D..T..--.GR. 

RVC/Pig-wt/THA/CU123/2016/G6P5      ---    ----   -..T..D..L....NK.T.....V...S.T.....S...GT..R....AEE....N.G-D.DLN..T.T...IL.D..T..--.GR. 

RVC/Pig-wt/THA/CU125/2016/G6P5   ----------       -..T..D..L....NK.T.....V...S.T.....S...GT..R....AEE....N.G-D.DLN..T.T...IL.D..T..--.GR. 

RVC/Pig-wt/THA/CU124/2016/G6P5------------    -   -..T..D..L....NK.T.....V...S.T.....S...GT..R....AEE....N.G-D.DLN..T.T...IL.D..T..--.GR. 

RVC/Pig-wt/THA/CU135/2016/G6P5   --------    ---   ..T..D..L....NK.T.....V...S.T.....S...GT..R....AEE....N.G-D.DLN..T.T...IL.D..T..--.GR. 

 

                                             110       120       130       140       150       160       170       180       190       200 

                                     ....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 

RVC/Pig-wt/UK/Cowden/19xx/G1P1       FKHGPETYNSNLAAFELWYGKAGTSVTSDYYSSLQNNEKTVTATSDSLILFWNEGSTVLANKKVNFSWDMGGMLIKPTRGXXRVDICMANMNDFNSSIFN 

RVC/Pig-wt/THA/CU200C/2016/G1P1      L....N...G--..........N.TIE....TT..D.K....VA....V.......V..D..V.S.N.N...I...................N..TDN.. 

RVC/Pig-wt/JPN/Tochigi-1-1/2015/G9P4 L.....NH--.V...........QT...I...AIS.SNN...L.....V......Q...EKQI...N.N...I.VR.S..........SD.DNTDGNS.. 

RVC/Pig-wt/THA/CU40C/2015/G9P4       L.....S.--.VS..........HT.V.I...AIS.PNN...L.....V......Q...DK.V...N.S...I.VR.S..........SD..NTDGTD.. 

RVC/Pig-wt/THA/CU48C/2015/G1P4       L.....N.--.V...........HTI..I...TIS.PNN...L.....V......Q...DK.I...N.N...I.VR.S..........SD..NTDDNN.. 

RVC/Pig-wt/KOR/08-148-2/2008/GxP7    L....R..DNT...C.......N.TI..EH....SDS---.RVN....V....A.G..FDKQV.S.A.....I....STQKP.LV......TN..N.N.. 

RVC/Pig-wt/THA/CU264-U12/2013/G9P7   L....QS.DITK..A.......N.T...E.....GD.---.HVS....V....A.G..FDK.VF..I.S...I....STHKP.L..Y....TN...DN.. 

RVC/Pig-wt/THA/CU84/2015/G9P7        L....Q..DNT...C.......N.T...EH....SDS---.HVN....V....AEE..FDK.VF..I.S...I....STHKP.L..Y....TN...DN.. 

RVC/Pig-wt/USA/RV0143/2011/GxP5      L.L...N.D.VY..........N.V.K.I..A.A..S.N...VQY...V..F.V.Y.G.TKQI.K.N.N...I.VR..AD.....V...D......DS.. 

RVC/Pig-wt/THA/CU60C/2015/G1P5       L.L..DN.D.VY..........N.V.E.I..A.A..S.....VQY......F.V.Y.G.TKQI.R.N.N...I..R..AD.....V...D.T....DS.. 

RVC/Pig-wt/THA/CU122/2016/G6P5       L.L..DS.D.VY........R.S.V.E.I..A.A..S...A.VQY...V..F.V.Y.G.TK.I.R.N.N...I..R..AD.....V...D.....GDS.. 

RVC/Pig-wt/THA/CU123/2016/G6P5       L.L..DS.D.VY........R.S.V.E.I..A.A..S...A.VQY...V..F.V.Y.G.TK.I.R.N.N...I..R..AD.....V...D.....GDS.. 

RVC/Pig-wt/THA/CU125/2016/G6P5       L.L..DS.D.VY........R.S.V.E.I..A.A..S...A.VQY...V..F.V.Y.G.TK.I.R.N.N...I..R..AD.....V...D.....GDS.. 

RVC/Pig-wt/THA/CU124/2016/G6P5       L.L..DS.D.VY........R.S.V.E.I..A.A..S...A.VQY...V..F.V.Y.G.TK.I.R.N.N...I..R..AD.....V...D.....GDS.. 

RVC/Pig-wt/THA/CU135/2016/G6P5       L.L..DS.D.VY........R.S.V.E.I..A.A..S...A.VQY...V..F.V.Y.G.TK.I.R.N.N...I..R..AD.....V...D.....GDS.. 

 

                                             210       220       230       240       250       260       270       280       290       300 

                                     ....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 

RVC/Pig-wt/UK/Cowden/19xx/G1P1       WEEWKHEFPRSDVNINVNMYTDYYLASEDPYTELKALQQPNITTFEMKMMKIIXXNGSINLNEVVSKDSLWQEVRYARDITLECKIESEVVKGGGWGYDY 

RVC/Pig-wt/THA/CU200C/2016/G1P1      ...........SN.VD.T..IS.........SQ..S....T...L......VS.......I..................L..........I......... 

RVC/Pig-wt/JPN/Tochigi-1-1/2015/G9P4 .IQ........SA.AD.S..FE.....S...S.I.E..R.S...IN.Q...AANGD-P..VD...........M..V.........Q...I......... 

RVC/Pig-wt/THA/CU40C/2015/G9P4       .IQ........SSSA..S..FE.....N...H.I.E..R.AV..IN.Q....MNGD-P..VD...........M..V.........Q...I......... 

RVC/Pig-wt/THA/CU48C/2015/G1P4       .IQ........SS.A..S..FE.....S...L.I.E..R.FV..IN.T...STNGD-P..VD...........M..V.........Q..II......... 

RVC/Pig-wt/KOR/08-148-2/2008/GxP7    ....RLTL...NDE..M--.V.....NS...NQ..E....T......R..QVT..D.Q..V.....................Q.......I......... 

RVC/Pig-wt/THA/CU264-U12/2013/G9P7   .K..YFTL...GEE.SI--.V......S...NQ..G....T......R..QLA..D.Q..I.....................Q.......I......... 

RVC/Pig-wt/THA/CU84/2015/G9P7        ....HFTL...NGTV..--.I......N...NQ..E....T......R..QVT....Q..V............M..S.....Q.......I......... 

RVC/Pig-wt/USA/RV0143/2011/GxP5      ..V..RS....N--..M--.AE....NV...SQ....NKLTVKNV.LR...LTRQQ.P..ID...........M........K......II......... 

RVC/Pig-wt/THA/CU60C/2015/G1P5       ..A..RS....N--..M--..E....NV...PQ..T.N.LTVK.V.LR...S.RQQ.P..VD...........M......V.K......II......... 

RVC/Pig-wt/THA/CU122/2016/G6P5       ..V..QS....N--..M--..E....NI...PQ..S.N.LVVKNV.LR..RSTRQQ.P..VD...........M........K......II......... 

RVC/Pig-wt/THA/CU123/2016/G6P5       ..V..QS....N--..M--..E....NI...PQ..S.N.LVVKNV.LR..RSTRQQ.P..VD...........M........K......II......... 

RVC/Pig-wt/THA/CU125/2016/G6P5       ..V..QS....N--..M--..E....NI...PQ..S.N.LVVKNV.LR..RSTRQQ.P..VD...........M........K......II......... 

RVC/Pig-wt/THA/CU124/2016/G6P5       ..V..QS....N--..M--..E....NI...PQ..S.N.LVVKNV.LR..RSTRQQ.P..VD...........M........K......II......... 

RVC/Pig-wt/THA/CU135/2016/G6P5       ..V..QS....N--..M--..E....NI...PQ..S.N.LVVKNV.LR..RSTRQQ.P..VD...........M........K......II......... 

 

                                             310       320       330       340       350       360       370       380       390       400 

                                     ....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 

RVC/Pig-wt/UK/Cowden/19xx/G1P1       TSVAFKTVNHTYTYTRAGEIVNAHVTISFNNMKERSYGGSLPTDFKIGRFDVIDTDTYMYIDYWDDSEIFKNMVYVRDLSANIGGFFYYAEMSYYFQIPV 

RVC/Pig-wt/THA/CU200C/2016/G1P1      ...................T......V.....................K.....IG.........................D..S  

RVC/Pig-wt/JPN/Tochigi-1-1/2015/G9P4 ..IT........S.E....P.T....V............A.......N....M..............DM..........R.DVN.  

RVC/Pig-wt/THA/CU40C/2015/G9P4       N.IT......V.S.E....T..........................VN....M.I...........PDM..........R.DVN.  

RVC/Pig-wt/THA/CU48C/2015/G1P4       ..IT........S.E....N.T....V...................VN....M.I............DM..........R.DVN.  

RVC/Pig-wt/KOR/08-148-2/2008/GxP7    ..IR.R.T....S......S.S.........L..............V.K..I..V.............L..........T....D  

RVC/Pig-wt/THA/CU264-U12/2013/G9P7   ..IR......I.S.V....T............................K..I..VG.......................T.D..D  

RVC/Pig-wt/THA/CU84/2015/G9P7        ..IR...I....S......N...........L................K..I..I........................T..V.D  

RVC/Pig-wt/USA/RV0143/2011/GxP5      ..IT.....YV.K...S..E...........................K......N............D...........R..M.D  

RVC/Pig-wt/THA/CU60C/2015/G1P5       ..IT.....YV.K...S..E.S.........................K......DG...........D...........K..M.D  

RVC/Pig-wt/THA/CU122/2016/G6P5       ...T.....YV.K.V.S..E...........................K......DG...........D....L......K..M.D  

RVC/Pig-wt/THA/CU123/2016/G6P5       ...T.....YV.K.V.S..E...........................K......DG...........D...........K..M.D  

RVC/Pig-wt/THA/CU125/2016/G6P5       ...T.....YV.K.V.S..E...........................K......DG...........D...........K..M.D  

RVC/Pig-wt/THA/CU124/2016/G6P5       ...T.....YV.K.V.S..E...........................K......DG...........D...........K..M.D  

RVC/Pig-wt/THA/CU135/2016/G6P5       ...T.....YV.K.V.S..E...........................K......DG...........D...........K..M.D  
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Molecular characterization and genome constellation of Thai porcine rotavirus 
group A 

 Rotavirus is highly contagious and is frequently responsible for acute 

gastroenteritis in humans and animals.  It is a major cause of diarrhea-associated 

childhood hospitalization for children younger than 5 years of age (161).  On swine 

farms, RVA infection contributes to a substantial economic loss (154).  Complicating 

management and control of RVA infection are an unpredictable pattern of outbreaks, 

unknown passive immunity within the nursing herds, feasibility of mass vaccination, 

and co-infection with other enteric viral pathogens.  Therefore, RVA infection remains 

an important threat to the pig industry.  

 The Rotavirus Classification Working Group (RCWG) has assigned rotavirus 

genotypes of the 11 gene segments encoding VP7-VP4-VP6-VP1-VP2-VP3-NSP1-NSP2-

NSP3-NSP4-NSP5, which corresponds to genotype designation Gx-P[x]-Ix-Rx-Cx-Mx-Ax-

Nx-Tx-Ex-Hx, respectively (20, 162).  Genotype G1-G2, G3, G4 (VP7) and P[4], P[8] (VP4) 

are mainly identified in human RVA, while genotype G3-G4-G5, G9 and P[6], P[7], 

P[13], P[19], P[23] are typical in infected pigs (22-24).  Some genotypes such as G3, 

G4, G9 and P[6], P[19] frequently infect both pig and human (27). 

 RVA surveillance in Thailand is performed regionally and previously shows 

frequent combinations of G3, G4, G5, G9, G10 and P[6], P[7], P[13], P[19], P[23] (24, 90, 

92, 163).  We previously examined the prevalence of RVA on Thai swine farms and 

found that a significant number of RVA infection occurs in piglets (164).  As detailed 

knowledge of RVA genome constellation can better facilitate the understanding of 

rotavirus reassortment patterns and evolution, thus the genetic diversity of 24 Thai 

porcine RVA strains previously identified between 2011 and 2016 were characterized 

for genotypic distribution, gene patterns, and the phylogenetic relationship among 

these strains compared to RVA strains in the vaccine.  
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Materials and Methods 

Samples 

 A total of 769 samples from diarrheic pigs were submitted to the Livestock 

Animal Hospital of Veterinary Science, Chulalongkorn University Faculty of Veterinary 

Science in Nakhon Pathom province between May 2011 and August 2016.  Farm 

locations and provincial origins were previously described in part 2.   

 Feces (n=509) and small intestinal content (intestinal mucosa of the 

duodenum and upper part of jejunum from tissues scraping, n=260) were prepared 

as 10% (w/v) suspension in sterile phosphate-buffered saline (0.1 M, pH 7.2), 

centrifuged at 3,000 xg for 20 minutes.  The supernatants were collected and kept in 

-20°C until used. 

 

Reverse-transcription polymerase chain reaction (RT-PCR), viral nucleic acid 

detection and sequencing 

 A total of 769 viral RNAs were extracted using Ribospin vRD II viral RNA 

purification Kit (GeneAll, Seoul, Korea) according to manufacturer’s instructions.  

Partial VP7 gene was amplified by RT-PCR using SuperScript III One-Step RT-PCR with 

Platinum Taq DNA polymerase (Invitrogen, Carlsbad, CA).  Reverse transcription was 

performed at 48°C for 45 minutes.  PCR cycling parameters were initial denaturation 

at 95°C for 2 minutes, followed by 30 cycles of denaturation at 94°C for 30 second, 

annealing at 55°C for 1 minute, extension at 72°C for 1 minute, and a final extension 

at 72°C for 5 minutes.   

 The VP7- positive RNAs (n= 73) were subsequently subjected to partial 

amplification of gene segments encoding VP1, VP2, VP3, VP4, VP6, NSP1, NSP2, NSP3, 

NSP4, and NSP5 by RT-PCR using SuperScript III One-Step RT-PCR with Platinum Taq 
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DNA polymerase (Invitrogen, Carlsbad, CA) (Table 12.).  PCR amplicons were resolved 

and purified using agarose gel electrophoresis.  Amplicons were purified using agarose 

gel electrophoresis and subjected to Sanger sequencing.  24 RVA strains which 

genome sequencing were successful were included in this study.  Nucleotide 

sequences obtained from this study were deposited in the GenBank database 

(Appendix, Table S2).   
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Table  12.  Nucleotide primers used in the amplification of RVA genes. 
 

Primers Sequences (5' to 3') Location Annealing Amplicon 

     
VP7 gene CGGTTAGCTCCTTTTAATGT 33-52 55°C 891 bp 

(AB176677.1) CATTTCTTCCAATTTACTCGC 903-924 

  VP4 gene GGCTATAAATGGCTTCGCTC 1-21 52 °C 1074 bp 
(165) AATGCTTGTGAATCATCCCAG 1074-1094 

  VP6 gene GTCTTCGACATGGAAGTTC 15-33 46°C 633 bp 
(AB779621) AAACTGYTGAATRTTTGCTGG 627-649 

  VP1 gene GGAAGTAYAATCTAATCTTG 23-42 42°C 1075 bp 
(DQ490539.1) TACATYTCRYYATCHACATC 1078-1098 

  VP2 gene TTTCCDACHATGCCDGTTGA 1598-1617 44°C 1097 bp 
(JX406748.1) GGCGTYTACARYTCRTTCAT 2675-2694 

  VP3 gene GGCTWTTAAAGCARAYTAGTAG 1-23 50°C 630 bp 
(166) TTTRTCTCTRAAYACACGATTTGA 608-631 

  NSP1 gene TTATGAAAAGTCTTGTGGAA 9-28 46°C 545 bp 
(JX406751.1) AAATGARAATGGDGTYTGATT 533-553 

  NSP2 gene TTTTAAAGCGTCTCAGTCG 4-22 48°C 727 bp 
(JX406754.1) AACTCTRTAGTGACCTTTACC 710-730 

  NSP3 gene TTTCAGTGGTTGTTGCTCA 14-32 52°C 995 bp 
(JX406753.1) AGAGGGTYAYGTGWAGATGG 989-1008 

  NSP4 gene AAAGTTCTGTTCCGAGAGA 19-27 52°C 732 bp 
(JX406756.1) AGACCRTTCCTTCCATTAACG 720-740 

  NSP5 gene GCTACAGTGATGTCTCTCAGC 13-33 52°C 580 bp 
(GU199491.1) TTGCGACTTGCTTCATCCTC 579-592     

   D=A/G/T; H=A/C/T; R=A/G; Y=C/T 
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Sequence and phylogenetic analyses 

 Strain genotypes were determined using the RotaC 2.0 automated genotyping 

tool (167).  Nucleotide sequences were assembled and edited using SeqMan II and 

aligned using BioEdit and ClustralX v.2.0.11 (159).  Reference sequences from the 

GenBank database were available for inclusion in all phylogenetic trees.  

Phylogenetic trees were constructed using MEGA6 software with the maximum 

likelihood method and 1,000 replicates (160).  Best model fitting was automatically 

calculated for genetic distances.  Bootstrap values >80% were considered significant.   

 The deduced amino acid sequences from the Thai RVA strains were 

compared to those of the RVA strains in the porcine RVA vaccine and reference 

strains.  Sequence identity in percentage was from amino acid comparison unless 

noted otherwise.  For genotype G3, G4, G5, and G9, strain A131 (accession no. 

L35055), Gottfried (X06759), OSU (X04613), and A2 (AB180971) were used, 

respectively.  The amino acid residue at position 291 was not analyzed because the 

sequence of the VP7 PCR product did not include this residue.  For genotype P[6], 

P[13], P[19], and P[23], reference strains were Gottfried (M33516), HP140 (DQ003291), 

4F (L10359), CMP48/08 (HQ268847), respectively.  For genotype I1 and I5, Wa 

(K02086) and YM (X69487) served as reference strains.  Specific reference strains were 

chosen based on recommendations by the Rotavirus Classification Working Group 

(RCWG) and when their nucleotide sequences encompassed the same region as the 

Thai strains in this study (20, 162).     
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Results 

G, P, and I genotypes 

 The characterization of 24 RVA-positive samples from Thai swine obtained 

between 2011 and 2016 showed a predominance of G9 (62.5%, 15/24), followed by 

G3 (20.8%, 5/24), G4 (12.5%, 3/24), and G5 (4.2%, 1/24) (Figure 10).  These Thai strains 

shared 82.5-100% amino acid identity to one another and 82.4-93.5% amino acid 

identity to the A2 reference strain.  Several strains showed identical nucleotide 

sequences (RVA/Pig-wt/THA/CU101/2016/G9P[23] and RVA/Pig-wt/THA/CU280-

2/2016/G9P[19], and RVA/Pig-wt/THA/CU176/2016/G9P[13] and RVA/Pig-

wt/THA/CU232/2016/G9P[13]), all of which were identified in 2016 and were from 

two adjacent provinces (strain RVA/Pig-wt/THA/CU101/2016/G9P[23] and RVA/Pig-

wt/THA/CU280-2/2016/G9P[19], RVA/Pig-wt/THA/CU232/2016/G9P[13] were collected 

from pig herds located in Ratchaburi province, while RVA/Pig-

wt/THA/CU176/2016/G9P[13] was collected from Kanchanaburi province).  Of the 

Thai G4 strains (3/24), they were more closely related to RVA strains of recent years 

(92.2- 93.7% amino acid identity) than to the prototypic porcine RVA strain Gottfried 

(80.8-82.8% identity).  The 5 Thai G3 strains shared 88.7-99.6% identity and were 

similar to a Thai porcine strain (RVA/Pig-wt/THA/CMP39/2000/G3P[19])  previously 

identified as far back as 2000 (91.4-93.3% identity).  The only one Thai G5 strain in 

this study (RVA/Pig-wt/THA/CU181/2016/G5P[13]) was also similar to a previously 

described Thai porcine strain (RVA/Pig-wt/THA/CMP178/2006/G5P[13] and RVA/Pig-

wt/THA/CMP-001-12/2012/G5P[13] greater than 90%) compared to the prototypic 

porcine RVA strain OSU (81.8% identity). 

 Four P genotypes were identified in our study, of which P[13] was 

predominant (50%, 12/24), followed by P[23] (25%, 6/24), P[19] (16.6%, 4/24) and 

P[6] (8.4%, 2/24).  All Thai P[13] strains except RVA/Pig-wt/THA/CU192/2016/G9P[13] 
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clustered in the same genetic group (Figure 11).  Two Thai P[13] strains, RVA/Pig-

wt/THA/CU140/2016/G9P[13] and RVA/Pig-wt/THA/CU181/2016/G5P[13] were 

identified in different provinces but showed identical nucleotide sequences.  

Interestingly, all Thai P[23] strains in this study shared 93-95.6% amino acid identity 

to RVA/Human-wt/THA/KKL-117/2014/G9P[23] previously identified in an infant with 

diarrhea in Thailand.  The Thai P[19] strains shared 84.4-86.7% identity among each 

other and 87.5-96.4% identity with the reference strain RMC321.  The Thai P[6] strains 

(RVA/Pig-wt/THA/CU-L141/2012/G4P[6] and RVA/Pig-wt/THA/CULC-1/2013/G4P[6]) 

showed closer genetic relatedness to an RVA strain identified from a patient (E931, 

94-96.2% identity) than to Gottfried (75.8-76.4%).  Overall, the dominant G and P 

combinations were G9P[13] and G9P[23] (n=6 each), followed by G3P[13] (n=5), 

G9P[19] (n=3), G4P[6] (n=2), G4P[19] and G5P[13] (n=1 each).   

 There were 23 strains of I5 genotype (88-95.3% amino acid identity), which 

clustered with the YM porcine reference strain (Figure 12).  Interestingly, one Thai 

RVA strain (RVA/Pig-wt/THA/CU-L141/2012/G4P6) belonged to I1 genotype along with 

Gottfried and Wa strains.   
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Figure  10.  Phylogenetic analysis of the RVA VP7 gene.  

The nucleotide sequences of the Thai strains (dotted) were compared to those of 

the RVA reference and vaccine strains (blue).   

  

 

 KX911656 RVA/Pig-wt/THA/CU9-1/2015/G9P[23]

 KX911657 RVA/Pig-wt/THA/CU9-2/2015/G9P[23]

 KX911658 RVA/Pig-wt/THA/CU40/2015/G9P[13]

 MF139500 RVA/Pig-wt/THA/CU232/2016/G9P[13]

 KX911647 RVA/Pig-wt/THA/CU176/2016/G9P[13]

 MF139495 RVA/Pig-wt/THA/CU49/2016/G9P[13]

 KX911655 RVA/Pig-wt/THA/CU140-NS/2015/G9P[13]

 KX911652 RVA/Pig-wt/THA/CU37/2015/G9P[23]

 MF139503 RVA/Pig-wt/THA/CU280-2/2016/G9P[19]

 KX911661 RVA/Pig-wt/THA/CU101/2016/G9P[23]

 KC242226.1 RVA/Human-wt/CHN/LL51695/2006/G9P[6]

 JN410643.1 RVA/Pig-tc/DEN/DK3981S/2006/G9P[23]

 KU363150.1 RVA/Pig-wt/THA/CMP-015-12/2012/G9P[19]

 LC190491.1 RVA/Human-wt/THA/KKL-117/2014/G9P[23]

 AB180971.1 RVA/Pig-tc/USA/A2/19XX/G9P[7]

 AB180969.1 RVA/Human-TC/USA/WI61/1983/G9P[8]

 MF139506 RVA/Pig-wt/THA/CU316/2016/G9P[23]

 MF139499 RVA/Pig-wt/THA/CU192/2016/G9P[13]

 KX363335.1 RVA/Pig-wt/VNM/14150 53/2012/G9P[19]

 MF139496 RVA/Pig-wt/THA/CU143/2016/G9P[19]

 KX911645 RVA/Pig-wt/THA/CU795/2011/G9P[13]

 KX911638 RVA/Pig-wt/THA/CU236-2/2012/G9P[19]

G9

 L35055.1 RVA/Pig-tc/VEN/A131/1988/G3P[7]

 D86271.1 RVA/Human-tc/JPN/AU-1/1982/G3P[3]

 GU565079.1 RVA/Vaccine/USA/RotaTeq-WI78-8/1992/G3P75

 MF139491 RVA/Pig-wt/THA/CU145/2016/G3P[13]

 KX911614 RVA/Pig-wt/THA/CUSB1-3/2012/G3P[13]

 KX911617 RVA/Pig-wt/THA/CU68/2012/G3P[13]

 EU348715.1 RVA/Pig-wt/Slovenia/P50/20xx/G3P[6]

 EU734176.1 RVA/Human-wt/ITA/128/07-34/2006/G3P[6]

 KX911619 RVA/Pig-wt/THA/CU140/2016/G3P[13]

 KX911622 RVA/Pig-wt/THA/CU200/2016/G3P[13]

 JX102473.1 RVA/Pig-wt/THA/CMP110/10/2010/G3P[23]

 HQ268836.1 RVA/Pig-wt/THA/CMP48/08/2008/G3P[23]

 AY707788.1 RVA/Pig-wt/THA/CMP039/2006/G3P[19]

 DQ786577.1 RVA/Pig-wt/THA/CMP214/2002/G3P[19]

G3

G11 M23194.1 RVA/Pig-tc/MEX/YM/1983/G11P[7]

 X04613.1 RVA/Pig-tc/USA/OSU/1977/G5P[7]

 KF006868.1 RVA/Human-wt/RUS/Nov10-N459/2010/G5P[6]

 KJ923332.1 Pig-wt/CIT-53/IRL/2007/G5P[13]

 KJ135135.1 RVA/Pig-wt/UK/T3-G5/2010/G5P[32]

 KT007761.1 RVA/Human-wt/THA/CU-B1964/KK/2014/G5P[6]

 KX911633 RVA/Pig-wt/THA/CU181/2016/G5P[13]

 DQ515961.1 RVA/Pig-wt/THA/CMP178/2006/G5P[13]

 KT727252.1 RVA/Pig-wt/THA/CMP-001-12/2012/G5P[13]

G5

 DQ003293.1 RVA/Pig-tc/IND/HP140/2007/G6P[13]

 GU565046.1 RVA/Vaccine/USA/RotaTeq-WI79-4/1992/G6P1A8 G6
 LC095932.1 RVA/Human-wt/VNM/NT0599/2008/G4P[6]

 KT007665.1 RVA/Human-wt/CU-B1738/KK/2013/G4P[6]

 MG781057.1 RVA/Pig-wt/THA/CMP-011-09/2009/G4P[6]

 KX911632 RVA/Pig-wt/THA/CU-L141/2012/G4P[6]

 KX911627 RVA/Pig-wt/THA/CU729-3/2013/G4P[19]

 KX911631 RVA/Pig-wt/THA/CULC-1/2013/G4P[6]

 DQ683511.1 RVA/Pig-wt/THA/CMP114/2006/G4P[x]

 DQ683522.1 RVA/Pig-wt/THA/CMP121/2006/G4P[x]

 X06759.1 RVA/Pig-tc/Gottfried/1975/G4P[6]

 GU565090.1 RVA/Vaccine/USA/RotaTeq-BrB-9/1996/G4P75

 X13603.1 RVA/Human-tc/GBR/ST3/1975/G4P2A6

G4

 JX943614.2 RVA/Human-TC/USA/Rotarix/2009/G1P[8]

 GU565057.1 RVA/Vaccine/USA/RotaTeq-WI79-9/1992/G1P75

 K02033.1 RVA/Human-tc/USA/Wa/1974/G1P[8]
G1

 AB118023.1 RVA/Human-tc/USA/DS-1/1976/G2P[4]

 GU565068.1 RVA/Vaccine/USA/RotaTeq-SC2-9/1992/G2P75 G2
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Figure  11.  Phylogenetic analysis of the RVA VP4 gene.   

The nucleotide sequences of the Thai strains (dotted) were compared to those of 

the RVA reference and vaccine strains (blue).   
  

 

 MF139419 RVA/Pig-wt/THA/CU145/2016/G3P[13]

 MF139422 RVA/Pig-wt/THA/CU176/2016/G9P[13]

 MF139405 RVA/Pig-wt/THA/CUSB1-3/2012/G3P[13]

 MF139418 RVA/Pig-wt/THA/CU140/2016/G9P[13]

 MF139423 RVA/Pig-wt/THA/CU181/2016/G5P[13]

 MF139403 RVA/Pig-wt/THA/CU795/2011/G9P[13]

 MF139426 RVA/Pig-wt/THA/CU200/2016/G3P[13]

 DQ536362.1 RVA/Pig-wt/THA/CMP178/2006/G5P[13]

 MF139406 RVA/Pig-wt/THA/CU68/2012/G3P[13]

 DQ786578.1 RVA/Pig-wt/THA/CMP213/2002/G3P[13]

 KT727244.1 RVA/Pig-wt/THA/CMP-001-12/2012/G5P[13]

 MF139415 RVA/Pig-wt/THA/CU40/2015/G9P[13]

 MF139427 RVA/Pig-wt/THA/CU232/2016/G9P[13]

 KU740012.1 RVA/Human-wt/TWN/104-701-D152/2015/G9P[13]

 KU739929.1 RVA/Pig-wt/TWN/2-3/2015/G9P[13]

 MF139410 RVA/Pig-wt/THA/CU49/2015/G9P[13]

 KX527805.1 RVA/Pig-wt/CAN/56/2012/G9P[13]

 DQ003291.1 RVA/Human-wt/IND/HP140/1987/G6P[13]

 KX988278.1 RVA/Pig-wt/UGA/KYE-14-A048/2014/G3P[13]

 MF139425 RVA/Pig-wt/THA/CU192/2016/G9P[13]

 JN974810.1 RVA/Pig-tc/CAN/F7P4-A/2006/G9P[13]

P[13]

P[26] DQ061053.1 RVA/Pig-wt/ITA/134/04-15/2005/G5P[26]

 KR052770.1 RVA/Pig-tc/USA/LS00005 OSU/1975/G1P[7]

 M63231.1 RVA/Pig-tc/MEX/YM/1983/G11P[7]
P[7]

 JF796715.1 RVA/Pig-tc/KOR/PRG921/2011/G9P[23]

 JQ343833.1 RVA/Pig-wt/KOR/PoRV-1/CBNU1/2010/G9P[23]

 KC610681.1 RVA/Pig-wt/ITA/2CR/2009/G9P[23]

 HQ268847.1 RVA/Pig-wt/THA/CMP48/08/2008/G3P[23]

 HQ268851.2 RVA/Pig-wt/THA/CMP40/08/2008/G3P[23]

 HQ268854.2 RVA/Pig-wt/THA/CMP45/08/2008/G9P[23]

 MH137266.1 RVA/Pig-wt/CHN/SCLSHL-2-3/2017/G9P[23]

 LC190489.1 RVA/Human-wt/THA/KKL-117/2014/G9P[23]

 MF139442 RVA/Pig-wt/THA/CU37/2015/G9P[23]

 MF139443 RVA/Pig-wt/THA/CU101/2016/G9P[23]

 MF139445 RVA/Pig-wt/THA/CU316/2016/G9P[23]

 MF139440 RVA/Pig-wt/THA/CU140-NS/2015/G9P[23]

 MF139439 RVA/Pig-wt/THA/CU9-1/2015/G9P[23]

 MF139441 RVA/Pig-wt/THA/CU9-2/2015/G9P[23]

P[23]

P[3] D10970.1 RVA/Human-tc/JPN/AU-1/1982/G3P[3]

 RotaTeq vaccine strains; P[5]

 M33516.1 RVA/Pig-tc/USA/Gottfried/1975/G4P[6]

 MG781055.1 RVA/Pig-wt/THA/CMP-011-09/2009/G4P[6]

 MF139402 RVA/Pig-wt/THA/CULC-1/2013/G4P[6]

 MF139401 RVA/Pig-wt/THA/CU-L141/2012/G4P[6]

 KX363318.1 RVA/Pig-wt/VNM/12129 49/2012/G4P[6]

 KX363424.1 RRVA/Pig-wt/VNM/14249 23/2012/G4P[6]

 KF726034.1 RVA/Human-wt/CHN/E931/2008/G4P[6]

 KY748311.1 RVA/Human-wt/THA/CMH-N014-11/2011/G4P[6]

 KY748310.1 RVA/Human-wt/THA/CMH-N016-10/2010/G4P[6]

P[6]

 D38052.1 RVA/Human-wt/THA/Mc323/1989/G9P[19]

 D38054.1 RVA/Human-wt/THA/Mc345/1989/G9P[19]

 AF523677.1 RVA/Human-wt/IND/RMC321/1990/G9P[19]

 DQ887060.2 RVA/Human-wt/IND/NIV929893/1992/G1P[19]

 LC095900.1 RVA/Human-wt/VNM/NT0073/2007/G9P[19]

 MF139430 RVA/Pig-wt/THA/CU729-3/2013/G4P[19]

 HG513048.1 RVA/Human wt/VNM/30378/2009/G26P[19]

 KU363153.1 RVA/Human-wt/THA/CMHS-070-13/2013/G9P[19]

 KU363154.1 RVA/Pig-wt/THA/CMP-015-12/2012/G9P[19]

 MF139434 RVA/Pig-wt/THA/CU236-2/2012/G9P[19]

 MF139436 RVA/Pig-wt/THA/CU143/2016/G9P[19]

 MF428380 RVA/Pig-wt/THA/CU280-2/2016/G9P[19]

 L10359.1 RVA/Pig-tc/UK/4F/1994/GxP[19]

P[19]

P[4] AJ540227.1 RVA/Human-tc/USA/DS-1/1976/G2P[4]

 GU565044.1 RVA/Vaccine/USA/RotaTeq-WI79-4/1992/G6P1A8

 JX943612.2 RVA/Human-TC/USA/Rotarix/2009/G1P[8]

 L34161.1 RVA/Human-tc/USA/Wa/1975/G1P[8]

P[8]
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Figure  12.  Phylogenetic analysis of the RVA VP6 gene.   

The nucleotide sequences of the Thai strains (dotted) were compared to those of 

the RVA reference and vaccine strains (blue).   

  

 

 EU372777.1 RVA/Pig-wt/THA/CMP113/02/2002/G3P[6]

 EU372773.1 RVA/Pig-wt/THA/CMP96/02/2002/G3P[6]

 EU372772.1 RVA/Pig-wt/THA/CMP95/02/2002/G3P[6]

 EU372793.1 RVA/Pig-wt/THA/CMP105/01/2001/G5P[13]

 MF139453 RVA/Pig-wt/THA/CULC-1/2013/G4P[6]

 MF139447 RVA/Pig-wt/THA/CU795-1/2011/G9P[13]

 MF139448 RVA/Pig-wt/THA/CU68/2012/G3P[13]

 MF139467 RVA/Pig-wt/THA/CU49/2015/G9P[13]

 MF139449 RVA/Pig-wt/THA/CU236-2/2012/G9P[19]

 MF139475 RVA/Pig-wt/THA/CU143/2016/G9P[19]

 MF139469 RVA/Pig-wt/THA/CU101/2016/G9P[23]

 MF139466 RVA/Pig-wt/THA/CU40/2015/G9P[13]

 MF940497.1 RVA/Porcine-tc/KOR/PRG942/2006/G9P[23]

 JQ343834.1 RVA/Pig-wt/KOR/PoRV-1/CBNU1/2010/G9P[23]

 KP057840.1 RVA/pig-wt/Kenya/Ug-49/2012/G5P[13]

 MF139477 RVA/Pig-wt/THA/CU192/2016/G9P[13]

 MF139478 RVA/Pig-wt/THA/CU232/2016/G9P[13]

 EU372766.1 RVA/Pig-wt/THA/CMP54/02/2002/G3P[7]

 MH428382 RVA/Pig-wt/THA/CU200/2016/G3P[13]

 MF139474 RVA/Pig-wt/THA/CU140/2016/G3P[13]

 MF139465 RVA/Pig-wt/THA/CU37/2015/G9P[23]

 HQ268858.1 RVA/Pig-wt/THA/CMP45/08/2008/G9P[23]

 MG781045.1 RVA/Human-wt/THA/CMH-N014-11/2011/G4P[6]

 MF139481 RVA/Pig-wt/THA/CU316/2016/G9P[23]

 MF139473 RVA/Pig-wt/THA/CU176/2016/G9P[13]

 MH428381 RVA/Pig-wt/THA/CU181/2016/G5P[13]

 MF139476 RVA/Pig-wt/THA/CU145/2016/G3P[13]

 MF139488 RVA/Pig-wt/THA/CU280-2/2016/G9P[19]

 MF139452 RVA/Pig-wt/THA/CU729-3/2013/G4P[19]

 MF139457 RVA/Pig-wt/THA/CU140-NS/2015/G9P[23]

 KY937206.1 RVA/Human-wt/KHM/CC9192/2014/G26P[6]

 KX363360.1 RVA/Pig-wt/VNM/14175 24/2012/G9P[23]

 MF139451 RVA/Pig-wt/THA/CUSB1-3/2012/G3P[13]

 HG513050.1 RVA/Human wt/VNM/30378/2009/G26P[19]

 MF139464 RVA/Pig-wt/THA/CU9-2/2015/G9P[23]

 MF139463 RVA/Pig-wt/THA/CU9-1/2015/G9P[23]

 X69487.1 RVA/Pig-tc/MEX/YM/1983/G11P[7]

I5

 KM820729.1 RVA/Pig-tc/BEL/RV277/1977/G1P[7]

 K02086.1 RVA/Pig-tc/USA/Gottfried/1975/G4P[6]

 K02086.1 RVA/Human-tc/USA/Wa/1974/G1P[8]

 JX943613.2 RVA/Human-TC/USA/Rotarix/2009/G1P[8]

 MF139446 RVA/Pig-wt/THA/CU-L141/2012/G4P[6]

 LC095945.1 RVA/Human-wt/VNM/NT0621/2008/G4P[6]

 MG781056.1 RVA/Pig-wt/THA/CMP-011-09/2009/G4P[6]

 EU372755.1 RVA/Pig-wt/THA/CMP100/01/2001/G4P[6]

I1

 RotaTeq vaccine strains

 DQ870507.1 RVA/Human-tc/USA/DS-1/1976/G2P[4]
I2

I3 DQ490538.1 RVA/Human-tc/JPN/AU-1/1982/G3P[3]
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Analysis of other genotypes 

 The majority of the 24 Thai porcine RVA strains demonstrated a conserved 

internal genotype constellation of R1-C1-M1-A8-N1-T1-E1-H1.  All Thai strains in our 

study belonged to the R1 genotype.  The C genotypes were not generated from 3 

strains due to insufficient PCR amplicon, but the remaining 21 strains were C1 

genotype and shared 82-86% amino acid identity (86.2-92.8% identity with Gottfried, 

OSU, and YM strains).  Among the Thai M1 genotype, only 3 strains clustered closely 

with Gottfried (81.6-84.9% identity), OSU (81.8-87.7% identity), and Wa (82.1-85% 

identity), while the rest clustered in a separate subgroup (Figure 13, 14, 15).   

 Analysis of the non-structural protein genes showed all strains were A8 

genotype (Figure 16, 17, 18, 19, and 20).  Although seven of the Thai strains clustered 

with Gottfried, the majority comprised a separate branch containing relatively more 

recent RVA strains.  Collectively, the Thai strains in these two lineages shared 78.4-

85.8% amino acid identity.  Most Thai N1 strains (n=23) clustered with Gottfried, but 

one strain (RVA/Pig-wt/THA/CU192/2016/G9P13) clustered with Wa and OSU.  For T 

genotype, most Thai strains (n=21) grouped with Gottfried, OSU, and Wa in the T1 

cluster.  The majority of the E genotype (n=23) strains was E1 for which both the 

human and porcine RVA vaccine strains belonged.  One E9 genotype (RVA/Pig-

wt/THA/CU143/2016/G9P19) was the only outlier strain and clustered with the 

reference strain CMP034 previously identified in piglet on a Thai farm.  Three Thai H1 

genotype strains were identical in nucleotide sequences (RVA/Pig-

wt/THA/CU140/2016/G9P13, RVA/Pig-wt/THA/CU200/2016/G3P13, and RVA/Pig-

wt/THA/CU280-2/2016/G9P19), which was not surprising since these were farm 

samples from the same province. 

 Taken together, the characterization of all 11 segments of RVA from 24 strains 

identified in Thailand over a 5-year period revealed a dominance of the constellation  
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Gx-P[x]-I5-R1-C1-M1-A8-N1-T1-E1-H1.  With the exception of I and A genotypes, this 

pattern resembles the prototypic RVA strain of Wa lineage (which possesses I1 and 

A1). 
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Figure  13.  Phylogenetic analysis of the RVA VP1 gene.   

The nucleotide sequences of the Thai strains (dotted) were compared to those of 

the RVA reference and vaccine strains (blue).       

  

 

 MH428425 RVA/Pig-wt/THA/CU200/2016/G3P[13]

 MH428417 RVA/Pig-wt/THA/CU101/2016/G9P[23]

 MH428418 RVA/Pig-wt/THA/CU140/2016/G9P[13]

 MH428410 RVA/Pig-wt/THA/CULC-1/2013/G4P[6]

 HG513045.1 RVA/Human wt/VNM/30378/2009/G26P[19]

 MH428405 RVA/Pig-wt/THA/CU68/2012/G3P[13]

 MH428414 RVA/Pig-wt/THA/CU37/2015/G9P[23]

 MH428416 RVA/Pig-wt/THA/CU49/2015/G9P[13]

 LC190486.1 RVA/Human-wt/THA/KKL-117/2014/G9P[23]

 KF835895.1 RVA/Human-wt/HUN/BP1792/2004/G4P[6]

 JN104611.1 RVA/Human-wt/THA/Mc323/1989/G9P[19]

 JN104619.1 RVA/Human-wt/THA/Mc345/1989/G9P[19]

 AB779624.1 RVA/Pig-wt/THA/CMP45/08/2008/G9P[23]

 MH428413 RVA/Pig-wt/THA/CU9-2/2015/G9P[23]

 MH428412 RVA/Pig-wt/THA/CU9-1/2015/G9P[23]

 KY937203.1 RVA/Human-wt/KHM/CC9192/2014/G26P[6]

 AB779622.1 RVA/Pig-wt/THA/CMP29/08/2008/G3P[13]

 KU363138.1 RVA/Pig-wt/THA/CMP-015-12/2012/G9P[19]

 MG781052.1 RVA/Pig-wt/THA/CMP-011-09/2009/G4P[6]

 MH428406 RVA/Pig-wt/THA/CU-L141/2012/G4P[6]

 MH428426 RVA/Pig-wt/THA/CU176/2016/G9P[13]

 MH428420 RVA/Pig-wt/THA/CU145/2016/G3P[13]

 MH428404 RVA/Pig-wt/THA/CU795/2011/G9P[13]

 MH428408 RVA/Pig-wt/THA/CUSB1-3/2012/G3P[13]

 MH428427 RVA/Pig-wt/THA/CU181/2016/G5P[13]

 MH428424 RVA/Pig-wt/THA/CU280-2/2016/G9P[19]

 DQ490539.1 RVA/Human-tc/USA/Wa/1974/G1P1[8]

 JX943609.2 RVA/Human-TC/USA/Rotarix/2009/G1P[8]

 MH428423 RVA/Pig-wt/THA/CU316/2016/G9P[23]

 KX362689.1 RVA/Human-wt/VNM/16020 7/2013/G4P[6]

 KF726058.1 RVA/Human-wt/CHN/R946/2006/G3P[6]

 MH428419 RVA/Pig-wt/THA/CU143/2016/G9P[19]

 KX363399.1 RVA/Pig-wt/VNM/14226 39/2012/G4P[6]

 X76486.1 RVA/Pig-tc/MEX/YM/1983/G11P[7]

 MH428422 RVA/Pig-wt/THA/CU192/2016/G9P[13]

 GU199514.1 RVA/Pig-tc/USA/OSU/1975/G5P[7]

 M32805.1 RVA/Pig-tc/USA/Gottfried/1975/G4P[6]

 KM820701.1 RVA/Pig-tc/BEL/RV277/1977/G1P[7]

 KJ482387.1 RVA/Pig-wt/BRA/ROTA06/2013/G11P[6]

 MG781042.1 RVA/Human-wt/THA/CMH-N014-11/2011/G4P[6]

 MH428407 RVA/Pig-wt/THA/CU236-2/2012/G9P[19]

 MH428421 RVA/Pig-wt/THA/CU232/2016/G9P[13]

 MH428411 RVA/Pig-wt/THA/CU140-NS/2015/G9P[23]

 MH428409 RVA/Pig-wt/THA/CU729-3/2013/G4P[19]

 MH428415 RVA/Pig-wt/THA/CU40/2015/G9P[13]

R1

 RotaTeq vaccine strains

 AB972856.1 RVA/Pig-tc/THA/P343/1991/G10P[5]

 DQ870505.1 RVA/Human-tc/USA/DS-1/1976/G2P[4]

R2

R3 DQ490533.1 RVA/Human-tc/JPN/AU-1/1982/G3P[3]

99
98

99

100

96

97

88

100

99

92

100

85

100

100

100

100

91

94

99

0.1



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 80 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure  14.  Phylogenetic analysis of the RVA VP2 gene.   

The nucleotide sequences of the Thai strains (dotted) were compared to those of 

the RVA reference and vaccine strains (blue).   

 

 

 MH428401 RVA/Pig-wt/THA/CU280-2/2016/G9P[19]

 MH428403 RVA/Pig-wt/THA/CU176/2016/G9P[13]

 MH428397 RVA/Pig-wt/THA/CU145/2016/G3P[13]

 MH428383 RVA/Pig-wt/THA/CU795/2011/G9P[13]

 MH428387 RVA/Pig-wt/THA/CUSB1-3/2012/G3P[13]

 AB779629.1 RVA/Pig-wt/THA/CMP48/08/2008/G3P[23]

 AB779627.1 RVA/Pig-wt/THA/CMP40/08/2008/G3P[23]

 MH428393 RVA/Pig-wt/THA/CU37/2015/G9P[23]

 MH428391 RVA/Pig-wt/THA/CU9-1/2015/G9P[23]

 MH428392 RVA/Pig-wt/THA/CU9-2/2015/G9P[23]

 JN104612.1 RVA/Human-wt/THA/Mc323/1989/G9P[19]

 JN104620.1 RVA/Human/wt/THA/Mc345/1989/G9P[19]

 MH428388 RVA/Pig-wt/THA/CU729-3/2013/G4P[19]

 MH428389 RVA/Pig-wt/THA/CULC-1/2013/G4P[6]

 KU363151.1 RVA/Human-wt/THA/CMHS-070-13/2013/G9P[19]

 KU363152.1 RVA/Pig-wt/THA/CMP-015-12/2012/G9P[19]

 MH428385 RVA/Pig-wt/THA/CU-L141/2012/G4P[6]

 LC190487.1 RVA/Human-wt/THA/KKL-117/2014/G9P[23]

 MH428390 RVA/Pig-wt/THA/CU140-NS/2015/G9P[23]

 MH428394 RVA/Pig-wt/THA/CU101/2016/G9P[23]

 MH428395 RVA/Pig-wt/THA/CU140/2016/G9P[13]

 MH428396 RVA/Pig-wt/THA/CU143/2016/G9P[19]

 MH428399 RVA/Pig-wt/THA/CU192/2016/G9P[13]

 KF835900.1 RVA/Human-wt/HUN/BP1231/2002/G4P[6]

 GU199516.1 RVA/Pig-tc/MEX/YM/1983/G11P9[7]

 GU199515.1 RVA/Pig-tc/USA/OSU/1975/G5P9[7]

 GU199487.1 RVA/Pig-tc/USA/Gottfried/1975/G4P[6]

 JQ993322.1 RVA/Human-wt/BEL/BE2001/2009/G9P[6]

 MH428398 RVA/Pig-wt/THA/CU232/2016/G9P[13]

 KX363400.1 RVA/Pig-wt/VNM/14226 39/2012/G4P[6]

 MH428400 RVA/Pig-wt/THA/CU316/2016/G9P[23]

 MH428402 RVA/Pig-wt/THA/CU200/2016/G3P[13]

 KX363357.1 RVA/Pig-wt/VNM/14175 24/2012/G9P[23]

 MH428384 RVA/Pig-wt/THA/CU68/2012/G3P[13]

 MH428386 RVA/Pig-wt/THA/CU236-2/2012/G9P[19]

 AB779628.1 RVA/Pig-wt/THA/CMP45/08/2008/G9P[23]

 JX943610.2 RVA/Human-TC/USA/Rotarix/2009/G1P[8]

 X14942.1 RVA/Human-tc/USA/Wa/1974/G1P[8]

C1

C3 DQ490536.1 RVA/Human-tc/JPN/AU-1/1982/G3P[3]

 DQ870506.1 RVA/Human-tc/USA/DS-1/1976/G2P1[4]
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Figure  15.  Phylogenetic analysis of the RVA VP3 gene.   

The nucleotide sequences of the Thai strains (dotted) were compared to those of 

the RVA reference and vaccine strains (blue). 

  

 

 MH428562 RVA/Pig-wt/THA/CU140/2016/G9P[13]

 MH428568 RVA/Pig-wt/THA/CU280-2/2016/G9P[19]

 MH428569 RVA/Pig-wt/THA/CU200/2016/G3P[13]

 MH428561 RVA/Pig-wt/THA/CU101/2016/G9P[23]

 MH428563 RVA/Pig-wt/THA/CU143/2016/G9P[19]

 MH428558 RVA/Pig-wt/THA/CU37/2015/G9P[23]

 MH428553 RVA/Pig-wt/THA/CU729-3/2013/G4P[19]

 MH428551 RVA/Pig-wt/THA/CU236-2/2012/G9P[19]

 MH428550 RVA/Pig-wt/THA/CU-L141/12/G4P[6]

 KU363148.1 RVA/Pig-wt/THA/CMP-015-12/2012/G9P[19]

 MG781034.1 RVA/Human-wt/THA/CMH-N016-10/2010/G4P[6]

 MH428565 RVA/Pig-wt/THA/CU232/2016/G9P[13]

 MH428554 RVA/Pig-wt/THA/CULC-1/2013/G4P[6]

 MH428571 RVA/Pig-wt/THA/CU181/2016/G5P[13]

 MH428567 RVA/Pig-wt/THA/CU316/2016/G9P[23]

 KX363401.1 RVA/Pig-wt/VNM/14226 39/2012/G4P[6]

 MH428556 RVA/Pig-wt/THA/CU9-1/2015/G9P[23]

 MH428557 RVA/Pig-wt/THA/CU9-2/2015/G9P[23]

 MH428560 RVA/Pig-wt/THA/CU49/2015/G9P[13]

 LC095948.1 RVA/Human-wt/VNM/NT0621/2008/G4P[6]

 LC095882.1 RVA/Human-tc/VNM/NT0001/2007/G3P[6]

 GU199193.1 RVA/pig/India/RU172/2002/G12P[7]

 KM393172.1 RVA/Pig-wt/IND/HP113/2002/G6P[13]

 MH428548 RVA/Pig-wt/THA/CU795/11/G9P[13]

 MH428549 RVA/Pig-wt/THA/CU68/2012/G3P[13]

 JN104621.1 RVA/Human-wt/THA/Mc345/1989/G9P[19]

 MG781054.1 PRVA/Pig-wt/THA/CMP-011-09/2009/G4P[6]

 JN104613.1 RVA/Human-wt/THA/Mc323/1989/G9P[19]

 AB779633.1 RVA/Pig-wt/THA/CMP48/08/2008/G3P[23]

 AB779630.1 RVA/Pig-wt/THA/CMP29/08/2008/G3P[13]

 AB779631.1 RVA/Pig-wt/THA/CMP40/08/2008/G3P[23]

 MH428552 RVA/Pig-wt/THA/CUSB1-3/2012/G3P[13]

 MH428570 RVA/Pig-wt/THA/CU176/2016/G9P[13]

 MH428564 RVA/Pig-wt/THA/CU145/2016/G3P[13]

 KU740028.1 RVA/Human-wt/TWN/103-701-D210/2014/G9P[19]

 JQ715652.1 RVA/Human-wt/BRA/HSP180/1999/G4P[6]

 AB779632.1 RVA/Pig-wt/THA/CMP45/08/2008/G9P[23]

 KU363147.1 RVA/Human-wt/THA/CMHS-070-13/2013/G9P[19]

 MH428566 RVA/Pig-wt/THA/CU192/2016/G9P[13]

 AY277921.1 RVA/Pig-tc/USA/OSU/1977/G5[7]

 MF940431.1 RVA/Porcine-tc/KOR/K71/2006/G5P[7]

 KJ482441.1 RVA/Pig-wt/BRA/ROTA06/2013/G11P[6]

 GU199488.1 RVA/Pig-tc/USA/Gottfried/1975/G4P[6]

 KX363434.1 RVA/Pig-wt/VNM/14250 9/2012/G4P[6]

 HG513047.1 RVA/Human wt/VNM/30378/2009/G26P[19]

 MH428555 RVA/Pig-wt/THA/CU140-NS/2015/G9P[23]

 MH428559 RVA/Pig-wt/THA/CU40/2015/G9P[13]

 KP753192.1 RVA/Pig-wt/ZAF/MRC-DPRU1568/2008/G5P[x]

 GU565054.1 RVA/Vaccine/USA/RotaTeq-WI79-9/1992/G1P7[5]

 GU565065.1 RVA/Vaccine/USA/RotaTeq-SC2-9/1992/G2P7[5]

 JX943611.2 RVA/Human-TC/USA/Rotarix/2009/G1P[8]

 AY267335.1 RVA/Human-tc/USA/Wa/1974/G1P[8]

M1

 AY277914.1 RVA/Human-tc/USA/DS-1/1976/G2P[4]

 AB972858.1 RVA/Pig-tc/THA/P343/1991/G10P[5]

 RotaTeq vaccine strains
M2

M3 DQ490537.1 RVA/Human-tc/JPN/AU-1/1982/G3P[3]100
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Figure  16.  Phylogenetic analysis of the RVA NSP1 gene.   

The nucleotide sequences of the Thai strains (dotted) were compared to those of 

the RVA reference and vaccine strains (blue).   

  

 

 MH428473 RVA/Pig-wt/THA/CU200/2016/G3P[13]

 MH428467 RVA/Pig-wt/THA/CU143/2016/G9P[19]

 MH428466 RVA/Pig-wt/THA/CU140/2016/G9P[13]

 MH428452 RVA/Pig-wt/THA/CU795/11/G9P[13]

 MH428456 RVA/Pig-wt/THA/CUSB1-3/2012/G3P[13]

 KX363427.1 RVA/Pig-wt/VNM/14249 23/2012/G4P[6]

 KX363395.1 RVA/Pig-wt/VNM/14225 46/2012/G5P[13]

 MH428455 RVA/Pig-wt/THA/CU236-2/2012/G9P[19]

 KU363146.1 RVA/Pig-wt/THA/CMP-015-12/2012/G9P[19]

 MH428465 RVA/Pig-wt/THA/CU101/2016/G9P[23]

 AB779636.1 RVA/Pig-wt/THA/CMP45/08/2008/G9P[23]

 LC190492.1 RVA/Human-wt/THA/KKL-117/2014/G9P[23]

 MH428475 RVA/Pig-wt/THA/CU181/2016/G5P[13]

 MG781047.1 RVA/Human-wt/THA/CMH-N014-11/2011/G4P[6]

 KM820743.1 RVA/Pig-tc/BEL/RV277/1977/G1P[7]

 KC610695.1 RVA/Pig-wt/ITA/3BS/2009/G9P[23]

 KU363145.1 RVA/Human-wt/THA/CMHS-070-13/2013/G9P[19]

 AB779635.1 RVA/Pig-wt/THA/CMP40/08/2008/G3P[23]

 AB779637.1 RVA/Pig-wt/THA/CMP48/08/2008/G3P[23]

 AB779634.1 RVA/Pig-wt/THA/CMP29/08/2008/G3P[13]

 MH428474 RVA/Pig-wt/THA/CU176/2016/G9P[13]

 MH428468 RVA/Pig-wt/THA/CU145/2016/G3P[13]

 MH428471 RVA/Pig-wt/THA/CU316/2016/G9P[23]

 MH428464 RVA/Pig-wt/THA/CU49/2015/G9P[13]

 MH428460 RVA/Pig-wt/THA/CU9-1/2015/G9P[23]

 MH428461 RVA/Pig-wt/THA/CU9-2/2015/G9P[23]

 MH428463 RVA/Pig-wt/THA/CU40/2015/G9P[13]

 MH428469 RVA/Pig-wt/THA/CU232/2016/G9P[13]

 MH428459 RVA/Pig-wt/THA/CU140-NS/2015/G9P[23]

 D38154.1 RVA/Pig-tc/MEX/YM/1983/G11P[7]

 U08431.1 RVA/Pig-tc/USA/Gottfried/1975/G4P[6]

 KF726039.1 RVA/Human-wt/CHN/E931/2008/G4P[6]

 HG513049.1 RVA/Human wt/VNM/30378/2009/G26P[19]

 JN104615.1 RVA/Human-wt/THA/Mc323/1989/G9P[19]

 JN104623.1 RVA/Human-wt/THA/Mc345/1989/G9P[19]

 MG781058.1 RVA/Pig-wt/THA/CMP-011-09/2009/G4P[6]

 MH428457 RVA/Pig-wt/THA/CU729-3/2013/G4P[19]

 MH428472 RVA/Pig-wt/THA/CU280-2/2016/G9P[19]

 MH428458 RVA/Pig-wt/THA/CULC-1/2013/G4P[6]

 MH428453 RVA/Pig-wt/THA/CU68/2012/G3P[13]

 MH428470 RVA/Pig-wt/THA/CU192/2016/G9P[13]

 MH428454 RVA/Pig-wt/THA/CU-L141/12/G4P[6]

 MH428462 RVA/Pig-wt/THA/CU37/2015/G9P[23]

A8

 L18943.1 RVA/Human-tc/USA/Wa/1974/G1P[8]

 JX943604.2 RVA/Human-TC/USA/Rotarix/2009/G1P[8]
A1

A2 L18945.1 RVA/Human-tc/USA/DS-1/1976/G2P[4]

 RotaTeq vaccine strains

 AB972862.1 RVA/Pig-tc/THA/P343/1991/G10P[5]

 D45244.1 RVA/Human-tc/JPN/AU-1/1982/G3P[3]

A3

99
98

100

100

98

93

80

98

83

96

91

98

100

92

100

98

99

99

97

99

0.1



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 83 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure  17.  Phylogenetic analysis of the RVA NSP2 gene.   

The nucleotide sequences of the Thai strains (dotted) were compared to those of 

the RVA reference and vaccine strains (blue).  

  

 

 MH428484 RVA/Pig-wt/THA/CU9-1/2015/G9P[23]

 MH428485 RVA/Pig-wt/THA/CU9-2/2015/G9P[23]

 MH428483 RVA/Pig-wt/THA/CU140-NS/2015/G9P[23]

 MH428499 RVA/Pig-wt/THA/CU181/2016/G5P[13]

 MH428481 RVA/Pig-wt/THA/CU729-3/2013/G4P[19]

 MH428493 RVA/Pig-wt/THA/CU232/2016/G9P[13]

 MH428487 RVA/Pig-wt/THA/CU40/2015/G9P[13]

 MH428496 RVA/Pig-wt/THA/CU280-2/2016/G9P[19]

 MH428488 RVA/Pig-wt/THA/CU49/2015/G9P[13]

 MH428495 RVA/Pig-wt/THA/CU316/2016/G9P[23]

 MH428477 RVA/Pig-wt/THA/CU68/2012/G3P[13]

 KU363135.1 RVA/Human-wt/THA/CMHS-070-13/2013/G9P[19]

 KJ482280.1 RVA/Pig-wt/BRA/ROTA07/2013/G5P[13]

 KJ626542.1 RVA/Human-wt/PRY/74IPN/2003/G12P[8

 JF796719.1 RVA/Pig-tc/KOR/PRG942/2006/G9P[23]

 GU199517.1 RVA/Pig-tc/MEX/YM/1983/G11P[7]

 JN104624.1 RVA/Human-wt/THA/Mc345/1989/G9P[19]

 AB779640.1 RVA/Pig-wt/THA/CMP45/08/2008/G9P[23]

 MG781059.1 RVA/Pig-wt/THA/CMP-011-09/2009/G4P[6]

 AB779639.1 RVA/Pig-wt/THA/CMP40/08/2008/G3P[23]

 MH428497 RVA/Pig-wt/THA/CU200/2016/G3P[13]

 MH428489 RVA/Pig-wt/THA/CU101/2016/G9P[23]

 MH428490 RVA/Pig-wt/THA/CU140/2016/G9P[13]

 LC190493.1 RVA/Human-wt/THA/KKL-117/2014/G9P[23]

 MH428491 RVA/Pig-wt/THA/CU143/2016/G9P[19]

 JN104616.1 RVA/Human-wt/THA/Mc323/1989/G9P[19]

 KU363136.1 RVA/Pig-wt/THA/CMP-015-12/2012/G9P[19]

 KY937199.1 Human-wt/KHM/CC9192/2014/G26P[6]

 MH428480 RVA/Pig-wt/THA/CUSB1-3/2012/G3P[13]

 KX363363.1 RVA/Pig-wt/VNM/14175 24/2012/G9P[23]

 KM820673.1 RVA/Pig-wt/BEL/RV277/1977/G1P[7]

 GU199489.1 RVA/Pig-tc/USA/Gottfried/1975/G4P[6]

 JQ993325.1 RVA/Hu/BEL/BE2001/2009/G9P[6]

 MH428479 RVA/Pig-wt/THA/CU236-2/2012/G9P[19]

 MH428482 RVA/Pig-wt/THA/CULC-1/2013/G4P[6]

 MH428498 RVA/Pig-wt/THA/CU176/2016/G9P[13]

 MH428492 RVA/Pig-wt/THA/CU145/2016/G3P[13]

 MH428486 RVA/Pig-wt/THA/CU37/2015/G9P[23]

 MH428476 RVA/Pig-wt/THA/CU795/11/G9P[13]

 MH428478 RVA/Pig-wt/THA/CU-L141/12/G4P[6]

 JX943605.2 RVA/Human-TC/USA/Rotarix/2009/G1P[8]

 MH428494 RVA/Pig/THA/CU192/2016/G9P[13]

 LC061630.1 RVA/Human-wt/PHL/TGE13-39/2013/G4P[6]

 KF835948.1 RVA/Human-wt/HUN/BP1231/2002/G4P[6]

 KR052763.1 RVA/Pig-tc/USA/LS00005 OSU/1975/G1P[7]

 L04534.1 RVA/Human-tc/USA/Wa/1974/G1P[8]

 KC580138.1 RVA/Human-wt/USA/DC2032/1974/G1P[8]

N1

 L04529.1 RVA/Human-tc/USA/DS-1/1976/G2P[4]

 AB972863.1 RVA/Pig-tc/THA/P343/1991/G10P5

 RotaTeq vaccine strains
N2

N3 DQ490534.1 RVA/Human-tc/JPN/AU-1/1982/G3P[3]
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Figure  18.  Phylogenetic analysis of the RVA NSP3 gene.   

The nucleotide sequences of the Thai strains (dotted) were compared to those of 

the RVA reference and vaccine strains (blue).   

 

 

 MH428509 RVA/Pig-wt/THA/CU9-2/2015/G9P[23]

 MH428508 RVA/Pig-wt/THA/CU9-1/2015/G9P[23]

 JN104617.1 RVA/Human-wt/THA/Mc323/1989/G9P[19]

 LC190494.1 RVA/Human-wt/THA/KKL-117/2014/G9P[23]

 KU363139.1 RVA/Human-wt/THA/CMHS-070-13/2013/G9P[19]

 MH428501 RVA/Pig-wt/THA/CU68/2012/G3P[13]

 AB779642.1 RVA/Pig-wt/THA/CMP29/08/2008/G3P[13]

 AB779645.1 RVA/Pig-wt/THA/CMP48/08/2008/G3P[23]

 AB779643.1 RVA/Pig-wt/THA/CMP40/08/2008/G3P[23]

 MH428512 RVA/Pig-wt/THA/CU49/2015/G9P[13]

 MH428511 RVA/Pig-wt/THA/CU40/2015/G9P[13]

 MH428523 RVA/Pig-wt/THA/CU181/2016/G5P[13]

 MH428516 RVA/Pig-wt/THA/CU145/2016/G3P[13]

 MH428522 RVA/Pig-wt/THA/CU176/2016/G9P[13]

 MH428520 RVA/Pig-wt/THA/CU280-2/2016/G9P[19]

 LC095885.1 RVA/Human-tc/VNM/NT0001/2007/G3P[6]

 KX363312.1 RVA/Pig-wt/VNM/12129 48/2012/G4P[6]

 MH428513 RVA/Pig-wt/THA/CU101/2016/G9P[23]

 JN104625.1 RVA/Human-wt/THA/Mc345/1989/G9P[19]

 MH428538 RVA/Pig-wt/THA/CU140/2016/G9P[13]

 MH428521 RVA/Pig-wt/THA/CU200/2016/G3P[13]

 MH428510 RVA/Pig-wt/THA/CU37/2015/G9P[23]

 MH428503 RVA/Pig-wt/THA/CU236-2/2012/G9P[19]

 MH428519 RVA/Pig-wt/THA/CU316/2016/G9P[23]

 MH428500 RVA/Pig-wt/THA/CU795/11/G9P[13]

 MH428504 RVA/Pig-wt/THA/CUSB1-3/2012/G3P[13]

 MH428506 RVA/Pig-wt/THA/CULC-1/2013/G4P[6]

 MH428502 RVA/Pig-wt/THA/CU-L141/12/G4P[6]

 MH428507 RVA/Pig-wt/THA/CU140-NS/2015/G9P[23]

 MH428517 RVA/Pig-wt/THA/CU232/2016/G9P[13]

 KU363140.1 RVA/Pig-wt/THA/CMP-015-12/2012/G9P[19]

 MG781060.1 RVA/Pig-wt/THA/CMP-011-09/2009/G4P[6]

 GU199518.1 RVA/Pig-tc/MEX/YM/1983/G11P[7]

 X81431.1 RVA/Pig-tc/USA/OSU/1977/G5P[7]

 KR052743.1 RVA/Pig-tc/USA/LS00007 Gottfried/1975/G4P[6]

 X81434.1 RVA/Human-tc/USA/Wa/1974/G1P[8]

 JX943606.2 RVA/Human-TC/USA/Rotarix/2009/G1P[8]

T1

 MH428518 RVA/Pig/THA/CU192/2016/G9P[13]

 JQ993326.1 RVA/Human/BEL/BE2001/2009/G9P[6]

 KJ870908.1 RVA/Human-wt/COD/KisB332/2008/G4P[6]

 KF723306.1 RVA/Pig-wt/ITA/524BS/2010/G9P[23]

 LC095907.1 RVA/Human-wt/VNM/NT0073/2007/G9P[19]

 KJ466988.1 RVA/Pig-wt/CHN/YN/2012/G9P[x]

 MH428505 RVA/Pig/THA/CU729-3/2013/G4P[19]

 KC149936.1 /RVAHuman-wt/CHN/LL36755/2003/G5P[6]

 K02170.1 RVA/Cow-wt/UK/NS2/VP9/1984/GxP[x]

 KM820680.1 RVA/Pig-tc/BEL/RV277/1977/G1P[7]

 MH428515 RVA/Pig/THA/CU143/2016/G9P[19]

 AB779644.1 RVA/Pig-wt/THA/CMP45/08/2008/G9P[23]

 KX362697.1 RVA/Human-wt/VNM/16020 7/2013/G4P[6]

T7

 GU565049.1 RVA/Vaccine/USA/RotaTeq-WI79-4/1992/G6P1A8

 EF990701.1 RVA/Cow-tc/USA/WC3/1981/G6P[5]

 RotaTeq vaccine strains
T6

T2 EF136660.1 RVA/Human-tc/USA/DS-1/1976/G2P[4]

T3 DQ490535.1 RVA/Human-tc/JPN/AU-1/1982/G3P[3]
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Figure  19.  Phylogenetic analysis of the RVA NSP4 gene.   

The nucleotide sequences of the Thai strains (dotted) were compared to those of 

the RVA reference and vaccine strains (blue).   

 

 

 MH428542 RVA/Pig-wt/THA/CU192/2016/G9P[13]

 MH428538 RVA/Pig-wt/THA/CU140/2016/G9P[13]

 MH428545 RVA/Pig-wt/THA/CU200/2016/G3P[13]

 MH428544 RVA/Pig-wt/THA/CU280-2/2016/G9P[19]

 MH428537 RVA/Pig-wt/THA/CU101/2016/G9P[23]

 MH428535 RVA/Pig-wt/THA/CU40/2015/G9P[13]

 MH428533 RVA/Pig-wt/THA/CU9-2/2015/G9P[23]

 KX363408.1 RVA/Pig-wt/VNM/14226 39/2012/G4P[6]

 AB303218.1 RVA/Human-wt/VNM/KH210/2004/G5P[6]

 MH428527 RVA/Pig-wt/THA/CU236-2/2012/G9P[19]

 MH428547 RVA/Pig-wt/THA/CU181/2016/G5P[13]

 KU363142.1 RVA/Pig-wt/THA/CMP-015-12/2012/G9P[19]

 MG781061.1 RVA/Pig-wt/THA/CMP-011-09/2009/G4P[6]

 HQ268838.1 RVA/Pig-wt/THA/CMP40/08/2008/G3P[23]

 HQ268841.1 RVA/Pig-wt/THA/CMP48/08/2008/G3P[23]

 HQ268837.1 RVA/Pig-wt/THA/CMP29/08/2008/G3P[23]

 MH428531 RVA/Pig-wt/THA/CU140-NS/2015/G9P[23]

 MH428529 RVA/Pig-wt/THA/CU729-3/2013/G4P[19]

 MH428526 RVA/Pig-wt/THA/CU-L141/12/G4P[6]

 MH428534 RVA/Pig-wt/THA/CU37/2015/G9P[23]

 HQ268839.1 RVA/Pig-wt/THA/CMP45/08/2008/G9P[23]

 MH428546 RVA/Pig-wt/THA/CU176/2016/G9P[13]

 MH428540 RVA/Pig-wt/THA/CU145/2016/G3P[13]

 MH428543 RVA/Pig-wt/THA/CU316/2016/G9P[23]

 LC190495.1 RVA/Human-wt/THA/KKL-117/2014/G9P[23]

 JN104626.1 RVA/Human-wt/THA/Mc345/1989/G9P[19]

 JN104618.1 RVA/Human-wt/THA/Mc323/1989/G9P[19]

 MH428528 RVA/Pig-wt/THA/CUSB1-3/2012/G3P[13]

 MH428530 RVA/Pig-wt/THA/CULC-1/2013/G4P[6]

 MH428536 RVA/Pig-wt/THA/CU49/2015/G9P[13]

 MH428532 RVA/Pig-wt/THA/CU9-1/2015/G9P[23]

 MH428541 RVA/Pig-wt/THA/CU232/2016/G9P[13]

 MH428525 RVA/Pig-wt/THA/CU68/2012/G3P[13]

 MH428524 RVA/Pig-wt/THA/CU795/11/G9P[13]

 GU199490.1 RVA/Pig-tc/USA/Gottfried/1975/G4P[6]

 D88831.1 RVA/Human-tc/USA/OSU/1977/G5P[7]

 K02032.1 RVA/Human-tc/USA/Wa/1974/G1P[8]

 JX943607.2 RVA/Human-TC/USA/Rotarix/2009/G1P[8]

E1

 FJ492833.1 RVA/Pig-wt/IRE/48/07/Ire/2007/G2P[28]

 DQ534017.1 RVA/Pig-wt/THA/CMP034/2008/G2P[27]

 MH428539 RVA/Pig/THA/CU143/2016/G9P[19]

 JN974788.1 RVA/Pig-wt/CAN/AB82/2006/G2P[34]

E9

 RotaTeq vaccine strains

 AB972865.1 RVA/Pig-tc/THA/P343/1991/G10P[5]

 AF174305.1 RVA/Human-tc/USA/DS-1/1976/G2P[8]

E2

E3 D89873.1 RVA/Human-tc/JPN/AU-1/1982/G3P[3]
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Figure  20.  Phylogenetic analysis of the RVA NSP5 gene.   

The nucleotide sequences of the Thai strains (dotted) were compared to those of 

the RVA reference and vaccine strains (blue).    

 

 

 MH428554 RVA/Pig-wt/THA/CULC-1/2013/G4P[6]

 MH428558 RVA/Pig-wt/THA/CU37/2015/G9P[23]

 KU363143.1 RVA/Human-wt/THA/CMHS-070-13/2013/G9P[19]

 LC190496.1 RVA/Human-wt/THA/KKL-117/2014/G9P[23]

 MH428553 RVA/Pig-wt/THA/CU729-3/2013/G4P[19]

 GU199491.1 RVA/Pig-tc/USA/Gottfried/1975/G4P[6]

 EU169874.1 RVA/Pig-tc/USA/SB1A/2007/G4P[7]

 KU363144.1 RVA/Pig-wt/THA/CMP-015-12/2012/G9P[19]

 MH428550 RVA/Pig-wt/THA/CU-L141/12/G4P[6]

 MH428549 RVA/Pig-wt/THA/CU68/2012/G3P[13]

 MH428571 RVA/Pig-wt/THA/CU181/2016/G5P[13]

 DQ916134.1 RVA/Pig-wt/THA/CMP034/2006/G2P[34]

 X15519.1 RVA/Pig-tc/USA/OSU/1977/G5P[7]

 MH428548 RVA/Pig-wt/THA/CU795/11/G9P[13]

 MH428552 RVA/Pig-wt/THA/CUSB1-3/2012/G3P[13]

 KF835969.1 RVA/Human-wt/HUN/BP271/2000/G4P[6]

 AB741659.1 RVA/Human-wt/JPN/Ryukyu-1120/2011/G5P[6]

 HM348731.1 RVA/Humanwt/IND/mani-362/07/2007/G4P[6]

 LC208018.1 RVA/Human-wt/NPL/07N1760/20xx/G26P[19]

 MH428561 RVA/Pig-wt/THA/CU101/2016/G9P[23]

 MH428568 RVA/Pig-wt/THA/CU280-2/2016/G9P[19]

 MH428569 RVA/Pig-wt/THA/CU200/2016/G3P[13]

 MH428562 RVA/Pig-wt/THA/CU140/2016/G9P[13]

 HQ268843.1 RVA/Pig-wt/THA/CMP40/08/2008/G3P[23]

 HQ268846.1 RVA/Pig-wt/THA/CMP48/08/2008/G3P[23]

 HQ268842.1 RVA/Pig-wt/THA/CMP29/08/2008/G3P[13]

 HQ268844.1 RVA/Pig-wt/THA/CMP45/08/2008/G9P[23]

 MH428565 RVA/Pig/THA/CU232/2016/G9P[13]

 KP752855.1 RVA/Pig-wt/ZAF/MRC-DPRU1562/2008/G5P[X]

 MH428551 RVA/Pig-wt/THA/CU236-2/2012/G9P[19]

 MH428563 RVA/Pig-wt/THA/CU143/2016/G9P[19]

 MH428570 RVA/Pig-wt/THA/CU176/2016/G9P[13]

 MH428564 RVA/Pig-wt/THA/CU145/2016/G3P[13]

 X69486.1 RVA/Pig-tc/MEX/YM/1983/G11P[7]

 MG781062.1 RVA/Pig-wt/THA/CMP-011-09/2009/G4P[6]

 MH428557 RVA/Pig-wt/THA/CU9-2/2015/G9P[23]

 MH428556 RVA/Pig-wt/THA/CU9-1/2015/G9P[23]

 MH428560 RVA/Pig-wt/THA/CU49/2015/G9P[13]

 MH428559 RVA/Pig-wt/THA/CU40/2015/G9P[13]

 MH428555 RVA/Pig-wt/THA/CU140-NS/2015/G9P[23]

 KU740026.1 RVA/Human-wt/TWN/103-701-D210/2014/G9P[19]

 KC113254.1 RVA/Pig-wt/CHN/TM-a/2009/G9P[23]

 KF726043.1 RVA/Human-wt/CHN/E931/2008/G4P[6]

 AY033396.1 RVA/Human-wt/IND/RMC321/1990/G9P[19]

 KX363314.1 RVA/Pig-wt/VNM/12129 48/2012/G4P[6]

 LC095942.1 RVA/Human-wt/VNM/NT0599/2008/G4P[6]

 JX943608.2 RVA/Human-TC/USA/Rotarix/2009/G1P[8]

 AF306494.1 RVA/Human-tc/USA/Wa1974/G1P[8]

 MH428567 RVA/Pig-wt/THA/CU316/2016/G9P[23]

 LC061636.1 RVA/Human-wt/PHL/TGE13-39/2013/G4P[6]

 HG513055.1 RVA/Human wt/VNM/30378/2009/G26P[19]

 MH428566 RVA/Pig-wt/THA/CU192/2016/G9P[13]

H1

 RotaTeq vaccine strains

 AB972866.1 RVA/Pig-tc/THA/P343/1991/G10P[5]

 AB008656.1 RVA/Human-tc/JPN/AU-1/1982/G3P[3]

H3

H2 M33608.1 RVA/Human-tc/USA/DS-1/1976/G2P[4]
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In summary, most of 24 strain genotype constellations for VP7-VP4-VP6-VP1-

VP2-VP3-NSP1-NSP2-NSP3-NSP4-NSP5 were dominantly displayed as the Wa-like 

backbone of Gx-P[x]-I1/I5-R1-C1-M1-A8-N1-T1/T7-E1/E9-H1.  The general information 

(age of infected pigs, sample origin and provinces) and genotype constellations of 24 

RVA porcine strains were summarized in Table 13. 
 

Table  13.  The information of 24 Thai RVA porcine strains. 
 

Strain Age Sample Prov VP7 VP4 VP6 

RVA/Pig-wt/THA/CU68/2012/G3P[13] 3 d s.i. NP G3 P[13] I5 

RVA/Pig-wt/THA/CUSB1-3/2012/G3P[13] 6 wk feces SB G3 P[13] I5 

RVA/Pig-wt/THA/CU145/2016/G3P[13] 5 wk feces KB G3 P[13] I5 

RVA/Pig-wt/THA/CU140/2016/G3P[13] 6 wk feces RB G3 P[13] I5 

RVA/Pig-wt/THA/CU200/2016/G3P[13] 6 wk feces RB G3 P[13] I5 

RVA/Pig-wt/THA/CU-L141/2012/G4P[6] 2 wk s.i. RB G4 P[6] I1 

RVA/Pig-wt/THA/CULC-1/2013/G4P[6] 1 wk feces NP G4 P[6] I5 

RVA/Pig-wt/THA/CU729-3/2013/G4P[19] 2 wk feces RB G4 P[19] I5 

RVA/Pig-wt/THA/CU181/2016/G5P[13] 2 wk feces SP G5 P[13] I5 

RVA/Pig-wt/THA/CU795/2011/G9P[13] 5 d s.i. NP G9 P[13] I5 

RVA/Pig-wt/THA/CU40/2015/G9P[13] 6 wk feces CB G9 P[13] I5 

RVA/Pig-wt/THA/CU49/2015/G9P[13] 3 wk feces CB G9 P[13] I5 

RVA/Pig-wt/THA/CU176/2016/G9P[13] 4 wk feces KB G9 P[13] I5 

RVA/Pig-wt/THA/CU232/2016/G9P[13] 6 wk feces RB G9 P[13] I5 

RVA/Pig-wt/THA/CU192/2016/G9P[13] 6 wk feces RB G9 P[13] I5 

RVA/Pig-wt/THA/CU236-2/2012/G9P[19] 2 wk feces RB G9 P[19] I5 

RVA/Pig-wt/THA/CU280-2/2016/G9P[19] 4 wk feces RB G9 P[19] I5 

RVA/Pig-wt/THA/CU143/2016/G9P[19] 6 wk feces KB G9 P[19] I5 

RVA/Pig-wt/THA/CU9-1/2015/G9P[23] 4 wk s.i. CB G9 P[23] I5 

RVA/Pig-wt/THA/CU9-2/2015/G9P[23] 4 wk s.i. CB G9 P[23] I5 

RVA/Pig-wt/THA/CU140-NS/2015/G9P[23] 6 wk feces CB G9 P[23] I5 

RVA/Pig-wt/THA/CU37/2015/G9P[23] 10 d feces RB G9 P[23] I5 

RVA/Pig-wt/THA/CU101/2016/G9P[23] 5 wk feces RB G9 P[23] I5 

RVA/Pig-wt/THA/CU316/2016/G9P[23] 24 d feces NR G9 P[23] I5 
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* Continued 

Strain VP1 VP2 VP3 NSP1 NSP2 NSP3 NSP4 NSP5 

RVA/Pig-wt/THA/CU68/2012/G3P[13] R1 C1 M1 A8 N1 T1 E1 H1 

RVA/Pig-wt/THA/CUSB1-3/2012/G3P[13] R1 C1 M1 A8 N1 T1 E1 H1 

RVA/Pig-wt/THA/CU145/2016/G3P[13] R1 C1 M1 A8 N1 T1 E1 H1 

RVA/Pig-wt/THA/CU140/2016/G3P[13] R1 C1 M1 A8 N1 T1 E1 H1 

RVA/Pig-wt/THA/CU200/2016/G3P[13] R1 C1 M1 A8 N1 T1 E1 H1 

RVA/Pig-wt/THA/CU-L141/2012/G4P[6] R1 C1 M1 A8 N1 T1 E1 H1 

RVA/Pig-wt/THA/CULC-1/2013/G4P[6] R1 C1 M1 A8 N1 T1 E1 H1 

RVA/Pig-wt/THA/CU729-3/2013/G4P[19] R1 C1 M1 A8 N1 T7 E1 H1 

RVA/Pig-wt/THA/CU181/2016/G5P[13] R1 - M1 A8 N1 T1 E1 H1 

RVA/Pig-wt/THA/CU795/2011/G9P[13] R1 C1 M1 A8 N1 T1 E1 H1 

RVA/Pig-wt/THA/CU40/2015/G9P[13] R1 - M1 A8 N1 T1 E1 H1 

RVA/Pig-wt/THA/CU49/2015/G9P[13] R1 - M1 A8 N1 T1 E1 H1 

RVA/Pig-wt/THA/CU176/2016/G9P[13] R1 C1 M1 A8 N1 T1 E1 H1 

RVA/Pig-wt/THA/CU232/2016/G9P[13] R1 C1 M1 A8 N1 T1 E1 H1 

RVA/Pig-wt/THA/CU192/2016/G9P[13] R1 C1 M1 A8 N1 T7 E1 H1 

RVA/Pig-wt/THA/CU236-2/2012/G9P[19] R1 C1 M1 A8 N1 T1 E1 H1 

RVA/Pig-wt/THA/CU280-2/2016/G9P[19] R1 C1 M1 A8 N1 T1 E1 H1 

RVA/Pig-wt/THA/CU143/2016/G9P[19] R1 C1 M1 A8 N1 T7 E9 H1 

RVA/Pig-wt/THA/CU9-1/2015/G9P[23] R1 C1 M1 A8 N1 T1 E1 H1 

RVA/Pig-wt/THA/CU9-2/2015/G9P[23] R1 C1 M1 A8 N1 T1 E1 H1 

RVA/Pig-wt/THA/CU140-
NS/2015/G9P[23] R1 C1 M1 A8 N1 T1 E1 H1 

RVA/Pig-wt/THA/CU37/2015/G9P[23] R1 C1 M1 A8 N1 T1 E1 H1 

RVA/Pig-wt/THA/CU101/2016/G9P[23] R1 C1 M1 A8 N1 T1 E1 H1 

RVA/Pig-wt/THA/CU316/2016/G9P[23] R1 C1 M1 A8 N1 T1 E1 H1 

d, day; wk, week; s.i., small intestine; Prov, provincial origin of Thai RVA strains, 
CB, Chon Buri; KB, Kanchanaburi; NP, Nakhon Pathom; NR, Nakhon Ratchasima;    
RB, Ratchaburi; SB, Saraburi; SP, Suphan Buri. 
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Comparison of the antigenic epitopes on VP7 between the Thai porcine and the 

vaccine strains 

 Amino acid variance on the antigenic epitopes of VP7 (namely region 7-1a, 7-

1b and 7-2) among circulating RVA strains can influence the effectiveness of the 

vaccine used in the field.  To determine residue differences on these important 

epitopes seen on the 24 Thai RVA strains, we compared them to Gottfried, OSU, and 

the other reference RVA strains (Figure 21).  The Thai G3 strains demonstrated 

conservative amino acid change at N123D, and less so at T147A and N221A, 

compared to prototypic A131 strain.  Comparison of the three Thai G4 strains to 

Gottfried showed common changes at S87T, I129V and A213N.  Strain RVA/Pig-

wt/THA/CU729-3/2013/G4P[19] possessed six residue changes, the most of any G4 

strains.  Comparison with OSU showed that the only Thai G5 strain displayed changes 

at T96N, V129I, E130D, I212V, S242N, G146A, and A221T.  For most Thai G9 strains, 

they differed from the reference strain at N100D and K212T, with RVA/Pig-

wt/THA/CU316/2016/G9P23 possessing the maximum of six residue variance.  
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Figure  21.  Residue differences in the VP7 antigenic regions between the Thai 

strains and the RVA reference/vaccine strains.   

Residue positions for each region are numbered.  Identical residues are indicated by 

dots. 
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Molecular epidemiology and characterization of spike, ORF3 and nucleocapsid 
genes of porcine epidemic diarrhea virus 

 PEDV contributes to enteropathogenic diarrhea especially among suckling 

piglets and significant economic impact on the swine industry worldwide (148, 168).  

PEDV-infected pigs experience watery diarrhea, vomiting and severe dehydration, 

which leads to 50%-90% mortality among susceptible piglets (169, 170).  

Transmission is frequently fecal-oral, but infections via airborne and fomites have 

been documented (171-173).  

 PEDV is a single-stranded positive-sense RNA virus belonging to the family 

Coronaviridae, genus Alphacoronavirus (119).  PEDV genome comprises 6 genes as 

Pol, spike, open reading frame 3, envelope, membrane and nucleocapsid genes (68).   

 The widely-accepted classification of PEDV is based on the S gene sequence, 

which categorizes PEDV genotypes into two genogroups (G1 and G2).  Each 

genogroup is further sub-divided into 2 subgroups (G1a, G1b, G2a, and G2b).  Classical 

strains are designated G1a, while the new variant strains (S-INDEL) strains belong to 

G1b.  The highly virulent Asian and North American strains are designated G2a and 

G2b, respectively (119).  The original PEDV (represented by the prototypic CV777 

strain) was first reported in the 1970’s in Europe and was associated with high 

morbidity and mortality among infected pigs (99).  The S-INDEL strains were first 

reported in the U.S. in 2014 and were subsequently introduced to Asia and Europe.  

These strains contain insertions and deletions in the N-terminal region of the S 

protein (S1 region) compared to the prototype CV777.  One-third of the S gene 

among the new variants G1b shared greater than 95% identity to the classical G1a 

strain, while the remaining two-thirds possessed greater than 99% similarity to highly 

virulent G2 strains.  Therefore, S-INDEL variants resemble recombination strains 

between G1a and G2 (120, 121).  Infection by some S-INDEL variants was reported to 
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produce decreased symptom severity including moderate diarrhea, lower titers of 

viral shedding, and reduced mortality (124, 125).  The highly virulent G2 strains 

caused an epidemic in Asia and have been identified in North America and elsewhere 

around the world (126). 

 Thailand has a major pork production industry in Southeast Asia.  Despite 

improved animal husbandry, farm management, vaccination, and boosting of 

lactogenic immunity, PEDV outbreaks continue to occur on swine farms.  PEDV 

situations in Thailand have continuously emerged since 1990s, in which the first 

report based on molecular characterization of PEDV has been published in the NCBI 

database in 2009.  The previously identified Thai PEDV strains had close genetically 

related to Chinese field strains (JS-2004-2), so Chinese strain was hypothesized to be 

the ancestor of Thai PEDV strains (132).  Loss of piglets due to PEDV infection 

necessitates constant epidemiological surveillance to monitor transmission 

effectively.  The molecular epidemiology of Thai PEDV was periodically reported 

which most of the studies involved with S, M, ORF3 gene sequence characterizations 

and full-length genome analysis (132-134, 174).   

 S gene sequence had high variations and it encompassed several neutralizing 

epitopes (located in 4 parts of amino acid position including position 499-638, 748-

755, 764-771 and 1,368-1,374).  The amplification of large size of the whole S gene 

was complicated, while neutralizing epitopes had high variations.  As this region is 

subjected to the immune pressure from the host and sequence variations, then are 

frequently used for PEDV diagnosis and genetic diversity investigation (126, 133, 175-

177).  However, the CO-26K equivalent (COE) domain (aa position 504-643) were 

observed throughout this most distal region of the S protein (123, 178). 

ORF3 is accessory and a transmembrane protein, which possesses a 

potassium ion channel function (179).  ORF3 gene is one of pathogenicity factors 
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which ORF3 gene variation have been used in molecular epidemiological studies of 

PEDV (68, 120, 180). 

 Because of N protein is highly conserved among PEDV strains and is abundant 

in virus infected cell at the early stage of infection.  N gene is able to use for 

accuracy diagnosis at early PEDV infection and differentiating close genetic 

relatedness strains (128, 181, 182).  

  Therefore, to determine the genetic relationship among the current and past 

PEDV strains in Thailand compared to the global strains, we characterized the S, 

ORF3, and N genes and evaluated the deduced amino acid sequence variations in 95 

PEDV strains from commercial swine farms throughout the country. 
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Materials and Methods 

Samples  

 A total of 769 samples from diarrheic pigs were submitted to the Livestock 

Animal Hospital of Veterinary Science, Chulalongkorn University Faculty of Veterinary 

Science in Nakhon Pathom province between May 2011 and August 2016.  Farm 

locations and provincial origins were previously described in part 2.   

 Feces (n=509) and small intestinal content (intestinal mucosa of the 

duodenum and upper part of jejunum from tissues scraping, n=260) were prepared 

as 10% (w/v) suspension in sterile phosphate buffered saline (0.1 M, pH 7.2), 

centrifuged at 3,000 xg for 20 minutes, and clarified filtrates collected. 

Reverse-transcription polymerase chain reaction (RT-PCR), viral nucleic acid 

detection and sequencing 

 A total of 769 viral RNAs were extracted using Ribospin vRD II viral RNA 

purification Kit (GeneAll, Seoul, Korea) according to manufacturer’s instructions.  

Partial S gene was amplified by RT-PCR using SuperScript III One-Step RT-PCR with 

Platinum Taq DNA polymerase (Invitrogen, Carlsbad, CA).  Reverse transcription was 

performed at 48°C for 45 minutes.  PCR cycling parameters were initial denaturation 

at 95°C for 2 minutes, followed by 30 cycles of denaturation at 94°C for 30 second, 

annealing at 55°C for 1 minute, extension at 72°C for 1 minute, and a final extension 

at 72°C for 5 minutes.   

  The PEDV S- positive RNAs (n=153) were subsequently subjected to amplify 

of ORF3 and N genes by RT-PCR using SuperScript III One-Step RT-PCR with Platinum 

Taq DNA polymerase (Invitrogen, Carlsbad, CA) with annealing temperatures of 51°C 

and 55°C, respectively (Table 14).  Amplicons were purified using agarose gel 

electrophoresis and subjected to Sanger sequencing.  95 PEDV strains which genome 
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sequencing were successful were included in this study.  Nucleotide sequences 

obtained from this study were deposited in the GenBank database (Appendix, Table 

S3).   
 

Table  14.  Nucleotide primers used to amplify the PEDV genes. 
 

 Primers Sequences (5’ to 3’) Location Annealing  Amplicon 

S gene TTCTGAGTC ACGAACAGCCA 1466-1485 55°C 651 bp 
(157) CATATGCAGCCTGCTCTGAA 2097-2116     

N gene 
(DQ355223.1) 

  

CTAAACAGAAACTTTATGGCTT 79-100 55°C 760 bp 
ATGTCTTTGAGGTCACGTTC 907-926 

  CTTCTCAGAACAGAGGAGG 650-668 55°C 848 bp 
GTGTCACCACCATCAACAG 1358-1376     

ORF3 gene 
(GU372734.1) 

CGAAGCTTTTGAAAAGGTCC  
GGAAAAAGAGTACGAAAAGCC 

18-37  
752-772  

51°C 
  

755 bp 
  

 

Nucleotide and amino acid sequence analyses 

 Nucleotide sequences were assembled and edited using SeqMan II and 

aligned using BioEdit and ClustralX v.2.0.11 (159).  Genetic relatedness among the 

Thai PEDV strains from this study (n=95) was compared to previously identified strains 

in Thailand, global strains, and PEDV vaccine strains.  Phylogenetic trees were 

constructed using the maximum likelihood method and 1,000 bootstrap replicates 

implemented in MEGA6 (160).  Best model fitting was automatically calculated for 

genetic distances.  Bootstrap values >80% were considered significant.  Vaccine 

strains in which sequences were available for inclusion in all three phylogenetic trees 

were CV777 (Belgian strain), attenuated DR13 (Korean strain), and 96P4-C6 (Japanese 

strain).  Deduced amino acid sequences of the Thai strains were also compared to 

those of the vaccine strains and reported as amino acid identity unless otherwise 

stated.  Residue position numbering was based on CV777. 
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Results 

 Because  of flanking the CO-26K equivalent (COE) domain is one of several 

epitope regions which had high variation, so their variations may effect on viral 

neutralization that could be a good referral for PEDV genetic diversity, then the 

partial S gene primer flanking the CO-26K equivalent (COE) domain was used to 

screen all those samples for PEDV.   

 The result present 153 out of 769 samples tested positive for the PEDV S 

gene and 95 samples yielded sufficient amplification products for further sequence 

analysis of the partial S, ORF3, and N genes.  Mostly PEDV-positive samples were 

derived from animals aged between 3 days to 8 weeks.  A 15-week old pig and two 

lactating sows were the only three exceptions.  PEDV distributions were mostly 

detected in the central part of Thailand (The province origins of 95 PEDV strains were 

summarized in Appendix, Table S4).  

 

Analysis of the S gene 

 Based on genetic analysis, the S sequences clustered into two major groups 

(G1 and G2) (Figure 22).  While the historical CV777 strain was assigned in the G1-1 

group, the majority of the Thai PEDV strains in this study (92/95) either clustered with 

previously identified Thai strains or with some of the common vaccine strains such as 

KPEDV-9 and attenuated DR13 were assigned in the G1-3 group.  Three Thai PEDV 

strains (NP-68/12, NP-65/14, and RB38/15) were genetically distinct from others and 

formed a G1-2 cluster with Thai PEDV strains AGPED0609.1, AGPED0609.2 previously 

identified in 2011.     
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Figure  22.  Phylogenetic analysis of the partial S gene.   

Previously identified PEDV in Thailand from past years (red) and 95 strains identified 

in this study (dotted) were compared to the vaccine strains (blue).   
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 The deduced amino acid residues of the S protein showed that Thai PEDV 

strains consistently shared amino acid sequence identity to the PEDV strains reported 

on swine farms in Vietnam (92.3-99.4% identity), Japan (93.8-98.7% identity), China 

(92.8-99.2% identity), Korea (91.9-99.4% identity) and the U.S. (93.6-98.7% identity).  

Moreover, the Thai strains shared 92.8-96.6% identity to the prototypic strain CV777 

and 93.7-98.5% identity to other vaccine strains (Table 15).  A Thai PEDV strain 

designated RB-468.2/12 shared 100% identity to Thai strains from other studies 

(08RB05, 08CC01, 08CB03, 07NP01, SBPED0211.1 and NPPED0108.1), all of which were 

previously identified in or before 2011.   

 

Table  15.  Comparison of amino acid identities between the Thai PEDV and the 

six vaccine strains. 

 
Amino acid identity of Thai PEDV strains 

Vaccine strains 
S gene  

(COE domain) ORF3 gene N gene 

CV777 92.8-96.6% 95.8-97% 94.3-95.7% 
Attenuated DR13 94.8-98.5% 96.7-98.1% 95.1-97% 

83P-5 94.8-98.5% n/a 95.2-97% 
P-5V 94.8-98.5% 96.7-98.1% n/a 

KPEDV-9 93.7-97.2% n/a n/a 
94P4C6 95.8-97% 95-96.5% 94.5-96.3% 

           n/a = sequence not available 

 Alignment of amino acid sequences encompassing positions 507 to 689 

revealed that all 95 Thai strains differed from CV777 at residues S523G, V527I, and 

I635V.  Additionally, all 92 Thai strains from the G1-3 group also possessed A517S, 

L521H, T549S, L612F, and I667F.  The three G1-2 Thai strains were primarily 

characterized by S567G, G594S and M641I, of which NP-68/12 differed most from 

CV777 at 14 residues over this region (Figure 23).    
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Figure  23.  Amino acid sequence alignment of the partial S gene encompassing 

the COE domain of the Thai PEDV strains and the prototypic CV777.  

Numbers indicate residue position.  Identical residues are dotted.  Strain NP-68/12 

differed most from CV777 which showed in highlight. 
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Analysis of the ORF3 gene 

 Analysis of the entire ORF3 gene showed that it was phylogenetically divided 

into two groups.  A number of the Thai PEDV strains (12/95) belonged to the G1 

group with CV777 and the attenuated DR13 strain (Figure 24).  The majority of the 

Thai strains (83/95) were more closely related to the previous Thai strains compared 

to the vaccine strains and were grouped in G2.  This group also contained strains with 

S-INDEL.  Deduced amino acid sequences showed that the Thai PEDV strains shared 

94.4%-100% amino acid identity with each other, 95.8%-97% identity to CV777, and 

95%-98.1% identity to the other vaccine strains.  In particular, Thai G1 strains in this 

study shared 99.7%-99.8% identity to a Chinese YC/2013 strain from 2013, and 98.8-

99.1% identity to a previous Thai strain CBR1 identified in 2014.  Meanwhile, the Thai 

G2 strains in this study shared 95.8%-100% identity to previous Thai strains (identified 

between 2008- 2012).  All Thai strains were similar to CV777 in their absence of 

deletions of residues 82-98 and 138-139 in the ORF3 protein compared to other 

vaccine strains (Table 16).   

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 105 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure  24.  Phylogenetic analysis of the complete ORF3 gene.   

Previously identified PEDV in Thailand from past years (red) and 95 strains identified 

in this study (dotted) were compared to the vaccine strains (blue).   
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Table  16.  Residue differences within the ORF3 of the Thai PEDV, CV777, and 

other vaccine strains. 

  

 

Position of amino acid point mutations 

Strain  
 

82-98 138-139 165 182 
Thai PEDV strains 

 
YCPLLYYCGAFLDATIIC YY V Q/H 

CV777 
 

YCPLLYYCGALLDATIIC YY S H 
Vaccine strains*   deletion deletion F H 

    *vaccine strains = attenuated DR13, 96P4-C6, P-5V 
 

Analysis of the N gene 

 While CV777 and other vaccine strains clustered within the G1 group, all Thai 

PEDV strains in this study appeared to have diverged and branched off as a separate 

group (Figure 25).  Although all Thai strains in this study shared 96-100% amino acid 

identity, the Thai strains belonging to G3-1 (83/95) are genetically close to the 

reference strains previously identified in the U.S. (OH851) and China (CH/ZMDZY/11) 

(97.1%-99.7% amino acid identity).  In the G3-2 group, the Thai strains TH/NP1-1/15 

and TH/CB74/15 showed identical nucleotide sequences to the Vietnamese strain 

CT3.  Next, we analyzed the deduced amino acid sequences of the Thai strains, 

which spanned residues 13 to 406 (out of 441 residues) of the N protein.  Sequence 

alignment with CV777 showed that eight Thai strains possessed several residue 

deletions in the middle of the N protein encompassing positions 241 to 251 in 

addition to several residue differences (Figure 26).  Four Thai strains (TH/UD-

1010.1/11, TH/UD-1010.2/11, TH/UD-1010.3/11, and TH/UD-1010.4/11) were missing 

residues R241 and H242.  Three Thai strains (TH/RB160/16, TH/RB161/16, and TH/RB-

838/14) were missing residues K243 and Q244.  Finally, residue E251 was absent in 

TH/NP-68/12. 
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Figure  25.  Phylogenetic analysis of the partial N gene.   

Previously identified PEDV in Thailand from past years (red) and 95 strains identified 

in this study (dotted) were compared to the vaccine strains (blue).   
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 GDS10 (MH107321.1)
 BJ-2011-C (KX066126.1)
 HBMC2012 (KM604665.1)

 TH/RB160/16 (MH744258)
 TH/RB161/16 (MH744259)
 TH/RB-838/14 (MH744257)

 TH/RB-236/12 (MH744282)
 TH/RB-881/12 (MH744283)

 TH/RB-79/12 (MH744281)
 TH/NP-156/11 (MH744261)

 TH/NP-63/12 (MH744279)
 TH/AY-2.2/12 (MH744288)
 TH/AY-2.7/12 (MH744289)
 TH/NP-795/11 (MH744262)

 TH/RB-833/11 (MH744263)
 TH/RB-833.3/11 (MH744264)

 TH/NP-W2/13 (MH744300)
 TH/NP-W3/13 (MH744301)

 TH/RB-123/12 (MH744278)
 TH/RB60/15 (MH744326)
 TH/RB63/15 (MH744327)

 TH/RB59/15 (MH744325)
 TH/RB-1224.1/13 (MH744295)
 TH/RB-1224.2/13 (MH744296)
 TH/CB-1324-1/14 (MH744304)
 TH/CB-1324-2/14 (MH744305)

 PEDV-15F (KM609208.1)
 TH/NP-68/12 (MH744260)

 TH/NP-23CF/15 (MH744311)
 TH/NP-1157/12 (MH744287)

 TH/PJ-517FE/14 (MH744302)
 TH/RB-BS/15 (MH744314)
 TH/RB-CHN/15 (MH744319)

 TH/RB-1210.1/13 (MH744293)
 TH/RB-1210.13/13 (MH744294)
 TH/RB-887.2/13 (MH744290)

 TH/RB-338-1/15 (MH744313)
 TH/RB65/15 (MH744328)

 TH/RB67/15 (MH744329)
 TH/NP-1173/14 (MH744303)

 TH/NP-224-2/14 (MH744310)
 TH/NP-224-1/14 (MH744309)

 TH/NP-1169/12 (MH744286)
 TH/RB-1179.1/13 (MH744291)
 TH/RB-1179.2/13 (MH744292)
 TH/NP-SITP/13 (MH744298)
 TH/NP-6098/13 (MH744299)
 TH/RB-1373-3/14 (MH744306)
 CH/ZMDZY/11 (KC196276.1)

 PEDV GER L00862 2014 (LT898447.1)
 L00721/GER/2014 (LM645057.1)

 TH/RB210/16 (MH744344)
 TH/RB245/16 (MH744346)

 TH/RB99/16 (MH744335)
 TH/RB23/15 (MH744320)
 TH/RB35/15 (MH744321)

 TH/NP-23BOR/15 (MH744312)
 TH/CB-140CF/15 (MH744316)

 TH/RB-272-2/15 (MH744315)
 TH/CB-140NS/15 (MH744317)

 TH/RB84/15 (MH744334)
 TH/RB83/15 (MH744333)
 TH/RB163/16 (MH744341)
 TH/RB164/16 (MH744342)
 TH/RB165/16 (MH744343)

 JS-2004-2 (AY653206.1)

G3-1

 CH/JLDH/2016 (MF346935.1)
 TH/NP141/16 (MH744336)
 TH/NP142/16 (MH744337)

 TH/NP153/16 (MH744340)
 TH/NP57/15 (MH744323)
 TH/NP58/15 (MH744324)

 TH/KR148/16 (MH744338)
 TH/KR149/16 (MH744339)
 TH/RB228/16 (MH744345)

 TH/NP1-1/15 (MH744318)
 TH/CB74/15 (MH744330)

 CT3 (MG373546.1)
 TH/79/15 (MH744331)
 TH/80/15 (MH744332)

G3-2

G3

 CHGD-01 (JX261936.1)
 CBR1 (KR610993.1)

 AJ1102 (JX188454.1)
 GD-1 (JX647847.1)

 GD-A (JX112709.1)
 LC (JX489155.1)
 AH2012/12 (KU646831.1)

G2

 SD-M (JX560761.1)
 JS2008 (KC109141.1)

 Attenuated DR13 (JQ023162.1)
 83P-5 (AB618622.1)

 96P4-C6 (KY619827.1)
 CH/S (JN547228.1)

 CV777 (AF353511.1)
 LZC (EF185992.1)
 AVCT12 (LC053455.1) 

 EAS1 (KR610991.1)
 SM98 (GU937797.1)

G1
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Figure  26.  Amino acid sequence alignment of the partial N gene from Thai 

PEDV strains with deletions.   

Numbers indicate residue position.  Identical residues are dotted.  Deletions are 

noted with dashed lines covered by the boxes. 
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CHAPTER IV  
DISCUSSION AND CONCLUSSION 

 

 The viral etiology of diarrhea in pigs is not practically investigated on Thai pig 

farms, which often contributes to the failure to prevent and contain disease 

transmission among herds.  It is believed that animals co-infected with more than 

one enteric viruses experienced increased intestinal epithelium damage and/or viral 

replication, which result in more severe diarrhea.  For over five consecutive years 

from 2011 to 2016, this study demonstrated rotavirus from symptomatic piglets and 

pigs in low occurrence rate around 6.6% for RVC and 9.5% for RVA, while 19.9% of 

the samples were positive for PEDV.   

 RVC infections were previously based on detection with a lower prevalence 

rate than RVA in symptomatic piglets with diarrhea (28, 81, 183, 184).  Meanwhile, 

most epidemiological study of porcine rotavirus prevalence in Thailand involved only 

RVA (approximately 10-23%), whereas porcine RVC was limited (90, 93, 129, 130).  

Otherwise, previous studies of PEDV often reported on genetic characterization of 

emerging strains than providing the occurrence rate within Thai swine herds (133, 134, 

174).  

 In the case of mixed infection among rotavirus and PEDV have been found 

often, the intestinal epithelium damage and/or viral replication were increased, 

resulting in more severe diarrhea (31, 185, 186).  In this study, we found cases of co-

infections between PEDV and rotavirus in younger piglets (<4 weeks old), which often 

showed a higher morbidity rate.  Likewise, several previous studies reported that 

younger piglets showed higher morbidity and mortality than older pigs (34, 170, 187).  

It was possibly that PEDV infection could contribute to the rapid recovery of 

enterocytes and have an influence in rapid disease recovery (188).   
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 Rotavirus infections appeared most frequently in pigs older than 4-8 weeks 

old, while samples from pigs younger than 4 weeks were increased for PEDV 

positivity.  Samples from older pigs (> 12 weeks) and sows were susceptibility to 

PEDV infections but rotavirus positivity was declined.  Nevertheless, there were 

instances of co-infection with PEDV and RVA in sows even though they are usually 

asymptomatic in either diseases.  The possibility of multiple enteric viruses circulating 

and persisting within swine herds might be increased from vertical transmission.  

 For seasonal factor, most of the previous studies indicated the rotavirus 

infection was frequently found in the winter season.  Thailand is located in the 

tropics, with warm weather all year round enhancing rotavirus could be detected 

throughout the year in this study.  Nevertheless, there are several studies suggested 

rotavirus infection is less seasonally influenced in the tropical zone, because the 

relatively high humidity may facilitate increased rotavirus infection (189-191).   

  The genetic diversity among Thai RV and PEDV strains were also determined.  

For RVC, strain RVC/Pig/THA/CU146C/16/G6P[x] separated out of the G6 genotype 

clusters and also shared lower nucleotide identity among Thai strains (82.2-84.4%).  

The amino acid sequence of RVC/THA/CU146C/16/G6P[x] lacked 4 amino acid 

residues between positions 245 and 246, this finding is in concordance with an Irish 

RVC strain (strain 1GA/05/Cork) in a 2008 study (28).   Apart from strain 

RVC/Pig/THA/CU146C/16/G6P[x], we found the G6 genotype has four amino acid 

additions at the carboxy-terminus of the variable region VR8 (between residues 245 

and 248), these findings were related to several strains from Italy (strain 344/04-7, 

43/06-16, 43/06-22 and 134/04-2), the Czech Republic (strain CZE/P8/2011) and 

Japan (strain CJ3-6) (29, 31, 78).  However, there are no reports linking this 

substitution with any disease severity. 

The N protein is abundantly expressed during the early stages of PEDV 

infection and is therefore a preferred target for PEDV detection.  Sequence variations 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 111 

on the N gene could also be used to evaluate PEDV genetic diversity and relationship 

among circulating PEDV strains.  Our phylogenetic analysis of the near-complete N 

gene showed that the Thai strains genetically grouped with the recent PEDV strains 

from the U.S. and China.   

S protein encompassed the CO-26K equivalent (COE) domain (amino acid 

residue 507 to 689) of Thai PEDVs had the most sequence variation.  As this region is 

subjected to the immune pressure from the host, sequence variations were observed 

throughout this most distal region of the S protein in PEDV (123, 178).  The analysis 

of the S sequence from strains in the U.S. between 2016 and 2017 has identified 3 

new emergent strains (termed S1 NTD-del PEDV variants).  These variants possessed 

several large deletions within S1 N-terminal domain and differed from the original 

U.S. S INDEL (176).  Nevertheless, high variation region of the antigenic epitope (COE 

domain) of Thai strains could not present deleted region but the different period of 

sampling (2011-2016) may present the trend of PEDV genotype diversities.  Most of 

the Thai strains in this study belonged to the high virulent G2a lineage.  Several Thai 

strains (23/95), especially those from 2013 to 2015, were genetically related to the 

new variant G2b strains (Chinese-like strains and U.S.-like strains).  Overall, Asian high 

virulent strains seem to be more dominant genotype in this study. 

 Furthermore, 8 Thai PEDVs possess amino acid deletions within N gene 

sequences which to our knowledge has not been previously reported.  These 

deletions involved residues located within the immunodominant region of the N 

protein between residues 136 and 289 previously shown to be associated with NF-kB 

activation pathway (65).  These missing residues encompassing position 241 to 251 

have not been previously characterized in other PEDV or alphacoronaviruses even 

though the N gene has the greatest sequence similarities to TGEV and human 

coronaviruses (HCV 229E and HCV NL63) (192, 193).  Therefore, residue deletions in 
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this region may indicate an evolving flexible domain with no major functional 

significance.   

 For RVA, we identified the genetic diversity of circulating RVA and atypical 

genotypes in some segments which might refer to inter-species reassortants.  

Although several Thai strains in this study resembled the genome constellation of 

the prototypic Gottfried (Gx-P[x]-I1-R1-C1-M1-A8-N1-T1-E1-H1), the phylogenetic 

analysis of the nucleotide sequences showed notable strain differences.  For 

example, a Thai RVA strain (CU-L141/2012/G4P[6]) with human-like G genotype of 

constellation G4-P[6]-I1-R1-C1-M1-A8-N1-T1-E1-H1 was identified from a two-week-

old piglet.  The variants of constellation G4-P[6]-I5-R1-C1-M1-A8-N1-T1-E1-H1 (strain 

CULC-1/2013/G4P[6]), G4-P[19]-I5-R1-C1-M1-A8-N1-T7-E1-H1 (strain CU236-

2/2012/G9P[19]), G9-P[13]-I5-R1-C1-M1-A8-N1-T7-E1-H1 (strain CU192/2016/G9P[13]), 

and G9-P[19]-I5-R1-C1-M1-A8-N1-T7-E9-H1 (strain CU143/2016/G9P[19]) strongly 

suggest RVA genome reassortment during RVA co-infection and inter-species 

transmission.  Typically, genotypes G5, I5, A1/A8, T1, and E1 are identified with 

porcine RVA, while G4, I1, T7 and E9 genotypes are more rare (1, 51).  Interestingly, 

only one Thai strain in this study was G5, and genotype A1 was absent among our 

strains.  Meanwhile, the G9P[19] and G9[P23] combination identified in this study 

were previously described in Thai children with diarrhea and on swine farms in 

northern Thailand (2009) and reportedly possessed identical genome constellations 

consistent with possible zoonotic transmission (41, 42).  However, previously 

reported presented genotype P[19] in combination with G5, and G9 were associated 

with porcine infection, while in combination with G1 and G3 is typically associated 

with human (26, 38, 42, 93, 144).   

 According to pigs are suspected reservoir for RVA transmission to human, as 

close contact between farm animals and pig handlers enable atypical RVA 

reassortants to emerge (35, 36, 194).  The surveillance of porcine RVA has important 
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implications for human health.  Previous studies have concluded that some human 

RVA strains were likely of porcine origin, for example strains Mc323/1989/G9P[19] and 

Mc345/1989/G9P[19] isolated in 1989, CMH-S070-13/2013/G9P[19] or 

KKL117/2014/G9P[23] (26, 41, 42).  All strains have historically derived from Thai 

patients and also had genetic relatedness in the majority of the non-G/P genotypes 

to the Thai porcine RVA strains in this study (>90% amino acid identity).   

 Furthermore, the antigenic epitope regions provided important clues to the 

potential vaccine effectiveness, in which the variations on these region may affect 

viral neutralization and vaccine escapes.  Therefore, the characterizing amino acid 

differences in the antigenic epitope regions were also observed.  For RVA vaccine, the 

licensed porcine RVA vaccine such as the ProSystems ROTA for young piglet is not 

widely applicable on Thai swine farms (Merck, Whitehouse Station, NJ).  Our study 

found that G3, G4, G5 and G9 genotypes possessed limited amino acid differences 

among the Thai and the vaccine strains.  The amino acid identity of the Thai G4 

strains was 80.8-82.8% compared to Gottfried, which was less than between the Thai 

G9 strains and A2 (82.4-93.5%).  Although VP7 antigenic epitopes are critical to induce 

neutralizing antibody against rotavirus infection, antigenic epitopes on VP4 protein is 

also involved (195).  Characterization of the latter among the porcine Thai and the 

vaccine strains were not included because there were no P[7] in this study and the 

two P[6] strains were too few to make any comparison meaningful.    

 PEDV vaccine, we analyzed only S protein residue 507 to 689, which this 

region referred to as the CO-26K equivalent (COE) domain is one of several PEDV 

neutralizing epitopes (123, 178).  Thus, variations on the epitope region seen in 

circulating PEDV strains may affect viral neutralization and vaccine escapes.  Our 

observation that the vaccine strains are phylogenetically distant from the majority of 

the circulating PEDV strains might reflects the relatively low vaccine efficacy afforded 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 114 

by some of the current vaccine strains, of which CV777, 83P-5, SM98 and DR13 have 

been used in attenuated vaccines in Asia (128, 145). 

 There is no available RVC vaccine in this present, thus the sequence identity 

among field strains and prototype strains were determined instead.  The genetic 

relationship among those strains were quite low, such as the Cowden strain was 

between 59.6 and 66%, for the human strain Bristol was 52.2-62.7% and for bovine 

strain Shintoku was 59.5-66.1%. 

 After all, none of the pigs in which our samples were derived were prior 

vaccinated for RVA or PEDV, thus the genotypes identified in this study were naturally 

circulating and did not result from vaccine-escaped variants.  Nevertheless, the 

analysis of the residue changes within antigenic epitopes of Thai circulating strains 

alone may not accurately predict potential vaccine escapes but the other epitope 

region variations, serological assays and/or animal experiment study should be 

further conducted. 

 In fact, pig farmers often feed pregnant sows with either minced intestinal 

content from infected piglets or diluted sow feces as a low-cost way of eliciting 

immunity against porcine enteric disease virus infections within the Thai pig herds.  

This practice may inadvertently foster periodic outbreaks of both rotavirus and PEDV, 

which causes recurrent infection within the same herd and perpetuates its circulation 

on pig farms.  Taken together, the common practice of restocking new susceptible 

pigs with improper gilt acclimatization, insufficient colostrum intake in newborn 

piglets, insufficient immunization of pregnant sow or keeping of older pigs with 

asymptomatic infection may serve as a reservoir and spread the infection 

subclinically.  Vertical transmission is also possible as PEDV RNA has been detected in 

the milk of infected lactating sows (181, 196).  Moreover, this observation is 

consistent with the potential transmission of field strains across farms due to animal 

transportation and trade throughout the region of commercial pig farms.  There were 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 115 

several Thai PEDV and rotavirus strains had identical amino acid sequences or 

belonging to the same subtypes, although those strains derived from pigs of different 

herds, regions, ages, and year of the collection.   

 This study has some limitations.  Samples in our study were primarily 

submitted from pigs in central Thailand where the majority of pig farms are located.  

Therefore surveillance of farms in other parts of the country was incomplete.  

Moreover, the analysis could have revealed additional diversity of strains circulating 

in Thailand because PEDV strains with missing S, ORF3 or N gene sequences did not 

include in this analysis.  Likewise, the identification of additional genome 

constellations of RVA may have been missed as only 24 strains were analyzed in this 

study.   

 Due to the fact that we were not able to sequence all the VP4 gene of RVC 

(from a total of 47 RVC strains), there were probably issues such as high variability in 

the region that we used for amplification (VP8 segment, aa positions 1-231) or RNA 

degradation from long-term sample storage (158).  P[5] genotype was the 

predominant genotype because the P[5] strains were collected from the same herd 

and the same period, it was probably those strains that had high genetic similarity 

rather than other genotypes such as P[4] or P[7].  Nevertheless, our multi-year study 

provides additional knowledge regarding the diversity of PEDV and rotavirus in this 

region, which is essential for further vaccine development from suitable field strains. 

Conclusion 

 The finding provide information about rotavirus and PEDV surveillance and 

molecular characteristics based on several gene segments that might be useful for a 

better understanding of the re-occurring, genetic variation among strains, or of the 

possibility of interspecies transmission for RVA.  As a results, most of field Thai RVA, 

RVC and PEDV strains had close genetic relationship and resembled previous reports 
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from Thailand and Asian countries.  This finding was suggestive that those Thai 

variants have evolved from the same ancestors and remain circulating within Asian 

countries.  The vaccination prone to be effective tool for disease prevention and 

control in commercial pig herd, even though the circulating strains differed 

significantly from the classical vaccine strains in both RVA and PEDV.  Therefore, the 

continuous investigations of this study provide important insight into regional 

rotavirus and PEDV strains in circulation, which may assist inclusions of suitable 

strains for future vaccine development to reduce the severity of the economic loss 

in the swine industry.   
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APPENDIX 

Table S1.  Accession number of 47 RVC strains. 

 
Strain name 

Accession number 
VP7 VP4 

RVC/Pig-wt/THA/CU-PY/12/G3P[x] KX911693 - 
RVC/Pig-wt/THA/CU571/13/G6[x] KX911694 - 

RVC/Pig-wt/THA/CU264-U12/13/G9P[7] KX911704 MG575531 
RVC/Pig-wt/THA/CU875-1C/14/G1[x] KX911676 - 
RVC/Pig-wt/THA/CU1035/14/G1[x] KX911667 - 
RVC/Pig-wt/THA/CU781-2/14/G1[x] KX911668 - 
RVC/Pig-wt/THA/CUSB-N/15/G1[x] KX911669 - 
RVC/Pig-wt/THA/CU-SUN/15/G9[x] KX911708 - 
RVC/Pig-wt/THA/CU-CHN/15/G1[x] KX911670 - 
RVC/Pig-wt/THA/CU5-3/15/G1[x] KX911671 - 
RVC/Pig-wt/THA/CU14/15/G1[x] KX911672 - 
RVC/Pig-wt/THA/CU48/15/G1P[4] KX911673 MG575524 
RVC/Pig-wt/THA/CU60/15/G1P[5] KX911674 MG575525 
RVC/Pig-wt/THA/CU200/16/G1P[1] KX911675 MG575522 

RVC/Pig-wt/THA/CU875-1C/14/G1[x] KX911676 - 
RVC/Pig-wt/THA/CU-BDN-C/15/G1[x] KX911677 - 
RVC/Pig-wt/THA/CU4-6C/15/G1[x] KX911678 - 
RVC/Pig-wt/THA/CU5-1C/15/G1[x] KX911679 - 
RVC/Pig-wt/THA/CU62C/15/G1[x] KX911680 - 
RVC/Pig-wt/THA/CU68C/15/G1[x] KX911681 - 
RVC/Pig-wt/THA/CU69C/15/G1[x] KX911682 - 
RVC/Pig-wt/THA/CU74C/15/G1[x] KX911683 - 
RVC/Pig-wt/THA/CU79C/15/G1[x] KX911684 - 
RVC/Pig-wt/THA/CU99C/16/G1[x] KX911685 - 
RVC/Pig-wt/THA/CU100C/16/G1[x] KX911686 - 
RVC/Pig-wt/THA/CU108C/16/G1[x] KX911687 - 
RVC/Pig-wt/THA/CU109C/16/G1[x] KX911688 - 
RVC/Pig-wt/THA/CU111C/16/G1[x] KX911689 - 
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*continued 
 

 
Strain name 

Accession number 
VP7 VP4 

RVC/Pig-wt/THA/CU150C/16/G1[x] KX911690 - 
RVC/Pig-wt/THA/CU201C/16/G1[x] KX911691 - 
RVC/Pig-wt/THA/CU202/16/G1[x] KX911692 - 
RVC/Pig-wt/THA/CU-PY/12/G3[x] KX911693 - 
RVC/Pig-wt/THA/CU571/13/G6[x] KX911694 - 
RVC/Pig/THA/CU115C/15/G1P[x] MF139516 - 
RVC/Pig/THA/CU330C/16/G1P[x] MF139509 - 
RVC/Pig-wt/THA/CU54/15/G6[x] KX911695 - 

RVC/Pig-wt/THA/CU123/16/G6P[5] KX911696 MG575527 
RVC/Pig-wt/THA/CU124/16/G6P[5] KX911697 MG575528 
RVC/Pig-wt/THA/CU122/16/G6P[5] KX911698 MG575526 
RVC/Pig-wt/THA/CU125/16/G6P[5] KX911699 MG575529 
RVC/Pig-wt/THA/CU135/16/G6P[5] KX911700 MG575530 
RVC/Pig-wt/THA/CU136/16/G6[x] KX911701 - 
RVC/Pig-wt/THA/CU12/15/G6[x] KX911702 - 
RVC/Pig-wt/THA/CU49/15/G9[x] KX911703 - 
RVC/Pig-wt/THA/CU40/15/G9P[4] KX911705 MG575523 
RVC/Pig-wt/THA/CU84/15/G9P[7] KX911706 MG575532 
RVC/Pig-wt/THA/CU13/15/G9[x] KX911707 - 

RVC/Pig-wt/THA/CU-SUN/15/G9[x] KX911708 - 
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Table S2.  Accession number of 24 RVA strains. 
 

  
Strain name 

 Accession number  

VP7 VP4 VP6 

RVA/Pig-wt/THA/CU795/2011/G9P[13] KX911645 MF139403 MF139447 
RVA/Pig-wt/THA/CU68/2012/G3P[13] KX911617 MF139406 MF139448 
RVA/Pig-wt/THA/CU-L141/2012/G4P[6] KX911632 MF139401 MF139446 
RVA/Pig-wt/THA/CU236-2/2012/G9P[19] KX911638 MF139434 MF139449 
RVA/Pig-wt/THA/CUSB1-3/2012/G3P[13] KX911614 MF139405 MF139451 
RVA/Pig-wt/THA/CU729-3/2013/G4P[19] KX911627 MF139430 MF139452 
RVA/Pig-wt/THA/CULC-1/2013/G4P[6] KX911631 MF139402 MF139453 
RVA/Pig-wt/THA/CU140-NS/2015/G9P[23] KX911655 MF139440 MF139457 
RVA/Pig-wt/THA/CU9-1/2015/G9P[23] KX911656 MF139439 MF139463 
RVA/Pig-wt/THA/CU9-2/2015/G9P[23] KX911657 MF139441 MF139464 
RVA/Pig-wt/THA/CU37/2015/G9P[23] KX911652 MF139442 MF139465 
RVA/Pig-wt/THA/CU40/2015/G9P[13] KX911658 MF139415 MF139466 
RVA/Pig-wt/THA/CU49/2015/G9P[13] MF139495 MF139410 MF139467 
RVA/Pig-wt/THA/CU101/2016/G9P[23] KX911661 MF139443 MF139469 
RVA/Pig-wt/THA/CU140/2016/G9P[13] KX911619 MF139418 MF139474 
RVA/Pig-wt/THA/CU143/2016/G9P[19] MF139496 MF139436 MF139475 
RVA/Pig-wt/THA/CU145/2016/G3P[13] MF139491 MF139419 MF139476 
RVA/Pig-wt/THA/CU232/2016/G9P[13] MF139500 MF139427 MF139478 
RVA/Pig-wt/THA/CU192/2016/G9P[13] MF139499 MF139425 MF139477 
RVA/Pig-wt/THA/CU316/2016/G9P[23] MF139506 MF139445 MF139481 
RVA/Pig-wt/THA/CU280-2/2016/G9P[19] MF139503 MH428380 MF139487 
RVA/Pig-wt/THA/CU200/2016/G3P[13] KX911622 MF139426 MH428382 
RVA/Pig-wt/THA/CU176/2016/G9P[13] KX911647 MF139422 MF139473 
RVA/Pig-wt/THA/CU181/2016/G5P[13] KX911633 MF139423 MH428381 
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*continued 
  

Strain name 
Accession number  

VP1 VP2 VP3 NSP1 

RVA/Pig-wt/THA/CU795/2011/G9P[13] MH428404 MH428383 MH428428 MH428452 
RVA/Pig-wt/THA/CU68/2012/G3P[13] MH428405 MH428384 MH428429 MH428453 
RVA/Pig-wt/THA/CU-L141/2012/G4P[6] MH428406 MH428385 MH428430 MH428454 
RVA/Pig-wt/THA/CU236-2/2012/G9P[19] MH428407 MH428386 MH428431 MH428455 
RVA/Pig-wt/THA/CUSB1-3/2012/G3P[13] MH428408 MH428387 MH428432 MH428456 
RVA/Pig-wt/THA/CU729-3/2013/G4P[19] MH428409 MH428388 MH428433 MH428457 
RVA/Pig-wt/THA/CULC-1/2013/G4P[6] MH428410 MH428389 MH428434 MH428458 
RVA/Pig-wt/THA/CU140-NS/2015/G9P[23] MH428411 MH428390 MH428435 MH428459 
RVA/Pig-wt/THA/CU9-1/2015/G9P[23] MH428412 MH428391 MH428436 MH428460 
RVA/Pig-wt/THA/CU9-2/2015/G9P[23] MH428413 MH428392 MH428437 MH428461 
RVA/Pig-wt/THA/CU37/2015/G9P[23] MH428414 MH428393 MH428438 MH428462 
RVA/Pig-wt/THA/CU40/2015/G9P[13] MH428415 - MH428439 MH428463 
RVA/Pig-wt/THA/CU49/2015/G9P[13] MH428416 - MH428440 MH428464 
RVA/Pig-wt/THA/CU101/2016/G9P[23] MH428417 MH428394 MH428441 MH428465 
RVA/Pig-wt/THA/CU140/2016/G9P[13] MH428418 MH428395 MH428442 MH428466 
RVA/Pig-wt/THA/CU143/2016/G9P[19] MH428419 MH428396 MH428443 MH428467 
RVA/Pig-wt/THA/CU145/2016/G3P[13] MH428420 MH428397 MH428444 MH428468 
RVA/Pig-wt/THA/CU232/2016/G9P[13] MH428421 MH428398 MH428445 MH428469 
RVA/Pig-wt/THA/CU192/2016/G9P[13] MH428422 MH428399 MH428446 MH428470 
RVA/Pig-wt/THA/CU316/2016/G9P[23] MH428423 MH428400 MH428447 MH428471 
RVA/Pig-wt/THA/CU280-2/2016/G9P[19] MH428424 MH428401 MH428448 MH428472 
RVA/Pig-wt/THA/CU200/2016/G3P[13] MH428425 MH428402 MH428449 MH428473 
RVA/Pig-wt/THA/CU176/2016/G9P[13] MH428426 MH428403 MH428450 MH428474 
RVA/Pig-wt/THA/CU181/2016/G5P[13] MH428427 - MH428451 MH428475 
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*continued 

  
Strain name 

Accession number  
NSP2 NSP3 NSP4 NSP5 

RVA/Pig-wt/THA/CU795/2011/G9P[13] MH428476 MH428500 MH428524 MH428548 
RVA/Pig-wt/THA/CU68/2012/G3P[13] MH428477 MH428501 MH428525 MH428549 
RVA/Pig-wt/THA/CU-L141/2012/G4P[6] MH428478 MH428502 MH428526 MH428550 
RVA/Pig-wt/THA/CU236-2/2012/G9P[19] MH428479 MH428503 MH428527 MH428551 
RVA/Pig-wt/THA/CUSB1-3/2012/G3P[13] MH428480 MH428504 MH428528 MH428552 
RVA/Pig-wt/THA/CU729-3/2013/G4P[19] MH428481 MH428505 MH428529 MH428553 
RVA/Pig-wt/THA/CULC-1/2013/G4P[6] MH428482 MH428506 MH428530 MH428554 
RVA/Pig-wt/THA/CU140-NS/2015/G9P[23] MH428483 MH428507 MH428531 MH428555 
RVA/Pig-wt/THA/CU9-1/2015/G9P[23] MH428484 MH428508 MH428532 MH428556 
RVA/Pig-wt/THA/CU9-2/2015/G9P[23] MH428485 MH428509 MH428533 MH428557 
RVA/Pig-wt/THA/CU37/2015/G9P[23] MH428486 MH428510 MH428534 MH428558 
RVA/Pig-wt/THA/CU40/2015/G9P[13] MH428487 MH428511 MH428535 MH428559 
RVA/Pig-wt/THA/CU49/2015/G9P[13] MH428488 MH428512 MH428536 MH428560 
RVA/Pig-wt/THA/CU101/2016/G9P[23] MH428489 MH428513 MH428537 MH428561 
RVA/Pig-wt/THA/CU140/2016/G9P[13] MH428490 MH428514 MH428538 MH428562 
RVA/Pig-wt/THA/CU143/2016/G9P[19] MH428491 MH428515 MH428539 MH428563 
RVA/Pig-wt/THA/CU145/2016/G3P[13] MH428492 MH428516 MH428540 MH428564 
RVA/Pig-wt/THA/CU232/2016/G9P[13] MH428493 MH428517 MH428541 MH428565 
RVA/Pig-wt/THA/CU192/2016/G9P[13] MH428494 MH428518 MH428542 MH428566 
RVA/Pig-wt/THA/CU316/2016/G9P[23] MH428495 MH428519 MH428543 MH428567 
RVA/Pig-wt/THA/CU280-2/2016/G9P[19] MH428496 MH428520 MH428544 MH428568 
RVA/Pig-wt/THA/CU200/2016/G3P[13] MH428497 MH428521 MH428545 MH428569 
RVA/Pig-wt/THA/CU176/2016/G9P[13] MH428498 MH428522 MH428546 MH428570 
RVA/Pig-wt/THA/CU181/2016/G5P[13] MH428499 MH428523 MH428547 MH428571 
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Table S3.  Accession number of 95 PEDV strains. 
 

Strain name 

Accession number 

S ORF3 N 
TH/NP-156/11  KX911490 MH744158 MH744261 
TH/CB-1421/11 KX911491 MH744159 MH744262 
TH/CB-3553/11 KX911492 MH744160 MH744263 
TH/NP-795/11 KX911493 MH744161 MH744264 
TH/RB-833/11 KX911494 MH744162 MH744265 

TH/RB-833.3/11 MF139512 MH744163 MH744266 
TH/CB-KHF/11 KX911495 MH744164 MH744267 
TH/RB-807.3/11 KX911496 MH744165 MH744268 
TH/RB-807.4/11 KX911497 MH744166 MH744269 
TH/CS-866.1/11 KX911498 MH744167 MH744270 
TH/CS-866.3/11 KX911499 MH744168 MH744271 
TH/CS-866.4/11 KX911500 MH744169 MH744272 

TH/UD-1010.1/11 KX911501 MH744170 MH744253 
TH/UD-1010.2/11 KX911502 MH744171 MH744254 
TH/UD-1010.3/11 KX911503 MH744172 MH744255 
TH/UD-1010.4/11 KX911504 MH744173 MH744256 
TH/CS-1019.1/11 KX911505 MH744174 MH744273 
TH/CS-1019.2/11 KX911506 MH744175 MH744274 
TH/CS-1019.3/11 KX911507 MH744176 MH744275 
TH/RB-15.1/12 KX911508 MH744177 MH744276 
TH/RB-15.2/12 KX911509 MH744178 MH744277 
TH/NP-68/12 KX911510 MH744179 MH744260 
TH/RB-123/12  MF139511 MH744180 MH744278 
TH/NP-63/12 KX911511 MH744181 MH744279 
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*continued 

Strain name 
 Accession number 

S ORF3 N 

TH/NP-65/12 KC858259 MH744182 MH744280 
TH/RB-79/12 KC858260 MH744183 MH744281 
TH/RB-236/12 KX911512 MH744184 MH744282 
TH/RB-881/12 KX911513 MH744185 MH744283 
TH/CS-80712 KX911514 MH744186 MH744284 

TH/RB-468.2/12 KX911515 MH744187 MH744285 
TH/NP-1169/12 KX911517 MH744188 MH744286 
TH/NP-1157/12 KX911516 MH744189 MH744287 
TH/AY-2.2/12 KC858261 MH744190 MH744288 
TH/AY-2.7/12 KC858262 MH744191 MH744289 

TH/RB-887.2/13 KX911518 MH744192 MH744290 
TH/RB-1179.1/13 KX911519 MH744193 MH744291 
TH/RB-1179.2/13 KX911520 MH744194 MH744292 
TH/RB-1210.1/13 KX911521 MH744195 MH744293 
TH/RB-1210.3/13 KX911522 MH744196 MH744294 
TH/RB-1224.1/13 KX911523 MH744197 MH744295 
TH/RB-1224.2/13 KX911524 MH744198 MH744296 
TH/NP-619/13 KX911526 MH744199 MH744297 
TH/NP-SITP/13 KX911527 MH744200 MH744298 
TH/NP-6098/13 KX911528 MH744201 MH744299 
TH/NP-W2/13 KX911529 MH744202 MH744300 
TH/NP-W3/13 KX911530 MH744203 MH744301 

TH/PJ-517FE/14 KX911532 MH744204 MH744302 
TH/RB-838/14 KX911533 MH744205 MH744257 
TH/NP-1173/14 KX911543 MH744206 MH744303 

TH/CB-1324-1/14 KX911544 MH744207 MH744304 
TH/CB-1324-2/14 KX911545 MH744208 MH744305 
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*continued 
 

Strain name 

Accession number  

S ORF3 N 
TH/RB-1373-3/14 KX911546 MH744209 MH744306 

TH/NP-65/14 KX911548 MH744210 MH744307 
TH/NP-142/14 KX911550 MH744211 MH744308 

TH/NP-224-1/14 KX911551 MH744212 MH744309 
TH/NP-224-2/14 KX911552 MH744213 MH744310 
TH/NP-23CF/15 KX911554 MH744214 MH744311 

TH/NP-23BOR/15 KX911555 MH744215 MH744312 
TH/RB-338-1/15 KX911556 MH744216 MH744313 

TH/RB-BS/15 KX911559 MH744217 MH744314 
TH/RB-272-2/15 KX911561 MH744218 MH744315 
TH/CB-140CF/15 KX911562 MH744219 MH744316 
TH/CB-140NS/15 KX911563 MH744220 MH744317 

TH/NP1-1/15 KX911564 MH744221 MH744318 
TH/RB-CHN/15 KX911567 MH744222 MH744319 
TH/RB23/15 KX911568 MH744223 MH744320 
TH/RB35/15 KX911570 MH744224 MH744321 
TH/RB38/15 KX911571 MH744225 MH744322 
TH/NP57/15 KX911573 MH744226 MH744323 
TH/NP58/15 KX911572 MH744227 MH744324 
TH/RB59/15 KX911574 MH744228 MH744325 
TH/RB60/15 KX911575 MH744229 MH744326 
TH/RB63/15 KX911577 MH744230 MH744327 
TH/RB65/15 KX911579 MH744231 MH744328 
TH/RB67/15 KX911581 MH744232 MH744329 
TH/CB74/15 KX911584 MH744233 MH744330 
TH/79/15 KX911585 MH744234 MH744331 
TH/80/15 KX911586 MH744235 MH744332 
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*continued 
 

Strain name 

Accession number 

S ORF3 N 
TH/RB83/15 KX911587 MH744236 MH744333 
TH/RB84/15                  KX911588 MH744237 MH744334 
TH/RB99/16 KX911591 MH744238 MH744335 
TH/NP141/16 KX911594 MH744239 MH744336 
TH/NP142/16 KX911595 MH744240 MH744337 
TH/KR148/16 KX911596 MH744241 MH744338 
TH/KR149/16 KX911597 MH744242 MH744339 
TH/NP153/16 KX911598 MH744243 MH744340 
TH/RB160/16 KX911599 MH744244 MH744258 
TH/RB161/16 KX911600 MH744245 MH744259 
TH/RB163/16 KX911601 MH744246 MH744341 
TH/RB164/16 KX911602 MH744247 MH744342 
TH/RB165/16 KX911603 MH744248 MH744343 
TH/RB210/16 MF139376 MH744249 MH744344 
TH/RB228/16 MF139377 MH744250 MH744345 
TH/RB245/16 MF139383 MH744251 MH744346 
TH/KR298/16 MF139390 MH744252 MH744347 
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Table S4.  The details of provincial origin and year collection of 95 PEDV strains.  

 

2011  

(n=19) 

2012  

(n=15) 

2013  

(n=12) 

2014  

(n=12) 

2015  

(n=22) 

2016  

(n=15) 

NP TH/NP-156/11  TH/NP-68/12 TH/NP-SITP/13 TH/NP-65/14 TH/NP-23CF/15 TH/NP141/16 

(25) TH/NP-795/11 TH/NP-63/12 TH/NP-6098/13 TH/NP-142/14 TH/NP-23BOR/15 TH/NP142/16 

  

TH/NP-1169/12 TH/NP-W2/13 TH/NP-224-1/14 TH/NP1-1/15 TH/NP153/16 

  

TH/NP-1157/12 TH/NP-W3/13 TH/NP-224-2/14 TH/NP57/15 

 

  

TH/NP-65/12 TH/NP-619/13 TH/NP-1173/14 TH/NP58/15 

 RB TH/RB-833/11 TH/RB-15.1/12 TH/RB-887.2/13 TH/RB-838/14 TH/RB-BS/15 TH/RB99/16 

(43) TH/RB-833.3/11 TH/RB-15.2/12 TH/RB-1179.1/13 TH/RB-1373-3/14 TH/RB-CHN/15 TH/RB160/16 

 

TH/RB-807.3/11 TH/RB-123/12 TH/RB-1179.2/13 TH/RB-338-1/15 TH/RB23/15 TH/RB161/16 

 

TH/RB-807.4/11 TH/RB-79/12 TH/RB-1210.1/13 TH/RB-272-2/15 TH/RB35/15 TH/RB163/16 

  

TH/RB-236/12 TH/RB-1210.3/13 

 

TH/RB38/15 TH/RB164/16 

  

TH/RB-468.2/12 TH/RB-1224.1/13 

 

TH/RB59/15 TH/RB165/16 

  

TH/RB-881/12 TH/RB-1224.2/13 

 

TH/RB60/15 TH/RB210/16 

      

TH/RB228/16 

      

TH/RB245/16 

CS TH/CS-1019.1/11 TH/CS-80712/12         

(7) TH/CS-1019.2/11 

     

 

TH/CS-1019.3/11 

     

 

TH/CS-866.1/11 

     

 

TH/CS-866.3/11 

     

 

TH/CS-866.4/11 

     CB TH/CB-1421/11 

  

TH/CB-1324-1/14 TH/CB-140CF/15 

(8) TH/CB-3553/11 

  

TH/CB-1324-2/14 TH/CB-140NS/15 

 

TH/CB-KHF/11 

   

TH/CB74/15 
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*continued 

 

NP (Nakorn Pathom), RB (Ratchaburi), CS (Chachoengsao), CB (Chonburi), UD (Udon 

Thani), AY (Phra Nakhon Si Ayutthaya), PJ (Prachuap Khiri Khan), NR (Nakhon 

Ratchasima), n/a (unknown farm location) 

 

 

 

 

 

 

  

 

2011  

(n=19) 

2012 

 (n=15) 

2013 

 (n=12) 

2014 

 (n=12) 

2015  

(n=22) 

2016 

 (n=15) 

UD TH/UD-1010.1/11           

(4) TH/UD-1010.2/11 

     

 

TH/UD-1010.3/11 

     

 

TH/UD-1010.4/11 

     AY   TH/AY-2.2/12         

(2) 

 

TH/AY-2.7/12 

    PJ       TH/PJ-517FE/14     

(1)             

NR           TH/KR148/16 

    (3)      TH/KR149/16 

      

TH/KR298/16 

n/a         TH/79/15   

(2)         TH/80/15   
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