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Emerging and re-emerging important enteric viruses in pigs including porcine epidemic diarrhea virus (PEDV),
porcine deltacoronavirus (PDCoV) and enterovirus G (EVG) are important pathogens of food security and public health
concerns. In Thailand, the information on the occurrences and status of PEDVs, PDCoVs and EVGs is limited. Especially,
Thai-EVGs have never been reported before. This thesis composes of three study phases. Phase 1 is surveillance of
swine enteric viruses in pig farms. Phase 2 is genetic characterization and phylogenetic analysis of swine enteric
viruses. Phase 3 is development of rapid diagnostic tests using RT-LAMP with lateral flow device (LFD) and DNA
aptamer. For phase 1, surveillance of swine enteric viruses in pig farms was performed during December 2014 - January
2018. The fecal and intestinal samples (n=777) were collected from 73 pig farms from 20 provinces of 7 livestock
regions. The occurrences of PEDVs, PDCoVs and EVGs by samples were 44.02%, 3.47% and 71.56%, respectively. By pig
farms, the occurrences of PEDVs, PDCoVs and EVGs were 50.68%, 9.59% and 69.86%, respectively. Thai-PEDVs and Thai-
EVGs were circulating throughout the country. While Thai-PDCoVs were only circulating in high density of pig production
provinces of Thailand. Age groups of pigs associated with Thai-PEDVs and Thai-EVGs infections and seasonal patterns
associated with Thai-PDCoVs and Thai-EVGs infections were observed. Moreover, the co-circulation of PEDVs, PDCoVs
and EVGs with low rate (0.13%) were detected. For phase 2, for Thai-PEDVs, representative PEDVs (n=39) were classified
into 3 genotypes (Novel G1, G2a and Novel G2). While Novel G1 and Novel G2 have never been reported in Thailand
before. At least 3 epitopes (COE, SS6 and 2C10) showed multiple amino acid changes and 2 novel patterns at epitopes
5S6 ("*PQEGQVKI™) and 2C10 (***GPRFQPY!*™) were identified. For Thai-PDCoVs, representative PDCoVs (n=16) were
grouped into Thailand cluster which closely related to Laos-PDCoVs. The multiple amino acid substitutions at 3
epitopes (NTD, CTD and S2) were observed. For Thai-EVGs, representative EVGs (n=34) were classified into 6 genotypes
(G1, G3, G4, G8, G9 and G10) which the predominant genotype of Thai-EVGs was G3. The age groups of pigs were
associated with genotypes of EVGs infection. For phase 3, The RT-LAMP with LFD kits with high sensitivity and specificity
were developed to differentiate PEDVs and PDCoVs infections in field settings. The 2 candidate aptamers (NO4 and N25)
which had specific binding and high binding affinity to NP protein of PEDV were established. In summary, our results
confirmed that swine enteric viruses are circulating in pig farms in Thailand. Therefore, the results of surveillance of
swine enteric viruses in pig farms and genetic characterization of swine enteric viruses provided valuable information for
prevention and control of swine enteric viruses. Moreover, the rapid diagnostic kits could be applied for early detection
and distinguish between PEDVs and PDCoVs infections.
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CHAPTER 1
INTRODUCTION

Swine industry trades more than 110 million pigs with production values of
23.4 billion dollars worldwide. Thailand is one of the export countries for pork and
processed pork. In 2015, the department of livestock development of Thailand
reported that Thailand exported pork and processed pork for 16,530 tons or 3.2
billion baht. However, Thai swine industry may decrease its production due to
emerging and re-emerging swine diseases causing respiratory and enteric problems in
pigs. For example, emerging and re-emerging important enteric viruses in pigs are
porcine epidemic diarrhea virus (PEDV), porcine deltacoronavirus (PDCoV) and

enterovirus G (EVQ).

PEDV and PDCoV belong to family Coronaviridae. The Coronaviridae can be
classified into 4 genera including  Alphacoronavirus,  Betacoronavirus,
Gammacoronavirus, and Deltacoronavirus (Woo et al., 2012). Coronaviruses cause
both respiratory and enteric diseases in several mammal and avian species. Porcine
epidemic diarrhea virus (PEDV), a member of Alphacoronavirus, causes diarrhea,
vomiting, dehydration and high mortality in piglets (Wang et al., 2013; Zhang et al,,
2015).

Recently, PEDVs can be classified into 4 major groups based on S gene
sequences including Gla, G1b, G2a and G2b. Firstly, Gla is classical PEDV which was
discovered in Belgium 1978 (CV777). Glb is S-INDEL North America group which
found in France, Germany, Japan, Portugal, South Korea and USA. G2a could be
isolated from China in 2010 and G2b is non S-INDEL North America group causes high
virulence of diseases and spreads throughout the world (Grasland et al., 2015; Hanke
et al., 2015; Lee and Lee, 2014b; Mesquita et al., 2015; Murakami et al., 2015; Wang
et al., 2015).



Porcine deltacoronavirus (PDCoV), a member of Deltacoronavirus, was first
identified in Hong Kong in 2012 (Woo et al., 2012). In early 2014, PDCoVs were
discovered in pig farms in the US and spread to many US states (Hu et al., 2015; Li et
al., 2014; Marthaler et al.,, 2014a; Marthaler et al., 2013; Marthaler et al.,, 2014b;
Wang et al.,, 2014a). In addition, PDCoVs have been reported in China and South
Korea (Dong et al., 2015; Lee and Lee, 2014a; Song et al, 2015). Clinical signs of
PDCoVs infection are similar to PEDVs infection in pigs but with lower mortality (Chen

et al., 2015; Jung et al., 2015).

Enterovirus G (EVG) belong to the family Piconaviridae, genus Enterovirus.
Enteroviruses cause varying diseases in several animal species and humans. For
example, the important enterovirus is enterovirus EV71, causes hand foot and mouth
diseases in children. Moreover, human enterovirus EV71 could infect pigs in an
experimental study (Yang et al., 2014). EV71 infected pigs showed symptoms similar
to foot and mouth diseases virus infection. To date, EVGs consist of 20 genotypes.
EVG genotype 1 (EVGs-G1) can infect and causes disease in pigs. While other
genotypes could be reported in both healthy and diarrheic pigs of all ages. The
clinical sign of EVGs-G1 infection is flaccid paralysis in piglets (Yang et al., 2013). EVGs
were documented in Brazil, China, USA and Vietnam (Anbalagan et al., 2014; Boros et
al., 2012a; Boros et al., 2011; Donin et al., 2014; Moon et al., 2012; Van Dung et al.,
2014; Yang et al., 2013). In addition, the occurrences of inter- and intra-species
recombination between enterovirus G and other genotypes have been reported (Sun
et al., 2014; Tapparel et al., 2009; Van Dung et al., 2014; Yozwiak et al., 2010). Thus,

EVGs infections are the important swine diseases of public health concerns.

In general, rapid viral detection is based on nucleic amplification technique or
protein detection. Reverse transcription loop-mediated isothermal amplification (RT-
LAMP) based on nucleic amplification technique is one of the useful techniques to
detect viruses and bacteria. RT-LAMP assay is a rapid technique (only 45 minutes)
and requires less equipment (only water bath) to perform RT-LAMP reaction
(Nagamine et al., 2002; Notomi et al., 2000). Moreover, RT-LAMP assay is inexpensive

and easy to use. This technique is suitable for application of viral or bacterial



detection in field settings. Moreover, interpretation of RT-LAMP results can be
performed by several techniques such as visual analysis, gel electrophoresis, turbidity
analysis and/or lateral flow device (LFD). Lateral flow device (LFD) can be applied
for RT-LAMP interpretation by using immunochromatographic principle. LFD utilizes
antibody to capture the labeled RT-LAMP products. Hence, diagnostic kits using RT-
LAMP with LFD has advantages in specificity, sensitivity, basic equipment requirement

and ease of interpretation.

Protein based diagnostic kits have been developed since 1983. Most of the
test kits base on antibody such as enzyme-linked immune absorbance assay (ELISA),
lateral flow device (LFD). Recently, aptamer acting like antibody has been
developed for multipurpose such as diagnostics and therapeutics (Zhang et al,
2019¢). Bounded specific-target aptamer could be nucleic acid (DNA and RNA) or
peptide. Advantages of DNA aptamer are easier to synthesis, lower level of batch-to-
batch variation, longer shelf-life storage, easier to modification for specific
application, faster in development and detection small molecule (260 daltons) such
as ampicillin (Kaiser et al., 2018). An example of commercial diagnostic kit based on
aptamer is OTA-sense® (Neoventures Biotechnology Inc.) which has been developed
for Orchratoxin A detection in food and beverages. Moreover, DNA aptamer has
been developed for aptamer real-time PCR in HON2 avian influenza virus detection
(Hmila et al., 2017). Therefore, DNA aptamer could be a candidate for rapid

diagnostic kit development for viral detection.

In Thailand, our concerns are raised since swine enteric viruses are significant to
food security and public health. For example, PEDVs and PDCoVs outbreaks cause
high mortality rate of piglets ranging from 40% to 100%. This problem obstructs pig
production in pig farms and consequently leads to economic problem and food
security for the country. Thus, early detection of emerging and re-emerging swine
viral enteric diseases is important for prevention and control of diseases in pig farms
and subsequently beneficial for public health. Since the information on the
occurrences of PEDVs, PDCoVs, and EVGs is still limited. Especially, EVGs have never

been reported in Thailand. The development of rapid diagnostic kits to detect and



differentiate swine enteric viruses, PEDVs and PDCoVs, in field settings is still in
needed. Thus, this study will provide the information on the occurrences of these
emerging and re-emerging enteric diseases in pigs, PEDVs, PDCoVs, and EVGs. Genetic
characteristics and major genotypes of the viruses circulating in pig farms in Thailand
were elucidated. Rapid diagnostic kits using RT-LAMP with LFD and potential DNA

aptamer have been developed.
Research questions

1. What are the occurrences of PEDVs, PDCoVs and EVGs in outbreak prone pig farms
in Thailand?

2. Which are the major strains of PEDVs, PDCoVs and EVGs in outbreak prone pig

farms in Thailand?

3. Could emerging and re-emerging swine enteric viruses, PEDVs and PDCoVs be

identified and differentiated in field settings?

Objectives of study

1. To determine the occurrences of PEDVs, PDCoVs and EVGs circulating in outbreak

prone pig farms in Thailand during December 2014 to January 2018.
2. To characterize PEDVs, PDCoVs and EVGs isolated from pig farms in Thailand.

3. To develop rapid diagnostic kits for the detection of PEDVs and PDCoVs.

Hypotheses

Emerging and re-emerging viruses causing swine enteric diseases, PEDVs,
PDCoVs and EVGs, are circulating in pig farms in Thailand. Genotypes of swine enteric
viruses, PEDVs, PDCoVs and EVGs, that circulating in Thailand could be identified.
Rapid diagnostic tests for the detection of PEDVs and PDCoVs could be developed

and used in field settings.



CHAPTER 2
LITERATURE REVIEW

There are several emerging and re-emerging swine diseases causing respiratory
and enteric problems in pigs that impact pig productions and public health. For
example, porcine epidemic diarrhea virus (PEDV), porcine deltacoronavirus (PDCoV)
and enterovirus G (EVG) are important emerging and re-emerging viral diseases of
pigs. Porcine coronaviruses, PEDV and PDCoV, cause high mortality in piglets and
lead to pig production losses. While EVG infections are the important swine disease

of public health concerns.

2.1 Porcine coronaviruses

Coronavirus (CoV) is an enveloped, single-stranded positive RNA virus of the
family Coronaviridae. CoVs can cause respiratory and enteric diseases in humans
and animals. The viruses can be classified into 4 genera including Alphacoronavirus,
Betacoronavirus, Gammacoronavirus and Deltacoronavirus (Woo et al, 2012).
Alphacoronavirus and Betacoronavirus usually infect in humans and mammals.
While Gammacoronavirus and Deltacoronavirus are usually found in avian species

(Woo et al., 2012).

In pigs, porcine coronaviruses cause both respiratory and enteric diseases of
pigs such as porcine epidemic diarrhea viruses (PEDVs), transmissible gastroenteritis
viruses (TGEVs) and porcine respiratory coronaviruses (PRCVs). The PEDVs and TGEVs
are known as the causative agents of diarrhea in pigs. Both PEDVs and TGEVs could
be named as swine enteric coronaviruses (SECVs). To date, PEDVs cause diarrhea in
pigs in worldwide. While TGEVs are less common in pigs due to effective
immunization. In 2012, novel deltacoronaviruses have been reported in diarrheic
pigs in Hong Kong. Subsequently, the novel deltacoronaviruses in pigs spread to USA

and renamed as porcine deltacoronaviruses (PDCoVs). Both PEDVs and PDCoVs



infections are similar in clinical signs and pathological changes in infected pigs (Jung
et al.,, 2015). Thus, PEDVs, TGEVs and PDCoVs are considered as SECVs group and

important causative agents of diarrhea in pigs.
2.1.1 Porcine epidemic diarrhea viruses

Porcine epidemic diarrhea virus (PEDV) is a member of the family
Coronaviridae, genus Alphacoronavirus. The classical PEDVs were first discovered in
1978 (Pensaert and de Bouck, 1978). PEDVs can infect in all ages of pigs. However,
PEDVs cause severe diarrhea, vomiting, and dehydration in piglets with up to 100%
mortality (Wood, 1977). PEDVs cause outbreaks and lead to economic losses in
swine industry worldwide. In late 2010, the outbreaks of PEDVs genotype G2a were
reported in China (Wang et al., 2013). In 2013, the PEDVs emerged in USA and
spread to several US states. The emerging PEDVs in USA have been classified, based
on S gene sequences, into 2 groups including classical North America (Non S-INDEL
NA or G2b) and S-INDEL North America (S-INDEL NA or Glb). It has been reported
that S-INDEL NA group could be found in Belgium, France, Germany and South Korea
(Grasland et al., 2015; Hanke et al., 2015; Lee and Lee, 2014b; Marthaler et al., 2013;
Wang et al., 2014b). Recently, PEDVs have been classified into 4 genotypes including
G1la (classical PEDV), G1b (S-INDEL NA), G2a and G2b (Non S-INDEL NA) (Lee, 2015). In
Thailand, the Chinese-like PEDVs and classical PEDVs were first reported in 2007 and
2014 (Puranaveja et al., 2009; Temeeyasen et al., 2014). Whereas emerging North
America groups including non-S-INDEL and S-INDEL have been reported in several
countries (Chung et al., 2016; Grasland et al., 2015; Hanke et al., 2015; Islam et al,,
2016; Mesquita et al., 2015; Paraguison-Alili and Domingo, 2016; Wang et al., 2016a).

PEDVs genome (28 kb) consists of 7 open reading frames (ORFs) including ORF
la and ORFlb encoding 16 non-structural proteins, while ORF 2-6 encoding four
structural and one accessory proteins (Spike, Membrane, Envelop, Nucleocapsid, and
ORF3) (Figure 2.1). Spike gene of PEDVs contains high variable region. It is generally

used for genetic diversity and evolution study and can be used for strain



differentiation among PEDVs. In addition, S gene contains 4 epitopes including COE,
SS2, SS6 and 2C10 relating to induction of anti PEDV Neutralizing antibody (Chang et
al., 2002; Sun et al., 2008). On the other hand, ORF3 gene is highly conserved gene.
It is preferentially used for virulent study of the virus and can be used to distinguish

between wild-type and vaccine strains (Park et al., 2008; Song et al., 2003).

2.1.2 Porcine deltacoronaviruses

The genus Deltacoronavirus has been reported in birds and mammals including
pigs. Porcine deltacoronavirus (PDCoV) has been reported in China, Hong Kong,
South Korea and USA (Lee and Lee, 2014a; Li et al., 2014; Marthaler et al., 2014a;
Marthaler et al., 2013; Marthaler et al., 2014b; Song et al., 2015; Wang et al., 20143;
Wang et al., 2015, Woo et al.,, 2012). PDCoVs infected pigs showed clinical signs
similar to PEDV infection including severe diarrhea and body weight losses. Gross
lesions and histopathological lesions demonstrated thin intestinal wall and
shortened of villi. It is noted that the clinical signs, gross lesions and
histopathological lesions of PDCoVs are similar to PEDVs (Chen et al.,, 2015; Jung et
al,, 2015). Furthermore, Immunization against PEDVs could not protect PDCoVs
infection in pigs and versa immunization against PDCoVs could not protect PEDVs
infection in pigs. While ELISA testing showed that immunization against NP protein of

PEDVs and PDCoVs can cross-react to each other (Ma et al., 2016).

The PDCoVs genome (25kb) consists of 5’ untranslated region (5’ UTR), ORF
1la/b, spike (S), envelop (E), membrane (M), nonstructural 6 and 7 (NS 6 and NS 7),
nucleocapsid (NP), and 3’untranslated region (3’ UTR) (Figure 2.1). In detail, the S
protein contains with 2 subunits including S1 and S2 subunits which can be cleaved
by protease during cell attachment and entry. S2 subunit can serve as membrane
fusion activity. S1 subunit can interact with APN receptor for cell attachment.

Moreover, S protein contains 3 epitopes including NTD, CTD and S2 which induce



production of neutralizing antibody against PDCoVs (Chen et al., 2020; Li et al,
2018a; Shang et al,, 2018; Zhang et al., 2019b).

Spike protein

5'UTR ORFlab S ORF3 E ™ NP 3'UTR
peov [ N T
5'UTR ORF1ab R E M Nse NP 3yTR
pocov [ e .

NS7

Figure 2.1 Schematic of porcine coronaviruses with their proteins and genome

organization of PEDV and PDCoV (Adapted from Stadler et al., 2003).

2.2 Enteroviruses species G

Porcine enterovirus (PEV) belongs to the family Picornaviridae. PEV can be
classified into 13 serotypes based on serology, while based on CPE pattern and
tissue tropism classified PEV into 3 groups. Furthermore, taxonomical studies
indicated that porcine enteroviruses can be classified into 3 genera including Porcine
teschovirus, Porcine sapelovirus, and Porcine enterovirus B (PEV-B). Recently, PEV-B
has been renamed as porcine enteroviruses G (EVGs) (Krumbholz et al., 2002,
Palmaquist et al., 2002). The prototypes of EVGs are PEV9 (EVGs-G1) and PEV10 (EVGs-
G2). To date, EVGs have been further classified into 20 genotypes (Boros et al.,
2012a; Boros et al., 2012b; Boros et al., 2011; Moon et al., 2012; Van Dung et al.,
2014; Zhang et al., 2012).

Porcine enteroviruses can be found in both healthy and diarrheic pigs (Shan et

al., 2011; Zhang et al, 2014a). Porcine teschoviruses (PTVs) and porcine



sapeloviruses (PSVs) normally cause various clinical conditions in pigs such as
poliomyelitis, pneumonia and enteritis (Palmquist et al., 2002; Pogranichniy et al.,
2003). While, EVGs have been found in healthy pigs in Brazil, China, Hungary, Japan,
South Korea, USA, and also in wild boars in Hungary. In Vietnam, EVGs were first
reported in diarrhea pigs. A study reported clinical signs of EVGs-G1 infection in 2
weeks-old pigs and the infected pigs showed flaccid paralysis and pneumonia signs.
However, the clinical signs due to other genotypes of EVGs still unclarified
(Anbalagan et al., 2014; Boros et al., 2012a; Boros et al., 2011; Donin et al., 2014,
Moon et al., 2012; Van Dung et al.,, 2014; Yang et al., 2013; Yang et al., 2014; Zhang
et al., 2012).

EVG is a small non-enveloped, positive sense single strand RNA virus. EVG has
only one open reading frame encoding viral polyproteins. EVGs genome organization
and arrangement (7.4 kb) include 5’UTR for viral translation, P1 is a viral structural
protein, P2, P3 and 3’UTR for transcription initiation. For post-translational and
proteolytic processing, the P1 can be cleaved into 4 structural proteins including VP1,
VP2, VP3, and VP4. Whereas the P2 and P3 can be cleaved into 7 nonstructural
proteins including 2Apro, 2B, 2C, 3A, 3B(VPg), 3Cpro, and 3Dpol (RdRp) (Figure 2.2). It
has been reported that the zoonotic potential of enteroviruses could be occurred
since pigs are important mixing vessels for the EV71 and EVG. Enterovirus 71 (EV71),
a member of enterovirus species A, causes hand foot and mouth disease in children
in many countries (Kim et al., 2016a; Tapparel et al., 2013). Pigs could be infected
with EV71 and developed clinical signs in experimental settings (Yang et al., 2014).
Although, Inter- and Intra-species recombination of genus enterovirus rarely occur.
Novel recombinant enteroviruses in humans and animals have been reported (Sun et

al., 2014; Tapparel et al., 2009; Van Dung et al., 2014; Yozwiak et al., 2010).
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Fieure 2.2 Schematic of enterovirus with their proteins and genome organization of

EVG (Adapted from ViralZone 2008).

2.3 Rapid diagnostic kits
2.3.1 Loop-mediated isothermal amplification (LAMP)

Swine enteric diseases cause economic losses in swine industry. The clinical
signs of PEDVs and PDCoVs infections are similar including diarrhea, vomiting and
dehydration. Moreover, PEDVs and PDCoVs infections could not be distinguished by
gross lesions and histopathological lesions (Chen et al,, 2015; Jung et al., 2015).
There are several methods to detect viruses such as electron microscope, viral
isolation, immunohistrochemistry and nucleic acid amplification. In this thesis,
nucleic amplification based assay is a useful technique to detect and differentiate

emerging and re-emerging enteric viruses, PEDVs and PDCoVs, in the field settings.

The loop-mediated isothermal amplification (LAMP) technique based on
nucleic amplification method was first developed in 2000. LAMP mixture contains 4-
6 primers that recognized 6-8 distinct regions of target gene (F3, B3, FIP, BIP, loop F
and loop B) and Bst DNA polymerase enzyme for stranded displacement during cDNA

synthesis. The principle of LAMP reaction consists of 3 steps. First, starting material
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producing step, dumbbell-liked DNA-form is generated by using LAMP primers.
Example of eight distinct regions of six primers are shown in Figure 2.3. Second,
cycling amplification step, dumbbell-liked DNA-forms are generated continuously.
Third, Elongation step, the products from second step are generated into ladder sizes
of LAMP amplicons (Nagamine et al., 2002; Notomi et al., 2000). Therefore, LAMP
technique can amplify nucleotide sequences at one temperature within 45 - 60
minutes. The LAMP technique has been widely applied to detect viruses, bacteria,
fungi and blood parasites in humans and animals due to the technique requires less
equipment, only water bath or heat block to perform (Park et al., 2016; Ravan et al,,
2016; Suebsing et al., 2016; Suleman et al., 2016; Tang et al., 2016; Wang et al.,
2016b; Xu et al., 2016; Yamazaki et al., 2013; Yang et al., 2016a; Yang et al., 2016b;
Zhou et al., 2016).

To date, there are several methods to detect LAMP amplicons. The LAMP
amplicons can be detected using turbidity analysis by insoluble white precipitate
magnesium pyrophosphate (Parida et al., 2006). Another method, LAMP amplicons
can be detected, based on intercalation activity of fluorescent with double strand
DNA, using gel-electrophoresis or visual analysis (Zhang et al, 2014b). Another
technique, lateral flow device based on immunochromatographic technique can be
used to detect labeled-LAMP amplicons (Yamazaki et al., 2013). Lateral flow device
(LFD) has advantages in specificity, sensitivity, basic equipment requirement and ease
to interpretation. Thus, LAMP technique combining LFD could provide rapid results

and easy to use in the field settings.
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Figure 2.3 Eight distinct regions of six primers on target gene. Black boxes indicate 8
distinct regions for 6 primers designing. Grey boxes indicate arrangement of each
primer for LAMP reaction. White boxes indicate important regions for primer

annealing during LAMP amplification.

2.3.2 DNA aptamer based assay

Nucleic acid aptamer is short single-strand DNA or RNA binding to the target
with high affinity and specificity (Ellington and Szostak, 1990; Tuerk and Gold, 1990).
The intermolecular forces (e.g. hydrogen binding and Van der waals forces) and
structure fitting are employed for the binding between nucleic acid aptamer and
target which similar to antibody binding to the antigen (Gold, 1995). Nucleic acid
aptamer has several advantages, such as shorter generation time, lower costs of
manufacturing, no batch-to-batch variability, hisher modifiability and better thermal
stability. The comparison between aptamers and antibodies is described in Table 2.1
(Zhou and Rossi, 2017). Currently, the various applications of nucleic acid aptamer
are diagnostic and therapeutic in various targets, such as metal, toxin, virus, bacteria

and cancer.

Recently, commercial diagnostic kit based on aptamer is OTA-sense®
(Neoventures Biotechnology Inc.) which has been developed for Orchratoxin A
detection in food and beverages. Moreover, DNA aptamer has been developed for

aptamer real-time PCR for the detection of avian influenza virus subtype HIN2 (Hmila
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et al., 2017). Therefore, DNA aptamer could be a candidate for rapid diagnostic kit

development for viral detection.

Table 2.1 Comparison of advantages and disadvantages of nucleic acid aptamers

and antibodies. Modification from Zhou and Rossi, 2017.

Nucleic acid aptamers

Antibodies

Stability - Stable on each round of - Temperature sensitive and
denaturation/renaturation require refrigerated temperature
- Stable at room temperature
- Long shelf life (Can be - Limited shelf life
lyophilized)
- Resistant to proteases but - Degradable by proteases but
degradable by nucleases resistant to nucleases

Synthesis - In vitro synthesis (SELEX) - In vivo production variable

takes only 2-8 weeks
- No batch-to-batch variation

- Cheap to synthesize

time up to 6 months
- Batch-to-batch variation

- Laborious and expensive

Target potential

- From ions and small

molecules to whole cells and live

- Targets must cause a strong

immune response for antibodies

animals to be produced
Size - Small molecules - Relatively large
Modifiability - Easy to modify without - Reduced activity when
affinity loss modifications
Affinity - High affinity and increased - Dependent on the number
affinity in multivalent aptamers of epitopes on the antigen
Specificity - Single point mutations - Different antibodies might
Identifiable bind the same antigen
Tissue uptake/kidney
- Rapid - Slow

filtration




CHAPTER 3

MATERIALS AND METHODS

This dissertation comprises 3 phases including: Phase 1, Surveillance of swine

enteric viruses in pig farms; Phase 2, Genetic characterization and phylogenetic

analyses of swine enteric viruses and Phase 3, Development of rapid diagnostic tests

using RT-LAMP with lateral flow device and DNA aptamer.

framework of this study is shown in Figure 3.1.

The conceptual
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v
RT-LAMP with LFD
for PDCoVs detection
(M gene)

Figure 3.1 The conceptual framework of this thesis.



15

3.1 Phase 1: Surveillance of swine enteric viruses in pig farms

In this thesis, pig farms were selected for sample collection based on the

following criteria;
1) pig farm located in high density of pig production areas
2) pig farm had diarrhea outbreak in pigs at any age groups
3) cooperation of pig farm owner

During December 2014 to January 2018, 777 fecal or intestinal tissue samples
were collected from 73 pig farms in 20 provinces including Ayutthaya, Burirum,
Chachoengsao, Chaiyaphum, Chiang Rai, Chonburi, Kanchanaburi, Khon Kean,
Mukdahan, Nakhon Nayok, Nakhon Pathom, Nakhon Ratchasima, Nakhon Si
Thammarat, Prachinburi, Prachuap Khiri Khan, Ratchaburi, Saraburi, Suphanburi, Trang
and Ubon Ratchathani. Pig farms are located in 7 livestock regions (Figure 3.2). Each
pig farm was visited at least once or more. The details of sample collection are

listed in Table 3.1 and Figure 3.2.

3.1.1 Sample collection from pig farms

The samples (n=777) were collected from pigs of difference age groups
including suckling pigs (n=444), nursery pigs (n=169), fattening pigs (n=58) and breeder
pigs (n=106). By type of sample, the samples were fecal (n=663) and intestinal
samples (n=114). The samples were collected in plastic bag and kept at 4°C and
transported to laboratory within 24 hours. All of the samples were stored at -80°C

immediately until sample preparation.
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3.1.2 Sample preparation

3.1.2.1 Fecal sample
The preparation of fecal samples, 1 ¢ of fecal sample was diluted with 9 mL of
1X sterile PBS to be 10% fecal suspension. Then, the 10% suspension sample was
centrifuged at 2,500 rpm at 4°C for 10 minutes. Later on, the supernatant was
divided into 2 aliquots, 150 uL for RNA extraction, and the rested supernatant for

stock. Stock samples were kept in -80°C.

3.1.2.2 Intestinal sample

The preparation of intestinal samples, 1 ¢ of intestinal sample was
homogenized with 9 mL of MEM to be 10% tissue homogenate suspension. Then,
the 10% suspension sample was centrifuged at 2,500 rpm at 4°C for 10 minutes. The
supernatant was divided into 2 aliquots, 150 pL for RNA extraction, and the rested

supernatant for stock. Stock samples were kept in -80°C.

3.1.3 Detection of swine enteric viruses

3.1.3.1 RNA extraction from fecal and intestinal samples

For RNA extraction, 150 pL of supernatant samples from step 3.1.2.1 and
3.1.2.2 were subjected to RNA extraction by RNA extraction kit (QlAamp® Viral RNA
mini, Qiagen, Germany). Briefly, 150 pL of supernatant was added with 560 ulL of
lysis buffer AVL with RNA carrier and incubated at room temperature for 10 minutes.
Later on, 560 uL of 96% ethanol was added to the mixture. Then, the 630 uL of
lysate was loaded into the column and centrifuged at 6000 x G for 1 minute and
repeated this step with the rest of lysate. First wash, the column was washed with
500 uL of buffer AW1 and centrifuged at 6000 x G for 1 minute. Second wash, 500
uL of buffer AW2 was added to the column and centrifuged at 20,000 x G for 3
minutes. To dry the column, the column was placed in a new 2 mL collection tube
and centrifuged at full speed for 1 minute. The column was placed in a 1.5 mL
microcentrifuge tube. To elute the RNA, 50 pL of buffer AVE was added to the

column and incubated at room temperature for 1 minute. Later on, the column was
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centrifuged at 6000 x G for 1 minute. The Viral RNA was kept in -80°C for the

detection of viruses.

3.1.3.2 Detection of PEDVs and PDCoVs by using multiplex one-step gRT-
PCR
In this thesis, multiplex one-step gRT-PCR was used for the detection of PEDVs
and PDCoVs. The specific primers and hydrolysis or TagMan® probes for the
detection of PEDVs and PDCoVs were designed for the specific detection of
membrane gene of the viruses. The primer and TagMan probe sequences are shown

in Table 3.2.

In total, viral RNA samples (n=777) from step 3.1.3.1 were subjected to the
detection of PEDVs and PDCoVs by using multiplex one-step qRT-PCR. In brief, 12.5
uL of reaction contained 4 ulL of viral RNA, 0.4 uM of each forward and reverse
primers of PEDVs and PDCoVs, 0.1 uM of each TagMan® probes (FAM channel for
PEDVs detection and HEX channel for PDCoVs detection), 1X reaction mixture
contained 0.4 mM of each dNTP and 6 mM MgSQ,, 0.25 pL of SuperScript™ Il
RT/Platinum™ Tag Mix (Invitrogen, USA), 0.08 pL of 50mM MgSO, and nuclease-free
water. Multiplex one-step gRT-PCR was performed on MyGo Pro real-time PCR
instrument (MyGo PCR systems, IT-IS Life Science Ltd.). The reaction conditions for
PEDVs and PDCoVs detection were reverse transcription at 50°C for 15 minutes; initial
denaturation at 95°C for 2 minutes; 50 cycles of denaturation at 95°C for 15 seconds,
annealing and elongation at 60°C for 30 seconds. Data acquisition and analysis of the
Multiplex one-step gRT-PCR were done through the MyGo Pro software, v. 3.4.8.
Samples exhibiting cycle threshold value (ct) of less than 36 were interpreted as
positive for both PEDVs (FAM channel) and PDCoVs (HEX channel) detection. While

ct value greater than 36 were interpreted as negative.

3.1.3.3 Detection of EVGs by RT-PCR
Viral RNA samples from step 3.1.3.1 were subjected to EVGs detection. EVGs

detection was conducted by using RT-PCR specific to 5’UTR as previously described
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with modification (Table 3.2). In brief, 10 pL of PCR mixture contained 1 uL of viral
RNA, 0.4 uM of each forward and reverse primers, 5 pL of 2X Reaction Mix containing
0.4 mM of each dNTP and 2.4 mM MgSO;, (Invitrogen), 0.2 pL of RT/Platinum™ Taq
Mix (Invitrogen) and nuclease-free water up to reaction. RT-PCR conditions for EVGs
detection were reverse transcription at 55°C for 30 minutes; initial denaturation at
94°C for 2 minutes; 40 cycles of denaturation at 94°C for 30 seconds, annealing at
55°C for 45 seconds and elongation at 72°C for 1 minute; and final elongation at 72°C
for 7 minutes. PCR products were then visualized by gel electrophoresis on a 1.5%
of agarose gel in 0.5X Tris borate EDTA (TBE). Expected amplification product size

was 150 base pairs (bps).
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Table 3.1 Swine sample collection by livestock regions, provinces, farms and pigs at

age groups
Livestock # of sample
Province # of farm
region Suckling Nursery  Fattening Breeder  Total
Ayutthaya 1 0 15 0 15
1 Saraburi 1 0 0 3 0 3
Total 2 0 15 3 0 18
Chachoengsao 4 13 0 6 5 24
Chonburi 7 45 5 0 4 54
2 Nakhon Nayok 2 10 2 0 0 12
Prachinburi 3 49 2 20 7 78
Total 16 117 23 26 16 182
Burirum 1 0 5 0 0 5
Chaiyaphum 1 0 0 0 2 2
3 Nakhon Ratchasima 9 227 100 15 75 a17
Ubon Ratchathani 2 8 0 0 0 8
Total 13 235 105 15 e 432
Khon Kean 1 2 1 8 0 11
4 Mukdahan 1 3 0 0 0 3
Total 2 5 1 8 0 14
Chiang Rai 1 0 1 0 0 1
° Total 1 0 1 0 0 1
Kanchanaburi 2 10 0 0 0 10
Nakhon Pathom 10 25 2 0 3 30
Prachuap Khiri Khan 3 13 14 0 0 27
! Ratchaburi 14 22 12 0 7 41
Suphanburi 3 5 0 0 2 7
Total 32 75 14 0 12 101
Nakhon Si Thammarat 1 2 0 0 0 2
8 Trang 2 0 10 6 0 16
Total 3 2 10 6 0 18
N/A N/A 4 10 0 0 1 11
Total 73 444 169 58 106 77
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3.2 Phase 2: Genetic characterization and phylogenetic analyses of swine enteric

viruses
3.2.1 Genetic characterization and phylogenetic analyses of Thai-PEDVs

To characterize the Thai-PEDVs, representative PEDVs (n=39) were selected and
subjected to full-length S and ORF3 gene sequencing. S and ORF3 genes of PEDVs
were amplified by using PCR and oligonucleotide primer sets previously described
with modification (Diep et al., 2017; Tian et al., 2013). The list of primer sets for S

and ORF3 genes sequencing is shown in Table 3.3.

3.2.1.1 cDNA synthesis of PEDVs

The representative PEDVs (n=39) were selected from positive samples from
step 3.1.3.2 and 3.1.3.3. Criteria for the sample selections were 1) location of pig
farms, 2) date of sample collection and 3) virus with low cycle threshold value (Ct)
(high-RNA copies). The RNA was reverse transcribed to cDNA using SuperScript® il
First-Strand System (Invitrogen,USA).  In brief, one reaction of cDNA synthesis
contained 2 uL of viral RNA, 3 uM of random hexamer, 1 mM of each dNTP and 6 uL
of DEPC-treated water. The mixture was placed in thermocycler with the conditions
at 65°C for 5 minutes and 4°C for 1 minute. The mixture was added with 2 uL of 10X
RT buffer, 5 mM MgCl,, 0.1 M DTT, 40 U RNase out™ and 200 U SuperScript® RT.
Then, the mixture was placed in thermocycler with the conditions at 25°C for 1
minute, 50°C for 50 minutes, stop reaction at 85°C for 5 minutes and chill on ice for 1
minute. The mixture mixed with 1 pL of RNase H and incubated at 37°C for 20

minutes. The cDNA samples were kept at -20°C until further use for sequencing.

3.2.1.2 S and ORF3 genes of PEDVs sequencing

S and ORF3 genes of PEDVs were amplified by using PCR and oligonucleotide
primer sets previously described with modification (Table 3.3). In detail, a total of 30
uL of PCR mixture contained 2 pL of cDNA from step 3.2.1.1, 4 uM of each forward
and reverse primers, 15 uL of 2X TOPTaqg Master Mix (QIAGEN), 3 uL of 10X Coral

Load, and 8.1 plL of nuclease-free water. PCR conditions include initial denaturation
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at 94°C for 3 minutes; 40 cycles of denaturation at 94°C for 30 seconds, annealing at
50°C for 45 seconds and elongation at 72°C for 2 minutes; and final elongation at
72°C for 7 minutes. PCR amplicons were gel-purified and sequenced at 1st Base
Laboratories, Kembangan, Malaysia. Nucleotide sequences were assembled and

validated by using SegMan software version 5.03 (DNASTAR Inc., Madison, WI, USA).

3.2.1.3 Genetic and phylogenetic analyses of S and ORF3 genes

For pairwise comparison and genetic analysis of PEDVs, nucleotide sequences
and deduced amino acids of S and ORF3 genes of PEDVs were aligned with those of
reference PEDVs including PEDVs of genotype Gla (classical), G1b (US-indel), G2a and
G2b from Belgium, China, France, Japan, Netherland, Philippines, South Korea,
Thailand, USA and Vietnam. The nucleotide sequences were aligned by using MEGA
version 7.0.26 and MegAlign version 5.03 (DNASTAR Inc., Madison, WI, USA) software
(Kumar et al., 2016).

For phylogenetic analysis, full-length S and ORF3 genes of Thai-PEDVs were
compared with those of reference PEDVs. Phylogenetic analyses were performed by
using MEGA version 7.0.26 (http://www.megasoftware.net/) with the neighbor-joining

algorithm and bootstrap analysis of 1,000 replications.

3.2.2 Genetic characterization and phylogenetic analyses of Thai-PDCoVs

To characterize the Thai-PDCoVs, representative PDCoVs were selected and
subjected to whole genome sequencing (n=2) and S gene sequencing (n=14). PDCoV
genomes were amplified by using PCR and oligonucleotide primer sets previously
described or new primer sets designed by using the Primer3 program. The list of

primer sets for S gene sequencing is shown in Table 3.3.

3.2.2.1 cDNA synthesis of PDCoVs
See 3.2.1.1
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3.2.2.2 Whole genome and S gene of PDCoV's sequencing

Whole genome and S gene of PDCoVs were amplified by using PCR and
oligonucleotide primer sets previously described or new primer sets (Table 3.3). In
brief, a total of 30 pL of PCR mixture contained 2 pL of cDNA from step 3.2.2.1, 0.4
UM of each forward and reverse primers, 15 pL of 2X TOPTaqg Master Mix (QIAGEN), 3
uL of 10X CoralLoad, and 8.1 pL of nuclease-free water. PCR conditions were initial
denaturation at 94°C for 3 minutes; 40 cycles of denaturation at 94°C for 30 seconds,
annealing at 48°C for 45 seconds and elongation at 72°C for 2 minutes; and final
elongation at 72°C for 7 minutes. PCR amplicons were gel-purified and sequenced at
1st Base Laboratories, Kembangan, Malaysia. Nucleotide sequences were assembled
and validated by using SegMan software version 5.03 (DNASTAR Inc., Madison, WI,
USA).

3.2.2.3 Genetic and phylogenetic analyses of whole genome and S gene

For pairwise comparison and genetic analysis of PDCoVs, nucleotide sequences
and deduced amino acids of Thai-PDCoVs were aligned with those of reference
PDCoVs from China, Japan, Laos, South Korea, Thailand, USA and Vietnam by MEGA
version 7.0.26 and MegAlign version 5.03 (DNASTAR Inc., Madison, WI, USA) software

(Kumar et al., 2016).

For phylogenetic analysis, whole-genome sequences of Thai-PDCoVs (n=2) were
compared with those of reference PDCoVs. Phylogenetic analysis was performed by
using MEGA version 7.0.26 (http://www.megasoftware.net/) with the neighbor-joining
algorithm and bootstrap analysis of 1,000 replications. Moreover, phylogenetic tree
of S gene of Thai-PDCoVs (n=16) and those of reference PDCoVs from the GenBank
database was constructed with the neighbor-joining algorithm and bootstrap analysis

of 1,000 replications.
3.2.3 Genetic characterization and phylogenetic analysis of Thai-EVGs

To characterize the Thai-EVGs, representative EVGs (n=34) were selected and

subjected to VP1 gene sequencing. VP1 gene were amplified by using PCR and
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oligonucleotide primer sets previously described with modification (Dung et al,,

2014). The list of primer sets is shown in Table 3.3.

3.2.3.1 cDNA synthesis of EVGs
See 3.2.1.1

3.2.3.2 VP1 gene of EVGs sequencing

Selected EVGs (n=34) were subjected to VP1 gene sequencing. VP1 gene were
amplified by using PCR and oligonucleotide primer sets previously described with
modification (Table 3.3). In brief, a total of 30 uL of PCR mixture contained 2 uL of
cDNA from step 3.2.3.1, 0.4 uM of each forward and reverse primers, 15 pyL of 2X
TOPTaqg Master Mix (QIAGEN), 3 pL of 10X Coral Load, and 8.1 pL of nuclease-free
water. PCR conditions were initial denaturation at 94°C for 3 minutes; 40 cycles of
denaturation at 94°C for 30 seconds, annealing at 50°C for 45 seconds and elongation
at 72°C for 2 minutes; and final elongation at 72°C for 7 minutes. PCR amplicons
were gel-purified and sequenced at 1st Base Laboratories, Kembangan, Malaysia.
Nucleotide sequences were assembled and validated by using SegMan software

version 5.03 (DNASTAR Inc., Madison, WI, USA).

3.2.3.3 Genetic and phylogenetic analyses of VP1 gene

For pairwise comparison and genetic analysis of EVGs, nucleotide sequences
and deduced amino acids of Thai-EVGs were aligned with representative EVGs (20
genotypes) from China, Germany, Hungary, South Korea, United Kingdom and
Vietnam by MEGA version 7.0.26 and MegAlign version 5.03 (DNASTAR Inc., Madison,
WI, USA) software (Kumar et al., 2016). The representative EVGs (20 genotypes) are
listed in Table 3.4.

For phylogenetic analysis, VP1 gene sequences of Thai-EVGs were compared
with those of reference EVGs. Phylogenetic analysis was performed by using MEGA
version 7.0.26 (http://www.megasoftware.net/) with the neighbor-joining algorithm

and bootstrap analysis of 1,000 replications.
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Table 3.4 The representative EVGs (20 genotypes).
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GenBank

Virus strain Genotype accession no. Host
EVG/Swine/UKG/410/1973 Gl AF363453 Swine
EVG/Swine/Germany/PEV10 _LP 54/2002 G2 AF363455 Swine
EVG/Swine/Hungary/K23/2008 G3 HQ702854 Swine
EVG/Wild_Boar/Hungary/WBD/2011 G4 JN807387  Wild boar
EVG/Ovine/Hungary/TB4-OEV/2009 G5 JQ277724 Sheep
EVG/Swine/Korea/PEV-B-KOR/2009 G6 JQ818253 Swine
EVG/Ovine/UK/990 G7 MG958646 Sheep
EVG/Swine/Vietnam/724118/2012 G8 KJ156437 Swine
EVG/Swine/Vietnam/724162/2012 G9 KJ156438 Swine
EVG/Swine/Vietnam/734123/2012 G10 KJ156446 Swine
EVG/Swine/Vietnam/744257/2012 G11 KJ156451 Swine
EVG/Swine/Vietnam/714036/2012 G12 KT265880 Swine
EVG/Swine/Vietnam/714270/2012 G13 KT265903 Swine
EVG/Swine/Vietnam/714405/2012 Gl4 KT265909 Swine
EVG/Swine/Vietnam/724307/2012 G15 KT265941 Swine
EVG/Swine/Vietnam/BS14-173H2/2014 G16 KT266010 Swine
EVG/Swine/USA/08NC/2015 G17 KY761948 Swine
EVG/Swine/Germany/F26-2/2013 G18 MF113370 Swine
EVG/Swine/Germany/F8-2/2013 G19 MF113372 Swine
EVG/Goat/China/JL14/2014 G20 KU297674 Goat
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3.3 Phase 3: Development of rapid diagnostic tests using RT-LAMP with lateral

flow device and DNA aptamer
3.3.1 Development of RT-LAMP with LFD for PEDVs detection

3.3.1.1 Quantitation of DNA standard
A DNA standard was constructed from M gene of PEDV, ligated into pGEM®

(Promega, USA) and evaluated the quantity of DNA using Nanodrop 2000. In detail,
the full-length M gene of PEDV was amplified with the primers listed in Table 3.4
(Kim et al, 2015). The PCR reaction contained 2 pL of cDNA of the virus
(PEDV/Swine/Thailand/S5001/2014), 2.5 pL of 10X PCR buffer, 1.5 mM MgCl,, 0.2 mM
dNTP, 0.2 UM of each forward and reverse primers, 2 U of Platinum™Tagq DNA
polymerase (Invitrogen, USA) and 18.15 uL of nuclease-free water. PCR conditions
contained initial denaturation at 94°C for 2 minutes; 35 cycles of 94°C for 30 seconds,
55°C for 30 seconds and 72°C for 2 minutes; and final extension at 72°C for 7
minutes. The PCR amplicons were purified and measured by using Nanodrop 2000

(ThermoFisher Scientific, USA).

For plasmid construction, one ligation reaction contained 75 ng of purified
amplicons, 5 ul of 2X rapid ligation buffer, 1 uL of T4 DNA ligase, 50 ng of pGEM®-T
easy vector (Promega, USA) and 1 pL of nuclease-free water. A reaction was
incubated at room temperature for 1 hour prior incubated at 4°C overnight.
Competent E.coli strain JM109 was used for transformation by using heat-shock
according to manufacturer’s instruction. In Brief, 2 uL of ligation reaction was mixed
with 50 pL of competent cells and placed on ice for 20 minutes. Then, mixture was
incubated at 42°C for 45 seconds and immediately placed on ice for 2 minutes. The
mixture was added with 950 pL of LB broth and incubated at 37°C for 1 hour and 30
minutes with 150 rpm shacking. 100 pL of incubated transformant mixture was
plated onto LB/amplicillin/IPTG/X-Gal plate and incubated at 37°C for 18 hours.

White colonies were selected to culture in 10 mL of LB/ampicillin broth at 37°C for
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18 hours. The cultured mixture was aliquoted into 1 mL of culture for plasmid DNA

purification and the rested culture in 25% slycerol.

To quantitate the amount of DNA standard, 1 mL of transformant culture was
subjected to plasmid DNA purification by using Nucleospin® Plasmid (Macherey-
Nagel, Germany). In brief, transformant culture was centrifuged at 11,000 x G for 30
seconds and discarded the supernatant. To lyse the cell, the pellet was
resuspended with 250 ulL of buffer Al. Then, resuspended mixture was added with
250 pL of buffer A2 and mixed by inverting the tube 6-8 times prior incubated at
room temperature for 5 minutes. Then, the mixture was centrifuged at 11,000 x G
for 5 minutes. The clear supernatant was added to column and centrifuged at
11,000 x G for 1 minute for DNA binding. First wash, 500 L of buffer AW was added
to column and centrifuged at 11,000 x G for 1 minute. Second wash, 600 pL of
buffer A4 was added to column and centrifuged at 11,000 x G for 1 minute. Then,
the column was placed to a new collection tube and centrifuged at 11,000 x G for 2
minutes. To elute the DNA, 50 uL of buffer AE was added to the column and
incubated at room temperature for 1 minute prior centrifuged at 11,000 x G for 1
minute. Plasmid DNA concentration was quantified by using Nanodrop 2000 and

converted to number of copies per uL (Figure 3.3)

3.3.1.2 RT-LAMP with LFD for PEDVs detection

To perform RT-LAMP for PEDVs detection, primers (n=4) (PED-F3, PED-B3, PED-
FIP and PED-BIP) and probes (n=2) (PED-loop F and PED-loop B) were designed by
PrimerExplorer 4.0 (https://primerexplorer.jp/e/). Primers and probes were designed
based on 8 conserve regions of M gene of PEDVs. The primer and probe sequences
in this thesis are shown in Table 3.5. Detail to perform RT-LAMP, the reaction
contained 2 pL of RNA sample, 1 U of AMV RT (NEB, USA), 8 U of Bst 2.0 DNA
Polymerase (NEB, USA), 2.5 uL of 10X Isothermal amplification buffer, 6mM MgSOy,
1.4 mM of each dNTP, 1.6 uM of each FIP and BIP primers, 0.2 uM of each F3 and B3

primers, 0.4 uM of each loopF and loopB probes and 11.4 pL of nuclease-free water.
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RT-LAMP reaction was placed in thermocycler with RT-LAMP conditions at 63°C for 45
minutes and termination at 80°C for 5 minutes. The labeled LAMP amplicons were
visualized by gel electrophoresis on a 1.5% of agarose gel in 0.5X Tris borate EDTA
(TBE).

To visualized by lateral flow device (LFD), the labeled LAMP amplicons were
applied to LFD strip (Milenia Biotec, Germany). Briefly, 10 pL of labeled LAMP
amplicons were added to 100 pL of assay buffer. Then, the LFD strip was dipped
into the mixture and the result could be interpreted within 10 minutes. For result
interpretation, for positive result, control line and test line of LFD strip were present.
While negative detection, only control line of LFD strip was observed. Example of
positive and negative results of rapid diagnostic kits using RT-LAMP with LFD are

shown in Figure 3.4.

3.3.1.3 Analytical sensitivity and specificity of RT-LAMP with LFD for
PEDVs detection
For analytical sensitivity test or minimum detection limit of the assay, ten-fold
dilution of DNA standard samples from step 3.3.1.1 were tested in triplicate with RT-
LAMP with LFD. The copy numbers of set of DNA standard were 2X10°% or 2, 2X10,
2X107, 2X10°, 2X10%, 2X10°, 2X10°, 2X107, 2X108, 2X10°, and negative.

For analytical specificity test, the RT-LAMP with LFD was applied to test with
other important swine pathogens including E.coli, PCV2, PDCoV, PRRSV strain EU and
US, Salmonella Typhimurium and SIV subtypes HIN1 and H3N2. The RT-LAMP with
LFD for PEDVs detection was prepared for other swine pathogens as previous

described in step 3.3.1.2, to evaluate the specificity of the assay.

3.3.1.4 Diagnostic sensitivity, specificity and agreement of RT-LAMP with
LFD for PEDVs detection

In this thesis, positive and negative RNA samples of PEDVs (n=80) were
randomly selected and blinded. The blinded samples were tested by gRT-PCR for
PEDVs detection and RT-LAMP with LFD. The results of gRT-PCR and RT-LAMP with

LFD were compared by two-by-two table. Then, diagnostic sensitivity and specificity
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were calculated by the equations in Figure 3.5 and 3.6, respectively. For agreement
of RT-LAMP with LFD, Kappa statistic was performed with the equation in Figure 3.7.
The two-by-two table to evaluate diagnostic sensitivity, specificity and agreement of

the test in this thesis is shown in Table 3.7.
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3.3.2 Development of RT-LAMP with LFD for PDCoVs detection

3.3.2.1 Quantitation of DNA standard
A DNA standard was constructed from M gene of PDCoV, ligated into pGEM®
(Promega, USA) and evaluated the quantity of DNA using Nanodrop 2000. In detail,
the full-length M gene of PDCoV (PDCoV/Swine/Thailand/S5022/2015) was amplified
with the primers listed in Table 3.6. PCR reaction, plasmid construction and DNA
quantitation were conducted as in 3.3.1.1.
3.3.2.2 RT-LAMP with LFD for PDCoVs detection
To perform RT-LAMP with LFD for PDCoVs detection, primers (n=4) (PDCoV-F3,
PDCoV-B3, PDCoV-FIP and PDCoV-BIP) and probes (n=2) (PDCoV-loop F, and PDCoV-
loop B) were designed by PrimerExplorer 4.0 (https://primerexplorer.jp/e/) based on
8 conserve regions of M gene of PDCoVs. The primer and probe sequences in this
thesis are shown in Table 3.6. RT-LAMP with LFD assays for PDCoVs detection were

prepared as previous described in step 3.3.1.2.

3.3.2.3 Analytical sensitivity and specificity of RT-LAMP with LFD for
PDCoV's detection
Analytical sensitivity and specificity were performed as previous described in

step 3.3.1.3

3.3.2.4 Diagnostic sensitivity, specificity and agreement of RT-LAMP with
LFD for PDCoVs detection

Diagnostic sensitivity, specificity and agreement of the test were achieved as

previous described in step 3.3.1.4.
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Plasmid DNA concentration X 6.022X10%3
Plasmid DNA length X 1X10°X 650

Number of copies per pL =

Figure 3.3 Equation for conversion of plasmid DNA concentration to copies/L.

Negative result

| -
| |
. control line testline
Postive result |
|
| ==

Figure 3.4 Result interpretation of rapid diagnostic kits using RT-LAMP with lateral

flow device.

Table 3.7 Diagram of two-by-two table to evaluate diagnostic sensitivity and

specificity.
g RT-PCR result
(reference test)
Positive Negative
a b
Postive
RT-LAMP result (tested positive) (false positive)
(developed test) & d
Negative
(false negative) | (tested negative)

tested positive a

tested positive+ false negative_ a+c

Diagnostic sensitivity =

Figure 3.5 Equation for diagnostic sensitivity.

tested negative d

Diagnostic specificity = - —=
tested negative+ false positive b+d

Figure 3.6 Equation for diagnostic specificity.



__ Observe agreement—Expected agreement

K: =
appa 1-Expected agreement
a+d
Where: Observe agreement — —————
a+b+c+d
Expected(a)+Expected(d)
Expected agreement =
a+b+c+d
: . (a+b)X(a+c)
i —
wpected (a) a+b+c+d
(b+d)X(c+Ad)
Expected (d) =
a+b+c+d

Figure 3.7 Equation for agreement of the test (Kappa statistic).
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3.3.3 Establishment of DNA aptamer for PEDVs detection

3.3.3.1 Construction of full-length NP gene plasmid

Consensus full-length NP sequence were generated from full-length NP gene of
reference PEDVs (n=611) from GenBank database. The consensus was archived
codon optimization and cloned to pET-24b(+) by GenScript®. The constructed full-
length NP plasmid was transformed to competent E.coli strain BL21DE3 (Novagen®,
USA) by using heat shock. The protocols for transformation and PCR of T7 primers

are shown in Appendix A.

3.3.3.2 NP protein preparation

Transformant of full-length NP gene was cultured in 100 mL of LB/Kanamycin
broth and incubate at 37°C for 18 hours. The culture was induced with 200uM IPTG
(NEB, USA) at 37°C for 18 hours for protein expression. Recombinant NP protein was
extracted and measured by using B-PER® Bacterial Protein Extraction Reagent
(ThermoFisher Scientific, USA) and Pierce™ BCA Protein Assay Kit (Invitrogen, USA).
The methods for protein expression, protein purification and protein quantification

are shown in appendix A.

3.3.3.3 Randomized single-stranded DNA library, aptamers and primers

The single-stranded DNA library (WAP40) comprising of 40 randomized
nucleotide and constant DNA sequence of flanking regions for primer binding. The
primers and aptamers in this thesis were synthesized by Integrated DNA
Technologies, Inc. (Coralville, 1A). Sequences of primers and ssDNA library are shown

in Table 3.8.

3.3.3.4 Single round selection of aptamers from ssDNA library

Aptamer candidates against PEDV-NP protein were selected using onestep
SELEX protocol (Arnold et al., 2012). A single-stranded aptamer library (WAP40)
(Lamont et al., 2014), consisting of a 40-mer randomized regions sequence flanked

by primer binding regions, was used (Integrated DNA Technologies, Inc., Coralville, IA).
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The elution of binding aptamer was performed using gradient salt (NaCl) elution. The

protocol for aptamer selection is shown in Appendix A.

Fifty of white colonies were randomly picked up and analyzed for the presence
of the corrected insertion size by direct PCR amplification with M13 forward and M13
reverse primers. The selected sequences were sequenced and aligned, then
classified into clusters using MEGA software (http://www.megasoftware.net/) and the
similar motif sequences among those sequences were identified by MEME Suite

(Bailey and Elkan, 1994)

3.3.3.5 EMSA and competitive EMSA

Biotinylated 2 selected aptamer sequences were synthesized by Integrated
DNA Technologies, Inc. (Coralville, IA). Protein binding assay was analyzed by using a
LightShift chemiluminescent = electrophoretic mobility shift assay (EMSA) kit

(Invitrogen, USA) according to the manufacturer’s instructions (Appendix A).

3.3.3.6 DNase | footprinting assay
DNase | footprinting assay was performed to identify the binding site(s) of the 2

selected aptamers. The DNase | footprinting assay was performed as described in
Appendix A. The binding region of aptamer was analyzed by Peak Scanner software

(v.2.0; Applied Biosystems, Foster City, CA) with Liz500 as an internal size standard.

3.3.3.7 Binding affinity of selected aptamers

Enzyme-linked aptamer assay was performed to have an estimation of the
affinity binding of each aptamer to recombinant NP protein. The protein was diluted
in PBS to be 1 ng/uL and 100 pL of diluted protein samples were added to wells and
the plate was stored at 4°C for 16 hours. To remove unbound protein, wells were
washed three times with PBST (10 mM PBS, pH 7.2, 0.05% Tween-20). The plate was
then blocked with 250 pL/well of 2% bovine serum albumin (BSA) for 1 hour at room
temperature, and unbound BSA was removed. Subsequently, 100 pL of different

concentrations of 5’biotinylated DNA aptamers in 2-fold dilutions (512-0.25 nM) were
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added to each well and binding was allowed for 1 hour at room temperature. The
unbound aptamers were removed by washing 5 times with PBST. Streptavidin-
horseradish peroxidase conjugate, at a dilution of 1/5000 in PBS, was added and the
plate was incubated at room temperature for another 30 minutes. Then, TMB
(3,3',5,5-Tetramethylbenzidine) was added to the plate before an incubation step for
20 minutes. The color reaction was stopped by adding 50 pyL of 1 M H,SO,4. Then,
the absorbance was read at 450 nm and the dissociation constant (Kp) calculated,

based on a nonlinear regression equation.

3.3.3.8 Limit of detection of selected aptamers against PEDV vaccine

Enzyme-linked aptamer assay was performed to define the limit of detection of
2 selected aptamers. 100 pL of difference concentration of PEDV vaccine (Zoetis,
USA) in PBST including 2000, 1000, 500, 100, 50, 10, 5, 1, 0.5, 0.1, 0.01 and 0
TCIDso/pL were added to wells. The enzyme-linked aptamer assay was performed as
previous described in step 3.3.3.7 and the limit of detection of each DNA aptamer
was determine by using the 3 times standard deviation (SD) of OD value of negative

control.

Table 3.8 Sequences of primers and ssDNA library in this thesis.

Name Sequence (5’-3)

WAP40 AGTGCAAGCAGTATTCGGTC-N(40)-GGCATCACGCATCAGCTTTA
W20F AGTGCAAGCAGTATTCGGTC

W20R TAAAGCTGATGCGTGATGCC

Bio-W20F  Biotin-AGTGCAAGCAGTATTCGGTC

M13F G CCCAGTCACGAC
M13R CAGGAAACAGCTATGAC
TT7F TAATACGACTCACTATAGGG

T7R GCTAGTTATTGCTCAGCGG




CHAPTER 4
RESULTS

4.1 Surveillance of swine enteric viruses in pig farms

In this thesis, surveillance of swine enteric viruses in pig farms were
retrospectively and prospectively performed during December 2014 - January 2018.
The total number of samples was 777 including fecal (n=663) and intestinal samples
(n=114). The samples were collected from 73 pig farms from 20 provinces of 7
livestock regions including livestock regions 1, 2, 3, 4, 5, 7 and 8. The provinces
(n=20) for sample collection in this thesis were Ayutthaya, Burirum, Chachoengsao,
Chaiyaphum, Chiang Rai, Chonburi, Kanchanaburi, Khon Kaen, Mukdahan, Nakhon
Nayok, Nakhon Pathom, Nakhon Ratchasima, Nakhon Si Thammarat, Prachinburi,
Prachuap Khiri Khan, Ratchaburi, Saraburi, Suphanburi, Trang and Ubon Ratchathani.
Ages of pigs were classified into 4 age groups including suckling group (less than 4-
week-old), nursery group (5 week-old - 8 week-old), fattening group (9 week-old - 20

week-old) and breeder group (boar, gilt and sow).

In this thesis, some pigs with clinical signs were subjected to gross lesions and
histopathological examination. The piglet and sow with diarrhea clinical signs in this
thesis are shown in figure 4.1A and 4.1B. Emaciated piglet with yellowish feces was
examined (Figure 4.1C). Gross lesions showed transparent intestinal wall with watery
fluid containing due to swine enteric coronavirus infection (Figure 4.1D).
Histopathological lesions showed shortened villi and vacuolated enterocytes (Figure

4.1E and 4.1F).

For the detection of swine enteric viruses, the fecal and intestinal samples
were tested with multiplex one-step gRT-PCR for porcine epidemic diarrhea viruses

(PEDVs) and porcine deltacoronaviruses (PDCoVs) detection and RT-PCR for
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Enteroviruses G (EVGs) detection. Our results showed that the occurrences of PEDVs,
PDCoVs and EVGs by samples were 44.02% (342/777), 3.47% (27/777) and 71.56%
(556/77T), respectively. By pig farms, the occurrences of PEDVs, PDCoVs and EVGs in
pig farms were 50.68% (37/73), 9.59% (7/73) and 69.86% (51/73), respectively. By
livestock regions, PEDVs could be detected from 5 out of 7 livestock regions
including livestock regions 1, 2, 3, 4 and 7. PDCoVs were detected from 2 out of 7
livestock regions including livestock regions 2 and 7, while EVGs could be detected in
all livestock regions (Figure 4.2 and 4.3). By ages of pigs, PEDVs could be detected
highest in suckling group (48.42%) and followed by nursery group (46.75%) but
PDCoVs could be detected mostly in fattening group (6.90%). EVGs mostly detected
in nursery group (89.35%) and fattening group (89.66%) (Table 4.5). By time, PEDVs
and EVGs could be detected in almost every month and every year but PDCoVs
could only be detected in January, June, July 2015; January, November 2016; March,
June 2017; and January 2018 with low occurrences (ranging 0%-100%). In this thesis,
the representative viruses for PEDVs (n=39), PDCoVs (n=16) and EVGs (n=34) were
selected for genetic characterization and phylogenetic analyses. The viruses were
selected with the following criteria including 1) location of pig farms, 2) date of
sample collection and 3) virus with low cycle threshold value (Ct) (high-RNA copies).
The representative viruses for PEDVs, PDCoVs and EVGs selected for genetic

characterization in this thesis are shown in Table 4.7, 4.12 and 4.17, respectively.

4.1.1 The occurrences of PEDVs, PDCoVs and EVGs by locations

In this thesis, the samples were collected from 20 provinces of 7 livestock
regions. In total, seventy-three farms were included for sample collection. It is
noted that 7 out of 9 livestock regions in Thailand were included in this thesis except
livestock regions 6 and 9. Eleven samples from 4 farms had no record of provinces

and livestock regions.
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4.1.1.1 The occurrences of PEDVs

By pig farms, the occurrences of PEDVs showed that 5 out of 7 livestock regions
were tested positive for PEDVs. The highest occurrence of PEDVs was observed in
livestock region 1 (100%; 2/2) and followed by livestock regions 2 (62.50%; 10/16), 3
(61.54%; 8/13), 7 (53.13%; 16/32) and 4 (50.00%; 1/2) (Figure 4.2 and Table 4.1). By
samples, the occurrence of PEDVs was highest in livestock region 4 (71.43%; 10/14)
and followed by livestock regions 7 (52.17%; 49/115), 3 (47.45%; 205/432), 2 (36.31%;
61/168) and 1 (33.33%; 6/18) (Figure 4.3 and Table 4.1). By provinces, PEDVs could
not be found in 5 provinces including Chiang Rai, Mukdahan, Nakhon Si Thammarat,

Suphanburi and Trang (Figure 4.4 and Table 4.1).

4.1.1.2 The occurrences of PDCoVs

By pig farms, the occurrences of PDCoVs showed that 2 livestock regions,
including livestock regions 2 and 7, were tested positive for PDCoVs. The highest
occurrence of PDCoVs was found in livestock region 2 (25%; 4/16) (Figure 4.2 and
Table 4.1). By samples, the highest occurrence of PEDVs was also found in livestock
region 2 (10.12%,; 17/168) (Figure 4.3 and Table 4.1). By provinces, the PDCoVs could
be detected in 5 provinces including 3 provinces (Chachoengsao, Chonburi and
Prachinburi) from livestock region 2 and 2 provinces (Nakhon Pathom and Ratchaburi)

from livestock region 7 (Figure 4.5 and Table 4.1).

4.1.1.3 The occurrences of EVGs
By pig farms, the occurrences of EVGs showed that all livestock regions were
positive for EVGs ranging from 50% to 100% (Figure 4.2 and Table 4.1). Two livestock
regions (1 and 5) showed 100% positive for EVGs (Figure 4.3 and Table 4.1). By
provinces, our results showed that six provinces, including Ayutthaya, Burirum, Chiang
Rai, Khon Kaen, Saraburi, and Trang, showed 100% positive for EVGs (Figure 4.6 and
Table 4.1).

In summary, the occurrences of PEDVs, PDCoVs and EVGs by pig farms and
samples are shown in graphs in Figure 4.2 and 4.3. The details of sample collection

and occurrences of PEDVs, PDCoVs and EVGs from each livestock region and each
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province by pig farms and samples are shown in Table 4.1. The distributions of
PEDVs, PDCoVs and EVGs by pig farms and samples in each province are shown in

Figure 4.4, 4.5 and 4.6.
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Figure 4.1 Gross lesions and histopathological lesions of swine enteric coronavirus

infection. A) Diarrheic piglet in farm. B) Diarrheic sow in farm. C) Emaciated piglet
showing yellowish feces staining around anal areas. D) Curdled milk in gastric lumen
and transparent intestinal wall. E) Histopathological lesion showing shortened villi.
Scale bar = 400 um. F) Histopathological analysis showing vacuolated cytoplasm of

enterocytes. Scale bar = 40 um (Adapted from Janetanakit et al., 2016)
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Table 4.1 Occurrences of PEDVs, PDCoVs and EVGs by livestock regions and

provinces.
Livestock Province PEDVs PDCoVs EVGs
region Positive farm Positive sample Positive farm Positive sample Positive farm Positive sample
(%) (%) (%) (%) (%) (%)
Ayutthaya 1/1 (100%) 3/15 (33.33%) 0/1 (0%) 0/15 (0%) 1/1 (100%) 15/15 (100%)

1 Saraburi 1/1 (100%) 3/3 (100%) 0/1 (0%) 0/3 (0%) 1/1 (100%) 3/3 (100%)
Total 2/2 (100%) 6/18 (33.33%) 0/2 (0%) 0/18 (0%) 2/2 (100%) 18/18 (100%)
Chachoengsao 3/4 (75%) 8/24 (33.33) 1/ (25%) 3/24 (12.5%) 4/4 (100%) 18/24 (75%)
Chonburi 4/7 (57.14%) 38/54 (70.37%) 2/7 (28.57%) 4/54 (7.41%) 4/7 (57.14%) 24/54 (44.44%)

2 Nakhon Nayok 1/2 (50%) 1/12 (8.33%) 0/2 (0%) 0/12 (0%) 1/2 (50%) 1/12 (8.33%)
Prachinburi 1/3 (33.33%) 14/78 (17.95%) 1/3 (33.33%) 10/78 (12.82%) 3/3 (100%) 55/78 (70.51%)
Total 10/16 (62.50%) 61/168 (36.31%) 4/16 (25%) 17/168 (10.12%)  12/16 (75%) 98/168 (58.33%)
Burirum 1/1 (100%) 5/5 (100%) 0/1 (0%) 0/5 (0%) 1/1 (100%) 5/5 (100%)
Chaiyaphum 1/1 (100%) 2/2 (100%) 0/1 (0%) 0/2 (0%) 0/1 (0%) 0/2 (0%)

Nakhon 4/9 (44.44%) 193/417 (46.28%) 0/9 (0%) 0/417 (0%) 5/9 (55.56%) 330/417 (79.14%)

’ Ratchasima
Ubon Ratchathani  2/2 (100%) 5/8 (62.50%) 0/2 (0%) 0/8 (0%) 1/2 (50%) 1/8 (12.5%)
Total 8/13 (61.54%) 205/432 (47.45%) 0/13 (0%) 0/432 (0%) 7/13 (53.85%) 336/432 (77.78%)
Khon Kaen 1/1 (100%) 10/11 (90.91%) 0/1 (0%) 0/11 (0%) 1/1 (100%) 11/11 (100%)

4 Mukdahan 0/1 (0%) 0/3 (0%) 0/1 (0%) 0/3 (0%) 0/1 (0%) 0/3 (0%)

Total 1/2 (50%) 10/14 (71.43%) 0/2 (0%) 0/14 (0%) 1/2 (50%) 11/14 (78.57%)
Chiang Rai 0/1 (0%) 0/1 (0%) 0/1 (0%) 0/1 (0%) 1/1 (100%) 1/1 (100%)

° Total 0/1 (0%) 0/1 (0%) 0/1 (0%) 0/1 (0%) 1/1 (100%) 1/1 (100%)
Kanchanaburi 1/2 (50%) 1/10 (10%) 0/2 (0%) 0/10 (0%) 2/2 (100%) 6/10 (60%)
Nakhon Pathom 7/10 (70%) 14/30 (46.67%) 2/10 (20%) 8/30 (2.67%) 7/10 (70%) 11/30 (36.67%)
Prachuap Khiri 3/3 (100%) 24/27 (88.89%) 0/3 (0%) 0/27 (0%) 3/3 (100%) 26/27 (96.30%)

7 Khan
Ratchaburi 6/14 (42.86%) 21/41 (51.22%) 1/14 (7.14%) 2/41 (4.88%) 10/14 (71.43%) 20/41 (48.78%)
Suphanburi 0/3 (0%) 0/7 (0%) 0/3 (0%) 0/7 (0%) 2/3 (66.67%) 3/7 (42.86%)
Total 16/32 (50%) 49/115 (42.61%) 3/32 (9.38%) 10/115 (8.70%) 23/32 (71.88%) 52/115 (45.22%)
Nakhon Si 0/1 (0%) 0/2 (0%) 0/1 (0%) 0/2 (0%) 0/1 (0%) 0/2 (0%)
Thammarat

E Trang 0/2 (0%) 0/16 (0%) 0/2 (0%) 0/16 (0%) 2/2 (100%) 16/16 (100%)
Total 0/3 (0%) 0/18 (0%) 0/3 (0%) 0/18 (0%) 2/3 (66.67%) 16/18 (88.89%)

N/A - N/A 0/4 (0%) 0/11 (0%) 0/4 (0%) 0/11 (0%) 3/4.(75%) 10/11 (90.90%)

Total

37/73 (50.68%)

342/777 (44.02%)

7/73 (9.59%)

27/777 (3.47%)

51/73 (69.86%)

556/777 (71.56%)
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Figure 4.4 Distribution of PEDVs by provinces. The highlishted provinces represent the
occurrence of PEDVs by farms and the number represent the occurrence of PEDVs

by samples in each province.
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Figure 4.5 Distribution of PDCoVs by provinces. The highlichted provinces represent
the occurrence of PDCoVs by farms and the number represent the occurrence of

PDCoVs by samples in each province.
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Figure 4.6 Distribution of EVGs by provinces. The highlighted provinces represent the
occurrence of EVGs by farms and the number represent the occurrence of PDCoVs

by samples in each province.
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4.1.2 The occurrences of PEDVs, PDCoVs and EVGs by age groups of pigs

Pigs are classified into 4 groups, including suckling group, nursery group,
fattening group and breeder group, based on pig age and type of pig. In this thesis,
the samples were collected from suckling group (less than 4-week-old) (n=444),
nursery group (5 week-old - 8 week-old) (n=169), fattening group (9 week-old - 20
week-old) (n=58) and breeder group (boar, gilt and sow) (n=106).

4.1.2.1 The occurrences of PEDVs
The occurrence of PEDVs was highest in suckling eroup (48.42%; 215/444) and
followed by nursery group (46.75%; 79/169), fattening group (32.76%; 19/58) and
breeder group (27.36%; 29/106) (Figure 4.7 and Table 4.2). Statistical analysis by chi-
square test, the suckling and nursery groups showed statistically significant higher
than breeder group, but only suckling group show statistically significant higher than
fattening group (Table 4.3).

4.1.2.2 The occurrences of PDCoV's
The occurrence of PDCoVs was highest in fattening group (6.90%; 4/58) and
followed by suckling group (3.83%; 17/444), breeder group (2.83%; 3/106) and
nursery group (1.78%; 3/169) (Figure 4.7 and Table 4.2). Statistical analysis by chi-
square test, there is no statistically significant difference among age groups (Table

4.3).

4.1.2.3 The occurrences of EVGs
the occurrence of EVGs was highest in fattening group (89.66%; 52/58) and
followed by nursery group (89.35%; 151/169), suckling eroup (64.86%; 288/444) and
breeder group (61.32%; 65/106) (Figure 4.7 and Table 4.2). Statistical analysis by chi-
square test, the nursery and fattening groups showed statistically significant higher
than suckling and breeder groups and no statistically significant difference between

nursery and fattening groups (Table 4.3).

In summary, the comparisons of occurrences of PEDVs, PDCoVs and EVGs
among age groups are shown in graphs in Figure 4.7 and Table 4.2. The statistical

analysis results by chi-square test among age groups is shown in Table 4.3.
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Figure 4.7 Occurrences of PEDVs, PDCoVs and EV(Gs by age groups of pigs.

Table 4.2 Occurrences of PEDVs, PDCoVs and EVGs by age groups of pigs.

Age group of pigs Age PEDVs PDCoVs EVGs
Suckling (n=444) < 4 weeks 215/444 (48.42%)* 17/444 (3.83%) 288/444 (64.86%)
Nursery (n=169) 5 - 8 weeks 79/169 (46.75%)* 3/169 (1.78%) 151/169 (89.35%)*
Fattening (n=58) 9 - 20 weeks 19/58 (32.76%) 4/58 (6.90%) 52/58 (89.66%)*

boar, gilt and
Breeder (n=106) 29/106 (27.36%) 3/106 (2.83%) 65/106 (61.32%)
SOW
Total (n=777) 342/777 (44.02%) 27/777 (3.47%) 556/777 (71.56%)

* indicate the statistical significance (p<0.05)
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Table 4.3 Statistical analysis (p-value) by Chi-square test of the occurrences of

PEDVs, PDCoVs and EVGs among age groups of pigs.

Comparison of age groups PEDVs  PDCoVs  EVGs

All age groups 0.000 0.287 0.000
Suckling and Nursery 0.718 0.308 0.000
Suckling and Fattening 0.017 0.287 0.000
Suckling and Breeder 0.000 0.778 0.501
Nursery and Fattening 0.067 0.073 1.000
Nursery and Breeder 0.001 0.679 0.000
Fattening and Breeder 0.478 0.245 0.000

Number in grey boxes are P-value <0.05
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4.1.3 The occurrences of PEDVs, PDCoVs and EVGs by seasonal patterns

Thai meteorological department (TMD) has classified Thai weather into 3
seasons including summer or hot season starting from mid-February to mid-May,
rainy season starting from mid-May to mid-October and winter or cold season starting
from mid-October to mid-February. In this thesis, samples from diarrheic pigs (n=777)
were collected during December 2014 to January 2018 including sample collection

during summer season (n=167), rainy season (n=451) and winter season (n=159).

4.1.3.1 The occurrences of PEDVs
The occurrences of PEDVs by time of sample collection showed that 31 out of
36 months were positive for PEDVs in ranging from 25% to 100% (by pig farms) and
15.38% up to 100% (by samples) (Tabled.4). It should be noted that PEDVs were
mostly detected in summer season (46.11%; 77/167) but no statistically significant
higher than rainy (44.79%) and winter season (36.72%) (Figure 4.8, Table 4.5 and
Table 4.6).

4.1.3.2 The occurrences of PDCoVs

The occurrences of PDCoVs by time of sample collection showed that PDCoVs
could be found in January, June and July in 2015; January and November in 2016;
March and June in 2017; and January in 2018. The occurrences of PDCoVs were
ranging from 20% to 100% (by pig farms) and 7.32% to 100% (by samples). The
highest occurrence was found in July in 2015 while the lowest occurrence was found
in March in 2017 (Table 4.4). Furthermore, statistical analysis by chi-square test
showed that the occurrence of PDCoVs during winter season was statistically
significant higher than summer and rainy seasons (Figure 4.8, Table 4.5 and Table

4.6).

4.1.3.3 The occurrences of EVGs
The occurrences of PDCoVs by time of sample collection showed that EVGs
could be detected in almost every month (except May in 2015). The occurrences of

EVGs were ranging from 0% to 100% (by pig farms and by samples) (Table 4.4).
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Statistical analysis by chi-square test suggested that the occurrence of EVGs during

rainy season was statistically significant higher than summer and winter seasons.

In summary, the occurrences of PEDVs, PDCoVs and EVGs by months and years
are shown Table 4.4. The comparisons of occurrences of PEDVs, PDCoVs and EVGs
among seasons are shown in Figure 4.8 and Table 4.5. The statistical analysis results

by chi-square test among seasons are shown in Table 4.6.
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Table 4.4 Occurrences of PEDVs, PDCoVs and EVGs by months and years.

Collection date

PEDVs

PDCoVs

EVGs

Positive farm

(%)

Positive sample

(%)

Positive farm

(%)

Positive sample

(%)

Positive farm

(%)

Positive sample

(%)

Dec 2014 1/1 (100.00%) 1/2 (50.00%) 0/1(0.00%) 0/2 (0.00%) 1/1 (100.00%) 2/2 (100.00%)
Jan 2015 1/2 (50.00%) 3/4 (75.00%) 1/2 (50.00%) 1/4 (25.00%) 2/2(100.00%) 2/4 (50.00%)
Feb 2015 2/4 (50.00%) 3/7 (42.86%) 0/4 (0.00%) 0/7 (0.00%) 3/4 (75.00%) 5/7 (71.43%)
Mar 2015 1/2 (50.00%) 2/4 (50.00%) 0/2 (0.00%) 0/4 (0.00%) 2/2 (100.00%) 2/4 (50.00%)
Apr 2015 1/2 (50.00%) 1/2 (50.00%) 0/2 (0.00%) 0/2 (0.00%) 1/2 (50.009%) 1/2 (50.00%)
May 2015 1/1 (100.00%) 1/1 (100.00%) 0/1 (0.00%) 0/1 (0.00%) 0/1 (0.00%) 0/1 (0.00%)
Jun 2015 2/4 (50.00%) 5/15 (33.33%) 1/4 (25.00%) 6/15 (66.67%) 2/4 (50.00%) 6/15 (66.67%)
Jul 2015 0/1 (0.00%) 0/4 (0.00%) 1/1 (100.00%) 4/4.(100%) 1/1 (100.00%) 4/4.(100.00%)
Aug 2015 1/2 (50.00%) 1/5 (20.00%) 0/2 (0.00%) 0/5 (0.00%) 1/2 (50.00%) 4/5 (80.00%)
Sep 2015 NA NA NA NA NA NA

Oct 2015 NA NA NA NA NA NA

Nov 2015 0/2 (0.00%) 0/11 (0.00%) 0/2 (0.00%) 0/11 (0.00%) 1/2 (50.009%) 10/11 (90.91%)
Dec 2015 0/1 (0.00%) 0/2(0.00%) 0/1 (0.00%) 0/2(0.00%) 1/1 (100.009%) 1/2 (50.00%)
Jan 2016 2/3 (66.66%) 9/11 (81.82%) 1/3 (33.33%) 1/11 (9.09%) 2/3 (66.67%) 3/11 (27.27%)
Feb 2016 4/5 (80.00%) 12/15(80.00%) 0/5 (0.00%) 0/15 (0.00%) 1/5 (20.00%) 3/15 (33.33%)
Mar 2016 2/4 (50.00%) 5/12 (41.67%) 0/4 (0.00%) 0/12 (0.00%) 1/4 (25.00%) 1/12 (8.33%)
Apr 2016 1/4 (25.00%) 10/21 (47.62%) 0/4 (0.00%) 0/21 (0.00%) 4/4 (100.00%) 20/21 (95.24%)
May 2016 2/4 (50.00%) 11/43 (25.58%) 0/4 (0.00%) 0/43 (0.00%) 4/4 (100.00%) 33/43 (76.74%)
Jun 2016 0/3 (0.00%) 0/18 (0.00%) 0/3 (0.00%) 0/18 (0.00%) 2/3 (66.67%) 12/18 (66.67%)
Jul 2016 2/3 (66.66%) 11/44 (25.00%) 0/3 (0.00%) 0/44 (0.00%) 2/3 (66.67%) 39/44 (88.64%)
Aug 2016 1/2 (50.00%) 10/38 (26.32%) 0/2 (0.00%) 0/38 (0.00%) 2/2 (100.00%) 34/38 (89.47%)
Sep 2016 2/4 (50.00%) 10/27 (37.04%) 0/4 (0.00%) 0/27 (0.00%) 4/4.(100.00%) 21/27 (77.78%)
Oct 2016 2/2 (100.00%) 13/16 (81.25%) 0/2 (0.00%) 0/16 (0.00%) 2/2(100.00%) 16/16 (100.00%)
Nov 2016 4/5 (80.00%) 20/61 (32.79%) 1/5 (20.00%) 7/61 (11.48%) 4/5 (80.00%) 20/61 (32.79%)
Dec 2016 0/3 (0.00%) 0/6 (0.00%) 0/3 (0.00%) 0/6 (0.00%) 3/3(100.00%) 4/6 (66.67%)
Jan 2017 1/2 (50.00%) 5/7 (71.43%) 0/2 (0.00%) 0/7 (0.00%) 2/2(100.00%) 6/7 (85.71%)
Feb 2017 3/5 (60.00%) 7/29 (24.14%) 0/5 (0.00%) 0/29 (0.00%) 3/5 (60.00%) 12/29 (41.38%)
Mar 2017 3/9 (33.33%) 23/41 (56.10%) 1/9 (11.11%) 3/41 (7.32%) 6/9 (66.67%) 18/41 (43.90%)
Apr 2017 4/6 (66.66%) 16/25 (80.00%) 0/6 (0.00%) 0/25 (0.00%) 5/6 (83.33%) 14/25 (56.00%)
May 2017 3/3 (100%) 25/55 (45.45%) 0/3 (0.00%) 0/55 (0.00%) 3/3(100.00%) 51/55 (92.73%)
Jun 2017 2/3 (66.66%) 5/12 (41.67%) 1/3 (33.33%) 3/12 (25.00%) 3/3(100.00%) 10/12 (83.33%)
Jul 2017 1/3 (33.33%) 9/26 (34.62%) 0/3 (0.00%) 0/26 (0.00%) 2/3 (66.67%) 21/26 (80.77%)
Aug 2017 1/1 (100.00%) 14/32 (43.75%) 0/1 (0.00%) 0/32 (0.00%) 1/1 (100.00%) 32/32 (100.00%)
Sep 2017 1/1 (100.00%) 76/118 (64.41%) 0/1 (0.00%) 0/118 (0.00%) 1/1 (100.00%) 100/118 (84.75%)
Oct 2017 1/2 (50.00%) 25/38 (65.79%) 0/2 (0.00%) 0/38 (0.00%) 2/2 (100.00%) 26/38 (68.42%)
Nov 2017 1/1 (100.00%) 2/13 (15.38%) 0/1 (0.00%) 0/13 (0.00%) 1/1 (100.00%) 12/13(92.31%)
Dec 2017 1/1 (100.00%) 1/5 (20.00%) 0/1 (0.00%) 0/5 (0.00%) 1/1 (100.00%) 4/5 (80.00%)
Jan 2018 1/1 (100.00%) 6/7 (85.71%) 1/1 (100.00%) 2/7 (28.57%) 1/1 (100.00%) 7/7 (100.00%)
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Figure 4.8 Occurrences of PEDVs, PDCoV/s and EVGs by seasons.
Table 4.5 Occurrences of PEDVs, PDCoVs and EVGs by seasons.
Season (date) PEDVs PDCoVs EVGs
Summer

77/167 (46.11%) 3/167 (1.80%)
(16 Feb - 15 May)

85/167 (50.90%)

Rainy
202/451 (44.79%) 13/451 (2.88%) 380/451 (84.26%)*
(16 May - 15 Oct)
Winter
63/159 (39.62%) 11/159 (6.92%)* 91/159 (57.23%)
(16 Oct - 15 Feb)
Total 342/777 (44.02%) 27/777 (3.47%) 556/777 (71.56%)

* indicate the statistical significance (p<0.05)
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Table 4.6 Statistical analysis (p-value) by Chi-square test of the occurrences of

PEDVs, PDCoV's and EVGs among seasons.

Comparison of seasons PEDVs ~ PDCoVs  EVGs

All seasons 0.438 0.024 0.000
Summer and Rainy 0.785 0.577 0.000
Summer and Winter 0.264 0.028 0.268
Rainy and Winter 0.266 0.032 0.000

Number in grey boxes are P-value <0.05
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4.1.4 Analysis of co-circulation of PEDVs, PDCoVs and EVGs

In this thesis, co-circulation of PEDVs, PDCoVs and EVGs was analyzed. The co-
circulation can be found as 8 patterns including positive samples to PEDVs, PDCoVs
and EVGs (0.13%); positive samples to PDCoVs and EVGs (1.67%); positive samples to
PEDVs and EVGs (30.37%); positive samples to PEDVs and PDCoVs (0%); positive
samples to EVGs (39.38%); positive samples to PDCoVs (1.67%); positive samples to
PEDVs (13.51%); and negative samples to all viruses (13.26%). The details of co-

circulation patterns are shown in Figure 4.9.

4.1.4.1 Co-circulation of PEDVs, PDCoVs and EVGs in suckling, nursery,
fattening and breeder groups
For suckling group (n=444), infection of EVGs was highest detected (34.23%;
152/444). Co-circulation of PEDVs and EVGs and co-circulation of PDCoVs and EVGs

were observed (Figure 4.10).

For nursery group (n=169), infection of EVGs was highest detected (48.52%) and
followed by sample positive to both PEDVs and EVGs (39.05%); sample positive to
PEDVs (7.69%); sample negative to all viruses (2.96%); and sample positive to PDCoVs
and EVGs (1.78%) (Figure 4.11).

For fattening group (n=58), the highest detection was EVGs accounting for
53.45% (31/58). The co-circulation of PEDVs and PDCoVs was not observed (Figure
4.12).

For breeder group (n=106), the highest detection was EVGs group. It is noted
that 1 pig from a farm in Ratchaburi was positive for co-circulation of PEDVs, PDCoVs

and EVGs (Figure 4.13).
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Figure 4.9 Percentage of co-circulation of swine enteric viruses in all ages of pigs.
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Figure 4.10 Percentage of co-circulation of swine enteric viruses in suckling pigs.
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Figure 4.11 Percentage of co-circulation of swine enteric viruses in nursery pigs.
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Figure 4.12 Percentage of co-circulation of swine enteric viruses in fattening pigs.
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4.2 Genetic characterization and phylogenetic analyses of swine enteric viruses

In this thesis, representative PEDVs (n=39) were selected from 342 positive
samples. Thai-PEDVs were subjected to Spike (S) and ORF3 genes sequencing. For
genetic characterization, the S gene sequences of Thai-PEDVs were aligned and
compared with reference PEDVs including 4 genotypes (Gla, Glb, G2a and G2b). To
analyze the genetic diversity of PEDVs, the phylogenetic trees of S and ORF3 genes

were constructed with MEGA software version 7.0.26 (Kumar et al., 2016).

Representative Thai-PDCoVs (n=16) were selected from 27 positive samples.
Whole genome sequencing was performed in 2 samples with low cycle threshold
value (Ct) (high RNA copies) whereas other 14 samples were subjected to S gene
sequencing. For genetic characterization, the whole genome and S gene sequences
of Thai-PDCoVs were aligned and compared with reference PDCoVs from China, Laos,
South Korea, USA and Vietnam. To analyze the genetic diversity of PDCoVs, the
phylogenetic trees of whole genome and S gene were constructed with MEGA

software version 7.0.26

Representative Thai-EVGs (n=34) were selected from 556 positive samples. For
genetic characterization, VP1 gene sequences of Thai-EVGs were aligned and
compared with that of 20 genotypes of reference EVGs from the GenBank database.
To reveal the genetic diversity of EVGs, the phylogenetic tree of VP1 gene was

constructed with MEGA software version 7.0.26

4.2.1 Genetic characterization and phylogenetic analyses of Thai-PEDVs

Thai-PEDVs (n=39) were selected from 19 farms in 12 provinces including
Ayutthaya, Chachoengsao, Chaiyaphum, Chonburi, Khon Kaen, Nakhon Pathom,
Nakhon Ratchasima, Prachinburi, Prachuap Khiri Khan, Ratchaburi, Saraburi and Ubon
Ratchathani. Thai-PEDVs characterized in this thesis were recovered from pigs in 2014

(n=2), 2015 (n=2), 2016 (n=19), 2017 (n=15) and 2018 (n=1) (Table 4.7).
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All S gene sequences of Thai-PEDVs were aligned with reference PEDVs of 4
genotypes including Gla (PEDV strains CV777 and EAS1), G1b (PEDV strains IOWA106
and 001), G2a (PEDV strains GDO1 and CBR1) and G2b (PEDV strains ZMDZY and OKN-
2). The nucleotide and amino acid identities were performed with MegAlign software
version 5.03 (DNASTAR Inc., Madison, WI, USA). The results showed that nucleotide
and amino acid identities of Thai-PEDVs (vs PEDV strain CV777) were 91.63%-93.59%
and 91.14%-93.57%, respectively (Table 4.8).

For genetic analysis of S gene of PEDVs, at least 8 patterns of insertions and
deletions have been observed. The details of 8 patterns of insertions and deletions
of representative Thai-PEDVs are shown in Table 4.9. In details, there are 3 insertion
and deletion regions (12 nucleotide insertion at position 171-172, 3 nucleotide
insertion at position 402-403 and 6 nucleotide deletion at position 472-477). This
pattern shares the same across with other 6 patterns, but those 6 patterns have
additional insertion and/or deletion in other regions of S gene. Interestingly, the last
pattern shows insertion and deletion in 2 regions including 3 nucleotide insertion at

position 36-37 and 27 nucleotide deletion at position 2635-2661.

For phylogenetic analysis of S gene, full-length S gene sequences of Thai-PEDVs
(n=39) were aligned with 73 reference PEDVs isolated from Belgium (n=1), China
(n=10), France (n=1), Japan (n=5), Netherland (n=1), Philippines (n=2), South Korea
(n=7), Thailand (n=29), USA (n=11) and Vietnam (n=6). The phylogenetic tree of S
gene showed that the diversity of PEDVs could be classified into 6 groups including
Gla, Glb, Novel G1, G2a, G2b and Novel G2. Thai-PEDVs were grouped in Novel G1
(n=2), G2a (n=17) and Novel G2 (n=20). Members of novel G2 group were all Thai-
PEDV isolates in 2008-2018. Interestingly, there are two pig farms showing co-
circulation between G2a and Novel G2 groups in this thesis (Figure 4.14). Moreover,
full-length ORF3 gene sequences of Thai-PEDVs were aligned with all available Thai
isolates (n=63) from the GenBank database and vaccine strains including PEDV strains
calaf 14, CV777 and DR13. The results showed that all Thai-PEDVs have no deletion
on ORF3 gene, but PEDV vaccines show deletion on ORF3 gene. The phylogenetic
tree of ORF3 gene suggested that Thai-PEDVs could be grouped into 5 groups and
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none of those were grouped with vaccine strains. The phylogenetic analysis of ORF3

gene is shown in Figure 4.15.

In this thesis, we found that genotype Novel G1 was circulating in Saraburi.
While genotype G2a was circulating in 5 provinces including Chachoengsao, Khon
Kaen, Prachinburi, Prachuap Khiri Khan, and Ubon Ratchathani. Genotype Novel G2
could be found in 2 provinces including Ayutthaya and Chaiyaphum. The co-
circulation between G2a and Novel G2 was found in 4 provinces including Chonburi,
Nakhon Pathom, Nakhon Ratchasima and Ratchaburi.  The co-circulation of

genotypes of PEDVs is shown in Figure 4.16.

For S gene analysis at epitopes, there are 4 important epitopes including COE,
SS2, SS6 and 2C10 relating to PEDV antibody induction. At COE epitope, multiple
amino acid substitutions in various positions were observed. Three out of 39 Thai-
PEDVs (PEDV strain S5052, S5054 and S5843) showed 12-14 amino acid substitutions
while the other 36 Thai-PEDVs have number of amino acid substitutions ranging from
7-10 positions (Table 4.10). Although, there is one pattern ("®YSNIGVCK™?) showing
on SS2 epitope, 3 patterns ("*SQSGQVKI™!, "““PQEGQVKI"! and "*“PQDGQVKI"™!) were
observed at SS6 epitope. One Thai-PEDV (PEDV strain S5074) showed 1 amino acid
substitution at position 1371 at 2C10 epitope (Table 4.11).
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Table 4.7 Summary of Thai-PEDVs characterized in this thesis.

Farm # Virus ID Collection date Province Age group Sample type Gene
characterized
S5001 Jun-14 Ratchaburi Suckling Small intestine S, ORF3 genes
1 S5003 Jun-14 Ratchaburi Suckling Small intestine S, ORF3 genes
S5005 Apr-15 Ratchaburi Suckling Small intestine S, ORF3 genes
3 S5032 Aug-15 Ratchaburi Suckling Small intestine S, ORF3 genes
7 S5466 Mar-17 Ratchaburi Nursery Feces S, ORF3 genes
14 S5843 Jan-18 Ratchaburi Sow Feces S, ORF3 genes
19 S5321 Oct-16 Nakhon Pathom Suckling Small intestine S, ORF3 genes
S5413 Feb-17 Nakhon Pathom Suckling Feces S, ORF3 genes
21 S5414 Feb-17 Nakhon Pathom Suckling Feces S, ORF3 genes
S5415 Feb-17 Nakhon Pathom Suckling Feces S, ORF3 genes
S5386 Nov-16 Chonburi Suckling Feces S, ORF3 genes
> S5450 Mar-17 Chonburi Suckling Small intestine S, ORF3 genes
S5034 Jan-16 Prachinburi Suckling Feces S, ORF3 genes
S5036 Jan-16 Prachinburi Suckling Feces S, ORF3 genes
34 S5037 Jan-16 Prachinburi Suckling Small intestine S, ORF3 genes
S5039 Jan-16 Prachinburi Suckling Small intestine S, ORF3 genes
S5297 Sep-16 Prachinburi Suckling Feces S, ORF3 genes
S5043 Feb-16 Nakhon Ratchasima Suckling Small intestine S, ORF3 genes
37 S5044 Feb-16 Nakhon Ratchasima Suckling Small intestine S, ORF3 genes
S5045 Feb-16 Nakhon Ratchasima Suckling Small intestine S, ORF3 genes
38 S5051 Feb-16 Nakhon Ratchasima Suckling Small intestine S, ORF3 genes
S5324 Nov-16 Nakhon Ratchasima Nursery Feces S, ORF3 genes
S5412 Jan-17 Nakhon Ratchasima Nursery Feces S, ORF3 genes
S5495 Apr-17 Nakhon Ratchasima Nursery Small intestine S, ORF3 genes
S5530 May-17 Nakhon Ratchasima Nursery Feces S, ORF3 genes
o S5598 Jul-17 Nakhon Ratchasima Suckling Feces S, ORF3 genes
S5726 Sep-17 Nakhon Ratchasima Suckling Feces S, ORF3 genes
S5765 Oct-17 Nakhon Ratchasima Suckling Feces S, ORF3 genes
S5799 Oct-17 Nakhon Ratchasima Suckling Feces S, ORF3 genes
46 S5074 Apr-16 Khon Kaen Fattening Feces S, ORF3 genes
$5102 May-16 Prachuap Khiri Khan Suckling Feces S, ORF3 genes
“ S5317 Oct-16 Prachuap Khiri Khan Nursery Feces S, ORF3 genes
60 S5057 Mar-16 Ubon Ratchathani Suckling Small intestine S, ORF3 genes
64 S5489 Apr-17 Chachoengsao Suckling Small intestine S, ORF3 genes
65 S5519 May-17 Chachoengsao Fattening Feces S, ORF3 genes
67 S5381 Nov-16 Chaiyaphum Sow Feces S, ORF3 genes
71 S5556 May-17 Ayutthaya Nursery Feces S, ORF3 genes
- S5052 Feb-16 Saraburi Fattening Feces S, ORF3 genes

S5054 Feb-16 Saraburi Fattening Feces S, ORF3 genes
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Table 4.8 Nucleotide and amino acid identities of S gene of Thai-PEDVs and
reference PEDVS.

S gene
GenBank size % nucleotide % aa
Virus accession No. genotype country year (bp) identity identity
Cv777 AF353511 Gla Belgium 1978 4149 100.00% 100.00%
EAS1 KR610991 Gla Thailand 2014 4149 98.96% 97.51%
IOWA106 KJ645695 G1lb USA 2013 4149 95.62% 96.17%
001 KRO11756 G1lb France 2014 4149 95.67% 95.94%
GDO1 JX261936 G2a China 2011 4155 93.78% 93.41%
CBR1 KR610993 G2a Thailand 2014 4155 93.17% 92.48%
ZMDZY KC196276 G2b China 2011 4158 93.62% 93.18%
OKN-2 LC063816 G2b Japan 2014 4158 93.71% 93.42%
S5001 This study Novel G2 Thailand 2014 4158 93.30% 93.03%
S5003 This study Novel G2 Thailand 2014 4158 93.33% 93.03%
S5005 This study Novel G2 Thailand 2015 4158 93.17% 92.87%
S5032 This study G2a Thailand 2015 4155 93.51% 93.33%
S5466 This study G2a Thailand 2017 4155 93.59% 93.41%
$5843 This study Novel G2 Thailand 2018 4158 91.63% 91.14%
S5321 This study G2a Thailand 2016 4155 93.43% 93.49%
S5413 This study Novel G2 Thailand 2017 4155 92.73% 92.87%
S5414 This study Novel G2 Thailand 2017 4155 92.73% 92.87%
S5415 This study Novel G2 Thailand 2017 4155 92.73% 92.87%
S5386 This study Novel G2 Thailand 2016 4164 92.93% 92.71%
S5450 This study G2a Thailand 2017 4158 93.25% 92.48%
S5034 This study G2a Thailand 2016 4155 93.49% 93.41%
S5036 This study G2a Thailand 2016 4155 93.46% 93.41%
S5037 This study G2a Thailand 2016 4155 93.43% 93.33%
S5039 This study G2a Thailand 2016 4155 93.49% 93.41%
S5297 This study G2a Thailand 2016 4155 93.40% 93.41%
S5043 This study Novel G2 Thailand 2016 4167 93.54% 93.42%
S5044 This study Novel G2 Thailand 2016 4167 93.54% 93.42%
S5045 This study Novel G2 Thailand 2016 4167 93.54% 93.42%
S5051 This study G2a Thailand 2016 4155 93.56% 93.57%
S5324 This study Novel G2 Thailand 2016 4167 93.49% 93.26%
S5412 This study Novel G2 Thailand 2017 4167 93.44% 93.18%
S5495 This study G2a Thailand 2017 4152 93.32% 92.71%
S5530 This study Novel G2 Thailand 2017 4167 93.30% 93.03%
S5598 This study Novel G2 Thailand 2017 4167 93.49% 93.34%
S5726 This study Novel G2 Thailand 2017 4167 93.38% 93.11%
S5765 This study Novel G2 Thailand 2017 4167 93.38% 93.11%
S5799 This study Novel G2 Thailand 2017 4167 93.28% 92.95%
S5074 This study G2a Thailand 2016 4155 93.51% 93.41%
S5102 This study G2a Thailand 2016 4155 93.54% 93.41%
S5317 This study G2a Thailand 2016 4155 93.49% 93.26%
S5057 This study G2a Thailand 2016 4155 93.51% 93.02%
S5489 This study G2a Thailand 2017 4155 93.33% 92.71%
S5519 This study G2a Thailand 2017 4152 93.35% 92.71%
S5381 This study Novel G2 Thailand 2016 4167 93.46% 93.26%
S5556 This study Novel G2 Thailand 2017 4167 93.25% 93.03%
S5052 This study Novel G1 Thailand 2016 4125 91.92% 92.84%

S5054 This study Novel G1 Thailand 2016 4125 91.92% 92.99%
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Figure 4.14 Phylogenetic analysis of S gene of the representative PEDVs and
reference PEDVs. The representative viruses are highlishted by circle and square with
difference colors. Each color and each shape indicate the representative viruses

isolated from the same farm. The scale bar represents the distance unit between

sequence pairs.
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Figure 4.15 Phylogenetic analysis of ORF3 gene of the representative PEDVs and
reference PEDVs. The representative viruses are highlishted by circle and square with
difference colors. Each color and each shape indicate the representative viruses
isolated from the same farm. The scale bar represents the distance unit between

sequence pairs.
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Figure 4.16 Distribution of the representative PEDVs by genotypes. The highlight

colors are provinces and genotypes.



Table 4.10 Amino acid substitutions at the epitope COE of Thai-PEDVs.
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Epitrope COE (490-615)
PEDV/Belgium/CV777/1978(AF353511) H | T A G L S NV A F T F K D N S L G A T Y A F S G V L
PEDV/SouthKorea/DR13 (JQ023162)
PEDV/USA/calaf14 (LP934123) S H G | S N S D E F
PEDV/Thailand/55001/2014 S H G | S S E F
PEDV/Thailand/55003/2014 S H G | S S E F
PEDV/Thailand/S5005/2015 S H G | S N S E F
PEDV/Thailand/S5032/2015 T H G | S E F
PEDV/Thailand/55034/2016 T H G | S E F
PEDV/Thailand/55036/2016 T H G | S E F
PEDV/Thailand/S5037/2016 T H G | S E R F
PEDV/Thailand/S5039/2016 T H G | S E F
PEDV/Thailand/S5043/2016 T H G | S E F
PEDV/Thailand/55044/2016 T H G | S E F
PEDV/Thailand/S5045/2016 T H G | S E F
PEDV/Thailand/S5051/2016 T H G | S E F
PEDV/Thailand/55052/2016 D A G L K Vv K v H Q S
PEDV/Thailand/55054/2016 D A G L K V K V. H Q S
PEDV/Thailand/S5057/2016 T D H G | S E F
PEDV/Thailand/S5074/2016 T H G | S E F
PEDV/Thailand/S5102/2016 T H G | S E F
PEDV/Thailand/S5297/2016 T H G | S E F
PEDV/Thailand/S5317/2016 T R G | S E F
PEDV/Thailand/$5321/2016 T H G | S E F
PEDV/Thailand/S5324/2016 T H G | S E F
PEDV/Thailand/S5381/2016 T H G | S E F
PEDV/Thailand/55386/2016 S D H G | S T Y S D
PEDV/Thailand/S5412/2017 T H G | S E F
PEDV/Thailand/S5413/2017 S H G | S N S E F
PEDV/Thailand/S5414/2017 S H G | S N S E F
PEDV/Thailand/S5415/2017 S H G | S N S E F
PEDV/Thailand/S5450/2017 T S R G | S E F
PEDV/Thailand/S5466/2017 T R G D | S E F
PEDV/Thailand/S5489/2017 T H G | S E F
PEDV/Thailand/55495/2017 T H G | S E F
PEDV/Thailand/55519/2017 T H G | S E F
PEDV/Thailand/S5530/2017 T H G | S E F
PEDV/Thailand/S5556/2017 T H G | \ T S E A F
PEDV/Thailand/S5598/2017 T H G | S E F
PEDV/Thailand/S5726/2017 T H G | S E F
PEDV/Thailand/S5765/2017 T H G | S E F
PEDV/Thailand/S5799/2017 T H G | S E F
PEDV/Thailand/S5843/2018 Q D A G L vV N K F v H Q T F

. indicate no amino acid substitution



Table 4.11 Amino acid substitutions at the epitopes 552, SS6 and 2C10 of Thai-PEDVs.
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Epitope SS2 (748-755) SS6 (764-771) 2C10 (1368-1374)
PEDV/BeLg'\um/CV777/1978(AF353511) Y S N | G \ C K S Q Y G Q vV K | G P R L Q P Y
PEDV/SouthKorea/DR13 (JQ023162) P
PEDV/USA/calaf14 (LP934123) S
PEDV/Thailand/S5001/2014 S
PEDV/Thailand/S5003/2014 S
PEDV/Thailand/S5005/2015 S
PEDV/Thailand/S5032/2015 S
PEDV/Thailand/S5034/2016 S
PEDV/Thailand/S5036/2016 S
PEDV/Thailand/S5037/2016 S
PEDV/Thailand/S5039/2016 S
PEDV/Thailand/S5043/2016 S
PEDV/Thailand/S5044/2016 S
PEDV/Thailand/S5045/2016 S
PEDV/Thailand/S5051/2016 S
PEDV/Thailand/S5052/2016 P E
PEDV/Thailand/S5054/2016 P E
PEDV/Thailand/S5057/2016 S
PEDV/Thailand/S5074/2016 S F
PEDV/Thailand/S5102/2016 S
PEDV/Thailand/S5297/2016 S
PEDV/Thailand/S5317/2016 S
PEDV/Thailand/S5321/2016 S
PEDV/Thailand/S5324/2016 S
PEDV/Thailand/S5381/2016 S
PEDV/Thailand/S5386/2016 S
PEDV/Thailand/S5412/2017 S
PEDV/Thailand/S5413/2017 S
PEDV/Thailand/S5414/2017 S
PEDV/Thailand/S5415/2017 S
PEDV/Thailand/S5450/2017 S
PEDV/Thailand/S5466/2017 S
PEDV/Thailand/S5489/2017 S
PEDV/Thailand/S5495/2017 S
PEDV/Thailand/S5519/2017 S
PEDV/Thailand/S5530/2017 S
PEDV/Thailand/S5556/2017 S
PEDV/Thailand/S5598/2017 S
PEDV/Thailand/S5726/2017 S
PEDV/Thailand/S5765/2017 S
PEDV/Thailand/S5799/2017 S
PEDV/Thailand/S5843/2018 P D

. indicate no amino acid substitution
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4.2.2 Genetic characterization and phylogenetic analyses of Thai-PDCoVs

Thai-PDCoVs (n=16) were selected from 6 farms in 4 provinces including
Chonburi, Nakhon Pathom, Prachinburi and Ratchaburi. Thai-PDCoVs characterized in
this thesis were recovered from pigs in 2015 (n=11), 2016 (n=3), 2017 (n=1) and 2018
(n=1) (Table 4.12).

In this thesis, all S gene sequences of Thai-PDCoVs (n=16) were aligned with
those reference PDCoVs isolated from China (n=3), Laos (n=1), South Korea (n=3),
USA (n=3), and Vietnam (n=2). The nucleotide and amino acid identities were
performed with MegAlign software version 5.03 (DNASTAR Inc., Madison, WI, USA).
Those S gene sequences of Thai-PDCoVs were compared with PDCoV strain HKU15-
155. The results showed that nucleotide and amino acid identities among Thai-

PDCoVs were ranging 95.63%-96.41% and 96.48%-97.90%, respectively (Table 4.13).

For genetic analysis, the nucleotide positions were numbered based on
nucleotide sequence of PDCoV strain HKU15-155. In this thesis, whole genome
sequences of 2 Thai-PDCoVs was compared with PDCoVs strain HKU15-155. There
are 6 insertion and deletion regions in whole genome (25,404 bps) including 2
deletion regions of 5’UTR with 3 and 1 nucleotide deletion, 2 deletion regions of
ORF1la gene with 6 and 9 nucleotide deletion, 3 nucleotide insertion of S gene and 4
nucleotide insertion of 3’UTR. The S gene sequences of 14 Thai-PDCoVs were
compared with S gene of HKU15-155. The results show that all Thai-PDCoVs have 3
nucleotide insertion of S gene. Genetic characterization of 2 whole genome and 14 S

gene of Thai-PDCoVs is shown in Table 4.14.

For phylogenetic analysis, two whole genome sequences of Thai-PDCoVs were
aligned with 98 whole genome sequences of reference PDCoVs. Reference PDCoVs
were isolated from China (n=49), Japan (n=6), South Korea (n=4), Laos (n=1), Thailand
(n=4), USA (n=32) and Vietnam (n=2). The phylogenetic analysis results showed that
the diversity of PDCoVs could be classified into 4 clusters based on geographic
locations including China cluster, Thailand cluster, USA and Korea cluster, and

Vietnam cluster. 2 Thai-PDCoVs were grouped in Thailand cluster. The phylogenetic
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analysis of whole genome of 2 representative PDCoVs is shown in Figure 4.17.
Moreover, the phylogenetic tree of S gene of Thai-PDCoVs and reference PDCoVs
(n=109) was analyzed. The phylogenetic analysis of S gene suggested that PDCoVs
could be classified into 4 groups based on geographic locations which similar to the
result of phylogenetic analysis of whole genome. All Thai-PDCoVs were grouped in

Thailand cluster. The phylogenetic analysis of S gene is shown in Figure 4.18.

For the distribution analysis of PDCoVs, PDCoVs could be detected in 5
provinces. 4 out of 5 provinces including Chonburi, Nakhon Pathom, Prachinburi and
Ratchaburi had Thai-PDCoVs in Thailand cluster circulation while the other clusters

were not observed in this thesis (Figure 4.19).

For S gene analysis at epitopes, position of amino acid was numbered based
amino acid sequence of PDCoV strain HKU15-155. There are 3 important epitopes
including NTD, CTD and S2 on S gene of PDCoVs relating to PDCoV antibody
induction. At NTD epitope, 16 out of 236 positions showed amino acid substitution.
Amino acid substitutions of Thai-PDCoVs at NTD epitope were ranging from 8 to 12
positions.  PDCoV strain S5841 has the most amino acid substitutions. At CTD
epitope, there are 3-5 positions showed amino acid substitution. The amino acid
substitutions at NTD and CTD epitopes of PDCoVs is shown in Table 4.15. Moreover,
amino acid changes at S2 epitope were detected. The most amino acid changes
were observed in PDCoV strain S5841. The amino acid changes at S2 epitope are

shown in Table 4.16.



Table 4.12 Summary of Thai-PDCoVs characterized in this thesis.
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Farm #  VirusID  Collection date Province Age group Sample type Gene characterized
14 55841 Jan-2018 Ratchaburi Sow Feces S gene
17 S5192 Jan-2015 Nakhon Pathom Suckling Feces S gene
$5396 Nov-2016 Nakhon Pathom Suckling Feces S gene
2 S5397 Nov-2016 Nakhon Pathom Suckling Feces S gene
27 S5444 Jan-2016 Chonburi Suckling Small intestine S gene
29 S5475 Mar-2017 Chonburi Nursery Feces S gene
S5011 Jun-2015 Prachinburi suckling Small intestine WGS
S5012 Jun-2015 Prachinburi suckling Small intestine S genes
S5013 Jun-2015 Prachinburi suckling Feces S genes
S5014 Jun-2015 Prachinburi suckling Small intestine S genes
S5015 Jun-2015 Prachinburi suckling Small intestine  WGS
> S5016 Jun-2015 Prachinburi suckling Feces S genes
S5022 Jul-2015 Prachinburi fattening Feces S genes
$5023 Jul-2015 Prachinburi fattening Feces S genes
S5024 Jul-2015 Prachinburi fattening Feces S genes
S5025 Jul-2015 Prachinburi fattening Feces S genes




Table 4.13 Nucleotide and amino acid identities of S gene of Thai-PDCoVs and

reference PDCoVs.
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S gene
GenBank size % nucleotide % aa
virus accession No. Cluster country year (bp) identity identity
HKU15-155 JQ065043 China China 2010 4149 100.00% 100.00%
GD16-06 KY078909 China China 2016 4146 98.54% 98.96%
GD16-03 KY363867 China China 2016 4152 96.73% 97.81%
Ilinois133 KJ601777 USA and Korea USA 2014 4152 98.60% 98.96%
Minnesotal40 KX022603 USA and Korea USA 2014 4152 98.60% 98.87%
Michigan447 KR265849 USA and Korea USA 2016 4152 98.51% 98.96%
KNU14-04 KM820765 USA and Korea South Korea 2014 4152 98.69% 99.04%
KNU16-08 KY926511 USA and Korea South Korea 2016 4149 97.89% 97.90%
KNU16-11 KY926512 USA and Korea South Korea 2016 4149 97.83% 97.81%
Binh21 KX834352 Vietnam Vietnam 2015 4152 96.86% 97.81%
HaNoi6 KX834351 Vietnam Vietnam 2015 4152 96.76% 97.72%
P1 16 BTL 0115 KX118627 Thailand Laos 2016 4152 96.52% 97.54%
TT 1115 KU984334 Thailand Thailand 2015 4149 96.31% 97.45%
S5481 This study Thailand Thailand 2018 4152 95.63% 96.48%
S5192 This study Thailand Thailand 2015 4152 96.41% 97.90%
S5396 This study Thailand Thailand 2016 4152 96.10% 97.46%
S5397 This study Thailand Thailand 2016 4152 96.10% 97.46%
S5444 This study Thailand Thailand 2016 4152 96.26% 97.37%
S5475 This study Thailand Thailand 2017 4152 96.16% 97.55%
S5011 This study Thailand Thailand 2015 4152 96.32% 97.37%
S5012 This study Thailand Thailand 2015 4152 96.32% 97.37%
S5013 This study Thailand Thailand 2015 4152 96.32% 97.46%
S5014 This study Thailand Thailand 2015 4152 96.29% 97.28%
S5015 This study Thailand Thailand 2015 4152 96.29% 97.28%
S5016 This study Thailand Thailand 2015 4152 96.32% 97.37%
S5022 This study Thailand Thailand 2015 4152 96.29% 97.37%
S5023 This study Thailand Thailand 2015 4152 96.29% 97.37%
S5024 This study Thailand Thailand 2015 4152 96.32% 97.28%
S5025 This study Thailand Thailand 2015 4152 96.35% 97.37%
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Figure 4.17 Phylogenetic analysis of whole genome of the representative PDCoVs
and reference PDCoVs. The representative viruses are highlighted by circle with
difference colors. Each color indicates the representative viruses isolated from the

same farm. The scale bar represents the distance unit between sequence pairs.
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Figure 4.18 Phylogenetic analysis of S gene of the representative PDCoVs and
reference PDCoVs. The representative viruses are highlighted by circle with difference
colors. Each color indicates the representative viruses isolated from the same farm.

The scale bar represents the distance unit between sequence pairs.
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4.2.3 Genetic characterization and phylogenetic analysis of Thai-EVGs

Thai-EVGs (n=34) were selected from 21 farms in 13 provinces including
Chachoengsao, Chiang Rai, Chonburi, Kanchanaburi, Khon Kaen, Nakhon Nayok,
Nakhon Pathom, Nakhon Ratchasima, Prachinburi, Prachuap Khiri Khan, Ratchaburi,
Suphanburi and Trang. Thai-EVGs characterized in this thesis were recovered from

pigs in 2015 (n=4), 2016 (n=23) and 2017 (n=7) (Table 4.17).

For genetic analysis, all VP1 sequences of Thai-EVGs were aligned with
reference EVGs of 20 genotypes. The details of 20 genotypes of EVGs were listed in
Table 3.4. Nucleotide comparisons of 34 Thai-EVGs and 20 reference genotypes
showed 55.05%-79.95% nucleotide identities. We found that 34 Thai-EVGs showed
the highest similarities to G1 (n=7), G3 (n=22), G4 (n=1), G8 (n=1), G9 (n=1) and G10
(n=2). The nucleotide identities of VP1 gene of Thai-EVGs compared with reference

EVGs of 20 genotypes are shown in Table 4.18.

For phylogenetic analysis, all VP1 gene sequences of Thai-EVGs were aligned
with reference EVGs of 20 genotypes (n=69). The phylogenetic analysis showed that
all Thai-EVGs were grouped in 6 groups including G1 (n=7), G3 (n=22), G4 (n=1), G8
(n=1), G9 (n=1) and G10 (n=2) (Figure 4.20). Interestingly, 2 pig farms in 2 provinces,
including Nakhon Ratchasima and Ratchaburi, contained more than 1 genotype of

EVGs circulation.

In this thesis, EVGs could be detected in 13 out of 17 provinces. Genotype 1
was circulating in 3 provinces including Chiang Rai, Nakhon Pathom and Trans.
Genotype 3 was circulating in 6 provinces including Chonburi, Kanchanaburi, Khon
Kaen, Nakhon Nayok, Prachinburi and Suphanburi. Genotype 10 was discovered in
Prachuap Khiri Khan. Co-circulation of more than 1 genotype of EVGs were observed
in 3 provinces, including Chachoengsao, Nakhon Ratchasima and Ratchaburi. The

distribution of genotypes of EVGs is shown in Figure 4.21.



Table 4.17 Summary of Thai-EV(Gs characterized in this thesis.
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Farm # Virus ID Collection date Province Age group Sample type Gene characterized
S5400 Dec-2016 Ratchaburi Nursery Feces VP1
! S5401 Dec-2016 Ratchaburi Nursery Feces VP1
18 $5193 Feb-2015 Nakhon pathom Suckling Feces VP1
20 S5327 Nov-2016 Nakhon pathom Nursery Feces VP1
25 S5391 Nov-2016 Chonburi Suckling Feces VP1
32 S5430 Feb-2017 Kanchanaburi Suckling Feces VP1
33 S5080 Apr-2016 Kanchanaburi Suckling Small intestine VP1
S5129 Jun-2016 Prachinburi Suckling Feces VP1
> 55268 Aug-2016 Prachinburi Suckling Feces VP1
35 S5078 Apr-2016 Prachinburi Suckling Feces VP1
36 55273 Sep-2016 Prachinburi Suckling Feces VP1
55083 May-2016 Nakhon Ratchasima Breeder Feces VP1
0 S5087 May-2016 Nakhon Ratchasima Suckling Feces VP1
S5109 May-2016 Nakhon Ratchasima Suckling Feces VP1
S5137 Jun-2016 Nakhon Ratchasima Breeder Feces VP1
S5244 Aug-2016 Nakhon Ratchasima Suckling Feces VP1
41 S5409 Jan-2017 Nakhon ratchasima Suckling Feces VP1
S5410 Jan-2017 Nakhon ratchasima Suckling Feces VP1
S5412 Jan-2017 Nakhon ratchasima Suckling Feces VP1
S5617 Aug-2017 Nakhon ratchasima Nursery Feces VP1
S5338 Nov-2016 Nakhon Ratchasima Suckling Feces VP1
S5342 Nov-2016 Nakhon Ratchasima Suckling Feces VP1
43 S5346 Nov-2016 Nakhon Ratchasima Suckling Feces VP1
$5350 Nov-2016 Nakhon Ratchasima Suckling Feces VP1
S5353 Nov-2016 Nakhon Ratchasima Suckling Feces VP1
46 S5082 Apr-2016 Khon kaen Suckling Small intestine VP1
51 S5196 Feb-2015 Suphanburi Suckling Feces VP1
53 S5215 Dec-2015 Suphanburi Suckling Feces VP1
58 55221 Nov-2015 Trang Nursery Feces VP1
63 S5308 Oct-2016 Prachuap Khiri Khan Nursery Feces VP1
65 S5517 May-2017 Chachoengsao Fattening Feces VP1
66 55568 Jun-2017 Chachoengsao Suckling Feces VP1
68 S5404 Dec-2016 Nakhon nayok Suckling Feces VP1
70 55405 Dec-2016 Chiang Rai Nursery Feces VP1
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Figure 4.20 Phylogenetic analysis of VP1 gene of the representative EVGs and
reference EVGs. The representative viruses are highlighted by circle and square with
difference colors. Each color indicates the representative viruses isolated from the

same farm. The scale bar represents the distance unit between sequence pairs.
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Figure 4.21 Distribution of the representative EV(Gs by genotypes. The highlight colors

are provinces and genotypes.
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4.3 Development of rapid diagnostic tests using RT-LAMP with lateral flow

device and DNA aptamer
4.3.1 Development of RT-LAMP with LFD for PEDVs detection

For RT-LAMP with LFD for PEDVs detection, the development and evaluation of
the assay were carried out for analytical sensitivity and specificity, diagnostic

sensitivity and specificity and agreement of the test.

4.3.1.1 Analytical sensitivity and specificity of RT-LAMP with LFD for
PEDVs detection
For analytical sensitivity, each DNA standard set contained varied amount of
DNA from 2X10°-2X10° copies and negative. The DNA standard sets were tested by
using RT-LAMP with LFD for PEDVs detection in triplicate. All three sets of DNA
standard showed the consistent results with minimum limit of detection as 2X10° or
2 copies. The results of analytical sensitivity of RT-LAMP with LFD for PEDVs

detection are shown in Figure 4.22.

For analytical specificity, The RT-LAMP with LFD reactions were performed in
triplicate of bacteria and viruses (n=9) including PEDV, PDCoV, PCV2, E.col,
Salmonella Thyphimurium, PRRSV strain EU, PRRSV strain US, SIV subtype HIN1 and
SIV subtype H3N2. The results showed that RT-LAMP with LFD for PEDVs detection is
specific to only PEDVs while the other pathogens are negative. The results of
analytical specificity of RT-LAMP with LFD for PEDVs detection are shown in Figure
4.23.

4.3.1.2 Diagnostic sensitivity and specificity and agreement of RT-LAMP
with LFD for PEDVs detection
For diagnostic sensitivity, PEDVs positive (n=25) and negative (n=55) samples by
gRT-PCR were subjected to RT-LAMP with LFD for PEDVs detection. Then, the
comparison between gRT-PCR and RT-LAMP with LFD results was evaluated (Table
4.19). Both diagnostic sensitivity and specificity of RT-LAMP with LFD are 100%. For

agreement of the test, the results show 100% agreement between gRT-PCR and RT-
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LAMP with LFD. The details of samples (n=80) and results of gRT-PCR and RT-LAMP
with LFD for PEDVs detection are shown in Appendix B.

M 1 2 3 4 5 6 7 8 9 10 11

1000 bp
500 bpis

Figure 4.22 Analytical sensitivity of RT-LAMP with LFD for PEDVs detection. A)
Visualization of LAMP amplicons by gel electrophoresis. B) Visualization of LAMP
amplicons by LFD. M: marker 1kb, 1:2X10° DNA copies, 2:2X10° DNA copies, 3:2X10”
DNA copies, 4:2X1 0° DNA copies, 5:2X1 0° DNA copies, 6:2X1 0* DNA copies, 7:2X1 0’
DNA copies, 8:2X 10°° DNA copies, 9:2X10 DNA copies, 10:2 DNA copies, and

11:negative.
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Figure 4.23 Analytical specificity of RT-LAMP with LFD for PEDVs detection. A)
Visualization of LAMP amplicons by gel electrophoresis. B) Visualization of LAMP
amplicons by LFD. M: marker 1kb, 1:PEDV, 2:PDCoV, 3:PCV2, 4:E.coli, 5:Salmonella
Thyphimurium, 6:PRRSV strain EU, 7:PRRSV strain US, 8:SIV subtype HINI1, 9: SIV
subtype H3NZ2.
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Table 4.19 Diagnostic sensitivity and specificity and agreement of RT-LAMP with LFD
for PEDVs detection.

gRT-PCR (reference)

Positive | Negative

Positive 25 0

RT-LAMP (test)
Negative |0 55
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4.3.2 Development of RT-LAMP with LFD for PDCoVs detection

For RT-LAMP with LFD for PDCoVs detection, the development and evaluation
of the assay were carried out for the analytical sensitivity and specificity, the

diagnostic sensitivity and specificity and agreement of the test.

4.3.2.1 Analytical sensitivity and specificity of RT-LAMP with LFD for
PDCoVs detection
For analytical sensitivity, each DNA standard set contained varied amount of
DNA from 2X10°2X10° copies and negative. The DNA standard sets were tested by
using RT-LAMP with LFD for PDCoVs detection in triplicate. All three sets of DNA
standard showed the consistent results with minimum limit of detection as 2X10° or
2 copies. The results of analytical sensitivity of RT-LAMP with LFD for PDCoVs

detection are shown in Figure 4.24.

For analytical specificity, The RT-LAMP with LFD reactions were performed in
triplicate of bacteria and viruses (n=9) including PEDV, PDCoV, PCV2, E.col,
Salmonella Thyphimurium, PRRSV strain EU, PRRSV strain US, SIV subtype HIN1 and
SIV subtype H3N2. The results show that RT-LAMP with LFD for PDCoVs detection is
specific to only PDCoVs while the other pathogens are negative. The results of
analytical specificity of RT-LAMP with LFD for PDCoVs detection are shown in Figure
4.25.

4.3.2.2 Diagnostic sensitivity and specificity and agreement of RT-LAMP
with LFD for PDCoVs detection
For diagnostic sensitivity, PDCoVs positive (n=20) and negative (n=60) samples

by gRT-PCR were subjected to RT-LAMP with LFD for PDCoVs detection. The
comparison between gRT-PCR and RT-LAMP with LFD results is shown in Table 4.20.
Both diagnostic sensitivity and specificity of RT-LAMP with LFD for PDCoVs detection
are 100%. For agreement of the test, the results showed 100% agreement between
gRT-PCR and RT-LAMP with LFD. The details of samples (n=80) and results of gRT-
PCR and RT-LAMP with LFD for PDCoVs detection are shown in Appendix B.
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Figure 4.24 Analytical sensitivity of RT-LAMP with LFD for PDCoV/s detection. A)
Visualization of LAMP amplicons by gel electrophoresis. B) Visualization of LAMP
amplicons by LFD. M: marker 1kb, 1:2X10° DNA copies, 2:2X10° DNA copies, 3:2X10”
DNA copies, 4:2X10° DNA copies, 5:2X10° DNA copies, 6:2X10° DNA copies, 7:2X10°
DNA copies, 8:2X10° DNA copies, 9:2X10 DNA copies, 10:2 DNA copies, and

11:negative.
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Figure 4.25 Analytical specificity of RT-LAMP with LFD for PDCoVs detection. A)
Visualization of LAMP amplicons by gel electrophoresis. B) Visualization of LAMP
amplicons by LFD. M: marker 1kb, 1:PDCoV, 2:PEDV, 3:PCV2, 4:E.coli, 5:Salmonella
Thyphimurium., 6:PRRSV strain EU, 7:PRRSV strain US, 8:SIV subtype HINI1, 9: SIV
subtype H3NZ2.
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Table 4.20 Diagnostic sensitivity and specificity and agreement of RT-LAMP with LFD
for PDCoV's detection.

gRT-PCR (reference)

Positive | Negative

Positive 20 0
RT-LAMP (test)

Negative 0 60
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4.3.3 Establishment of DNA aptamer for PEDVs detection

4.3.3.1 Preparation of NP protein of PEDV

In this thesis, the consensus NP protein of PEDV (441 amino acid) was retrieved
from the reference PEDVs (n=661) from the GenBank database. To evaluate amino
acid identities, the consensus sequence and reference PEDVs were aligned and
analyzed by using MEGA software version 7.0.26. The results showed that the
consensus share amino acid identities with reference PEDVs as 94.78-100%. It is
noted that the amino acid identity between consensus and porcine epidemic
diarrhea virus vaccine (Zoetis) was 99.32%.

For protein preparation, 58 kDa of recombinant NP based on E.coli system
including full-length NP and hiss-tageed was expressed. The expressed NP protein
and purified NP protein was analyzed and visualized in SDS-PAGE and Coomassie
staining. LC/MS-MS of recombinant NP protein show 48% coverage along the full-
length NP amino acid. SDS-PAGE and Coomasie staining of expressed NP and purified
NP and LC/MS-MS results are shown in Figure 4.26. The quantification of
recombinant NP protein is 320 ng/pL.

4.3.3.2 Aptamer preparation and selection

For aptamer preparation and selection, 50 sequences of transformants
containing aptamer insertion were examined. None of 50 sequences showed
similarities in a Clustal W alignment using MEGA 7 software. Conserved motif
sequences among 50 sequences were performed by using MEME analysis. Seven out
of 50 candidate aptamers shared the same motif sequences. Seven candidate
aptamers with and without primer-binding area were then selected and subjected to
process for secondary structure prediction. After analysis, two candidate aptamers
(NO4 and N25) showed the same stem-loop structure of aptamers.

To evaluate aptamer for specific binding, N04 and N25 aptamers were
subjected to EMSA for evaluating that the aptamers recognized recombinant NP
protein in dose-dependent form. Our results showed that the competitive binding of
EMSA of both aptamers showed specific recognition of aptamers and recombinant NP

protein. EMSA and competitive EMSA are shown in Figure 4.27.
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To describe the strength of the binding affinity between aptamer and
recombinant NP protein, dissociation constant (Kp) of each aptamer were evaluated
using enzyme linked aptamer assay based on a nonlinear regression analysis. A
concentration of each aptamer that produce 50% of aptamer-protein complex was
referred as Kp. The results of binding curve were fitted to a modified equation as
follows: AB= ABmax[Al/(Kp+[Al). Where; AB represents aptamer-protein complex as
measured by OD at 450 nm, [A] is a concentration of aptamer, and Ky is a dissociation
constant. The affinity of NO4 and N25 were 3.7 and 6.3 nM respectively. The
dissociation constants of each aptamer are shown in Figure 4.28.

To identify the binding region, DNase | footprinting assay was performed. For
NO4, the binding region between aptamer and recombinant NP protein is aptamer
residue between 17 and 20 where the motif sequence is AAGT. While the binding of
NO4 aptamer and other proteins including bovine serum albumin, recombinant S2
subunit of PEDV and without protein showed signal at residues 17 and 20. For N25,
the binding region between aptamer and recombinant NP protein is aptamer residue
between 16 and 19 where the motif sequence is AACT. While the binding of N25
aptamer and other proteins including bovine serum albumin, recombinant S2 subunit
of PEDV and without protein showed signal at residues 16 and 19. The binding
regions of NO4 and N25 aptamers are shown in Figure 4.29. In addition, NO4 and N25
were achieved site-direct mutations at aptamer residue 19 and 18 respectively for
confirmation the binding region area. In theorical, the dissociation constant is
changed either increase or decrease the affinity when the sequence of binding region
is changed. The dissociation constants of delta NO4 and delta N25 were 0.9 and 69.2
nM respectively.

For the detection limit, NO4 and N25 aptamers were tested in triplicate with
various titers of PEDV vaccine (calafl4) by using enzyme-linked aptamer assay. The
titers of the PEDV vaccine were ranging from 0-2X10° TCIDs,. The results showed that
the limit of detections of NO4 and N25 were 1X10* and 5X10* TCIDs,, respectively.
The results of enzyme-linked aptamer assay to identify the detection limit are shown

in Figure 4.30.
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Figure 4.26 Recombinant NP protein preparation. A) NP protein expression. M: Protein
marker, 1: pET-24b+ and 2: NP-pET-24b+. B) NP protein purification. M: protein
marker and 1: purified NP protein. C) LC-MS/MS of purified recombinant NP protein.
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Figure 4.27 EMSA and competitive EMSA of NO4 and NO5 aptamers.
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Figure 4.28 Dissociation constants of NO4 and N25 aptamers by using nonlinear

regression analysis.
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Figure 4.29 DNase | footprinting and secondary structures of NO4 and N25 aptamers.

A) Binding area of N04 aptamer. B) Binding area of N25 aptamer.
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CHAPTER 5
DISCUSSION

5.1 Surveillance of swine enteric viruses in pig farms

Since the emerging of PEDVs in Thailand, pig productions have been suffered
due to continuous circulation of PEDVs in pig farms. In 2007, Thai-PEDVs were
isolated form the provinces in western and eastern parts of Thailand. The PEDVs in
2007 were characterized and classified as genotype G2 (Chinese-like). Then during
2008-2014, the surveillance of Thai-PEDVs has been performed and the results
showed that PEDVs genotype G1 and G2 were circulating throughout the country
(Puranaveja et al., 2009; Stott et al., 2017; Temeeyasen et al., 2014). It has been
reported that PEDVs can infect in pigs of all age groups. However, PEDVs cause
severe diarrhea, vomiting, and dehydration in piglets with up to 100% mortality

(Wood, 1977).

In 2012, the first identification of PDCoVs was reported in pigs in Hong Kong.
Later on, PDCoVs were discovered in worldwide. Co-circulation of PEDVs and PDCoVs
was reported in China and some countries (Lee and Lee, 2014da; Marthaler et al,
2014a; Saeng-Chuto et al., 2017; Song et al., 2015; Woo et al., 2012; Zhang et al.,
2019a). The comparisons of clinical signs, gross lesions and histopathological lesions

between PEDVs and PDCoVs infections are similar (Wang et al., 2016¢).

Recently, 20 genotypes of EVGs have been discovered in China, England,
German, Hungary, Japan, Scotland, South Korea, USA and Vietnam (Boros et al.,
2012a; Boros et al., 2012b; Boros et al., 2011; Moon et al., 2012; Van Dung et al.,
2014; Zhang et al, 2012). In infected pigs, various conditions including diarrhea,
poliomyelitis, pneumonia and enteritis have been observed (Palmquist et al., 2002;
Pogranichniy et al, 2003). Inter- and Intra-species recombination of genus

enterovirus rarely occur but novel recombinant enteroviruses in humans and animals
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have been reported (Sun et al., 2014; Tapparel et al., 2009; Van Dung et al., 2014
Yozwiak et al., 2010).

Since, PEDVs, PDCoVs and EVGs are important pathogens of food security and
public health concemns. The limit information on the occurrences and status of
PEDVs, PDCoVs and EVGs in Thailand lead us to carry out the surveillance of swine
enteric viruses in pig farms during December 2014 — January 2018 from 73 pig farms
from 20 provinces of 7 livestock regions. Subsequently, the recommendations for

the prevention and control strategies in pig farms have been developed.
5.1.1 The occurrences of PEDVs

Our results showed that the occurrences of PEDVs by samples (44.02%,;
342/777) and by pig farms (50.68%; 37/73) were high. Comparing with the previous
study in Thailand, the occurrence of PEDVs was higher than previous report (19.90%,
153/769). Previous studies in China reported that the occurrences of PEDVs were
ranging from 32.18% to 57.32% which comparable to the result of this thesis. By pig
farms, the occurrences of PEDVs in this thesis was lower than the previous study in
China which almost all pig farms were positive (96.43%). However, the study in the
US showed that the occurrence of PEDVs in pig farms was 40.5% which similar to our
results (Beam et al.,, 2015; Chen et al.,, 2019; Feng et al., 2020; Puranaveja et al.,
2009; Stott et al., 2017; Temeeyasen et al., 2014; Tuanthap et al., 2019; Zhang et al,,
2019a).

5.1.1.1 The occurrences of PEDVs by locations
Our results showed that Thai-PEDVs could be detected in 5 livestock regions
but not in 2 livestock regions of the North and South of Thailand. Thai-PEDVs were
recovered from pigs in the high density of pig production provinces such as
Chachoengsao, Chonburi, Nakhon Ratchasima, Nakhon Pathom, Prachinburi and
Ratchaburi. Our results showed that Thai-PEDVs were recovered from pig farms in
the same geographic locations as previous studies in Thailand (Puranaveja et al,

2009; Stott et al., 2017; Temeeyasen et al., 2014; Tuanthap et al., 2019).
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5.1.1.2 The occurrences of PEDVs by age groups of pigs

Our results showed that Thai-PEDVs were detected in all age groups of pigs
which were similar to previous studies of PEDVs in the US (Chen et al, 2014,
Stevenson et al., 2013). The highest occurrence of PEDVs was in suckling pigs
(48.42%). Moreover, PEDVs infection in suckling and nursery pigs was statistically
significant higher than in fattening and breeder pigs. Our findings agreed with the
previous study on PEDV epidemiological survey by using meta-analysis which
indicated that the prevalence of PEDVs in piglets was statistically significant higher
than in fattening and sow pigs (Chen et al., 2019).

5.1.1.3 The occurrences of PEDVs by seasonal patterns
Our results showed that Thai-PEDVs were recovered from pigs in almost every
month and every year. PEDVs were mostly detected in summer season (46.11%) but
no statistically significant difference from the other seasons. Our results contradict
with the meta-analysis study in China, which PEDVs were mostly detected in spring

and winter seasons.

5.1.2 The occurrences of PDCoVs

Our results showed that the occurrences of PDCoVs by samples (3.47%,;
27/777) and by pig farms (9.59%; 7/73) were lower than the occurrences of PEDVs.
Our findings were in agreement with previous studies in China, which the prevalence
of PDCoVs (13.25% and 27.22%) was lower than the prevalence of PEDVs (32.18%
and 57.32%) (Feng et al., 2020; Zhang et al., 2019a).

5.1.2.1 The occurrences of PDCoVs by locations
Our results showed that Thai-PDCoVs were detected in pigs from livestock
regions 2 and 7. According to 3 year-reports of Thai-DLD (2014, 2015 and 2017),
those livestock regions are top 2 of pig production areas in Thailand. We found that
PDCoVs were circulating in 5 provinces including Chachoengsao, Chonburi, Nakhon

Pathom, Prachinburi and Ratchaburi. These results were similar to previous study in
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Thailand that PDCoVs were detected from the same geographic locations (Saeng-

Chuto et al., 2017).

5.1.2.2 The occurrences of PDCoVs by age groups of pigs
Our results showed that the occurrence of Thai-PDCoVs was highest in fattening
pigs while the lowest occurrence in nursery pigs. There is no statistically significant
difference of PDCoVs infection among age groups of pigs. Previous studies reported
that PDCoVs were mostly detected in suckling pigs and sows more than in fattening
pigs. Another study in Japan revealed that PDCoVs most likely be detected in older
pigs than suckling pigs (Feng et al., 2020; Zhang et al., 2019a).

5.1.2.3 The occurrences of PDCoVs by seasonal patterns
Our results showed that PDCoVs could be detected in all seasons but often
detected during the cold weather more than the other seasons. These findings are
the same as previous studies in China, which PDCoVs were detected in spring and

winter seasons more than summer season (Feng et al., 2020).

5.1.3 The occurrences of EVGs

Our results showed that the occurrences of EVGs by samples (71.56%; 556/777)
and by pig farms (69.86%; 51/73)) were high. Our findings of EVGs infection were
lower than the previous study in Vietnam (81.6%) (Van Dung et al, 2016). In
contrast, our results in Thailand were higher than those in the previous studies in
China (8.3%), Czech Republic (50.2%), Italy (7.5%) and Spain (0%) (Buitrago et al.,
2010; Prodelalova, 2012; Sozzi et al., 2010; Yang et al., 2013).

5.1.3.1 The occurrences of EVGs by locations
Our results showed that Thai-EVGs could be detected from pigs in all livestock
regions. There are only 3 provinces (Chaiyaphum, Nakhon Si Thammarat and
Mukdahan) were not detected. These could be the effect of sample size in those
provinces. Our findings indicated that EVGs might be circulating throughout the

country.
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5.1.3.2 The occurrences of EV(Gs by age groups of pigs
Our results showed that Thai-EVGs could be recovered from fattening (89.66%)
and nursery (89.35%) pigs statistically significant higher than from breeder (61.32%)
and suckling (64.86%) pigs. Our results in consistent with the previous study that
EVGs were mostly detected in weaned pigs more than in older pigs (>1 year old) (Van

Dung et al., 2014).

5.1.3.3 The occurrences of EVGs by seasonal patterns
Our results showed that Thai-EVGs infection were high during rainy season.
There is no report of seasonal pattern study of EVGs. However, a report of human
enterovirus showed that human enterovirus infection was increased in rainy season

(Puenpa et al., 2018; Puenpa et al., 2013).

5.1.4 Analysis of co-circulation of PEDVs, PDCoVs and EVGs

In this thesis, the infection of EVGs (single infection) was the highest in all age
groups of pigs. Co-circulation of PEDVs and EVGs and co-circulation of PDCoVs and
EVGs were observed in all age groups. While the co-circulation of PEDVs, PDCoVs
and EVGs (0.13%) was only detected in breeder groups. In contrast with previous
study in China showed that the co-circulation of PEDVs and PDCoVs (12.72%) was
higher than our findings. It is noted that EVGs were excluded from their study (Zhang
et al., 2019a).

In summary, in phase 1 of this thesis, the occurrences of PEDVs by samples and
by pig farms were high. Thai-PEDVs were circulating in 15 provinces of 5 livestock
regions. One of risk factors related to PEDVs outbreak was age of pigs which mostly
affected in suckling and nursery pigs. While seasonal patterns did not associate with
PEDVs outbreak in this thesis. The occurrences of PDCoVs by samples and by pig
farms were lower than the occurrences of PEDVs. Thai-PDCoVs were detected in 5
provinces of top 2 of pig production areas in Thailand. However, the occurrences of
PDCoVs were increased during winter season, there is no relation between age of pigs

and the occurrences of PDCoVs. The occurrences of EVGs by samples and by pig
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farms in pigs were the highest of viral enteric detection in this thesis. Thai-EVGs were
detected throughout the country. The rainy season and weaned pigs (nursery and
fattening pigs) were risk factors for the EVGs infection. In addition, the co-circulation

of PEDVs, PDCoVs and EVGs was low in this thesis.

5.2 Genetic characterization and phylogenetic analyses of swine enteric viruses

In phase 2, representative Thai-PEDVs (N=39) were selected from 342 positive
samples for S and ORF3 genes sequencing. S and ORF3 genes of Thai-PEDVs and
reference PEDVs (Gla, Glb, G2a and G2b) were aligned and analyzed for genetic
characterization and the patterns of 4 epitopes (COE, SS2, SS6 and 2C10) of S gene
were observed. To analyze genetic diversity, phylogenetic analyses of S and ORF3
genes were performed. In this thesis, the phylogenetic tree suggested that Thai-

PEDVs could be grouped into novel G1, G2a and novel G2.

Representative Thai-PDCoVs (n=16) were selected from 27 positive samples for
genetic characterization. Two viruses with higsh RNA copies were subjected to whole
genome sequencing and 14 other viruses were subjected to S gene sequencing.
Thai-PDCoVs sequences and reference PDCoVs were aligned and analyzed for genetic
characterization and the patterns of 3 epitopes (NTD, CTD and S2) on S gene were
observed. To analyze genetic diversity, phylogenetic analyses of WGS and S gene
were performed. In this thesis, the phylogenetic tree of WGS and S gene showed
consistent results that PDCoVs could be classified into 4 groups based on geographic

locations.

Representative Thai-EVGs (n=34) were selected from 556 positive samples for
VP1 gene sequencing. VP1 gene of Thai-EVGs and reference EVGs (20 genotypes)
were aligned and analyzed for nucleotide identities. To analyzed genetic diversity,
phylogenetic analysis of VP1 gene of viruses was performed. The phylogenetic tree
and nucleotide identities results revealed that Thai-EVGs were classified into 6

genotypes (G1, G3, G4, G8, G9 and G10).
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5.2.1 Genetic characterization and phylogenetic analyses of Thai-PEDVs

Our results showed that the nucleotide (91.63%-93.59%) and amino acid
(91.14%-93.57%) identities among Thai-PEDVs (vs PEDVs strain CV777) were low which
indicated that Thai-PEDVs could be distinct from PEDVs (CV777) lineage. In S gene
characterization, at least 8 patterns of insertions and deletions of Thai-PEDVs were
observed. It is noted that 3 out of 9 regions (12 nt insertion at position 202-204, 3 nt
insertion at position 402-403 and 6 nt deletion at position 472-477) of S gene are
genetic signature to differentiate between PEDVs genotypes G1 and G2 (Lee et al,
2010). The unique insertion and deletion patterns of Thai-PEDVs (55052 and S5054)
that have not been reported were identified in this thesis. Recently, there are
several variant PEDVs has been reported worldwide. A previous study in China
reported that 7 amino acid deletion at S2 subunit of PEDVs (G2b) is related to mild
diarrhea in piglets (Chen et al., 2016a; Masuda et al., 2015; Oka et al., 2014; Park et
al., 2014; Zhang et al., 2015). Moreover, PEDVs (G1) causing milder diarrhea or less
virulence than PEDVs (G2) was reported (Chen et al., 2016b).

Since the first outbreak of PEDVs in 2007, Thai pig farms faced economic losses
from PEDVs infection. Circulating Thai-PEDVs were PEDVs genotypes Gla and G2
(unclassified subgroup) (Puranaveja et al., 2009; Stott et al., 2017; Temeeyasen et al.,
2014; Tuanthap et al., 2019). In this thesis, the result of phylogenetic tree of S gene
suggested that Thai-PEDVs could be classified into Novel G1, G2a and Novel G2.
PEDVs genotypes Novel G1 and Novel G2 have not been reported before. While
PEDVs genotype G2a were recovered from China, South Korea and South East Asia
(Lee, 2015). Al representative Thai-PEDVs (n=39) were not grouped with vaccine
strain suggesting Thai-PEDVs are possible the field strains with no deletion on ORF3.
Less pathogenicity in pigs and deletion on ORF3 gene of all attenuated PEDV
vaccines have been observed due to cell adaptation (Park et al., 2008; Si et al,

2020).

PEDVs genotype 2 (G2a (n=17) and Novel G2 (n=20)) might be the predominant
genotypes recently responsible for PEDVs outbreaks in Thailand. On the other hand,
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very low occurrence of PEDVs (Novel G1 (n=2)) was observed. In details, the
consistent genotypes of PEDVs were recovered from the same farms at different date
of sample collection. There are 2 pig farms showed PEDVs recovered from the farms
showed different genotypes. Our finding suggested that either new introduction of
PEDVs strains or persistent circulating PEDVs strains are responsible for Thai-PEDVs
outbreaks. To understand the Thai-PEDVs outbreak, the routes of transmission are
important factors. Main routes of PEDVs transmission are fecal-oral route and
indirect contact via contaminated fomites including transport trailers, farm workers,
boots and cloths, feed, feed ingredients and additives (Jung et al., 2020). Moreover,
the aerosol transmission route was documented (Alonso et al., 2015; Beam et al,,
2015; Gallien et al., 2018; Li et al, 2018b). PEDVs could be survive at room
temperature for 35 days while cooler temperature increases the PEDVs viability time
(Scott et al., 2016). A previous study has been described that infectability PEDVs
could survive in swine manure lagoon up to 9 months. Therefore, the swine manure

lagoon might be another sources of maintain PEDVs in pig farms (Tun et al., 2016).

At least 10 patterns at COE epitope, 1 pattern at SS2 epitope, 3 patterns at SS6
epitope and 2 patterns of 2C10 epitope could be observed. Moreover, 1 pattern
("“PQEGQVKI'™) at SS6 epitope of Novel G1 PEDVs (55052 and S5054) and 1 pattern
at 2C10 epitope (****GPRFQPY*™) of Novel G2 PEDVs (S5843) have not been
identified in Thailand before (Kim et al., 2016b). The variations of 4 epitopes might
lead to partial protection of gut feedback or vaccine. There are several studies
reported that G2a PEDVs based vaccine is the candidate vaccine for protection of
PEDVs infection (genotypes Gla, Glb, G2a and G2b) (Chen et al., 2016c; Liu et al.,
2019; Opriessnig et al., 2017; Sato et al., 2018; Zhang et al., 2020b). The efficacy of
G2a PEDVs based vaccine should be evaluated for the protection of Novel G1 and
Novel G2 PEDVs infection. Thus, the prevention and control strategies for PEDVs are
enhance biosecurity (herd and farm managements and farm sanitation) and

immunoprophylaxis (gut feedback and vaccination) (Jung et al., 2020).
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5.2.2 Genetic characterization and phylogenetic analyses of Thai-PDCoVs

Our results showed that the nucleotide (95.63%-96.41%) and amino acid
(96.48%-97.90%) identities among Thai-PDCoVs (vs PDCoVs strain HKU15-155) were
low indicating that Thai-PDCoVs could be distinct from PDCoVs (HKU-15-155) lineage.
In WGS characterization, multiple insertions and deletions of Thai-PDCoVs were
observed. Our findings suggested that Thai-PDCoVs could be form a new cluster of
PDCoVs which were similar to the viruses from Vietnam and Laos (Le et al., 2018;
Saeng-Chuto et al., 2017). In S gene characterization, all 16 Thai-PDCoVs contain

consistent insertion (AAT) on S gene.

Phylogenetic trees of WGS and S gene showed consistent results which PDCoVs
could be classified into 4 groups based on geographic locations (China, Thailand, USA
and Korea, and Vietnam clusters). Our findings indicated that S gene could be used
for genetic diversity study in comparable with previous study of other coronaviruses
(Liu et al., 2017, Maurel et al,, 2011). Thai-PDCoVs were belonging to Thailand
cluster which were grouped with Laos-PDCoVs (Janetanakit et al., 2016; Saeng-Chuto
et al., 2017). Moreover, our results indicated that only Thailand cluster is circulating
in Thailand. The associations between severity and PDCoVs lineages have not been

reported.

Our results showed that multiple amino acid changes were observed at 3
epitopes (NTD, CTD and S2). These variations could be led to the failure of
vaccination with the other lineages. A previous study in China showed that the
successful immunization of inactivated PDCoVs vaccine in experimental study reduce
the clinical severity and viral shedding from challenging with the same strain of
PDCoVs (Zhang et al., 2020a). The routes of transmission of PDCoVs have not been
documented but It might be fecal-oral route and indirect contact which are the
same as PEDVs transmission. Interestingly, PDCoVs have been reported in wide host
range (human, clave, chicken and turkey) in vivo and vitro studies which infected
clave, chicken and turkey showed diarrhea signs and seroconversion. These studies

indicated that avian and clave could be a reservoir of PDCoVs (Boley et al., 2020;
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Jung et al., 2017, Li et al., 2018a; Liang et al., 2019). Therefore, the prevention and
control strategies for PDCoVs are enhance biosecurity (herd and farm managements
and farm sanitation) and immunoprophylaxis. However, there is no commercial

PDCoVs vaccine available.
5.2.3 Genetic characterization and phylogenetic analysis of Thai-EVGs

Our results showed that at least 6 genotypes (G1, G3, G4, G8, G9 and G10) of
Thai-EVGs were circulating in Thailand. The nucleotide similarities of VP1 gene were
used for genotype classification which were based on > 25% nucleotide divergence
(Oberste et al., 1999). EVGs genotype G3 was predominant genotype in this thesis
which were similar to a previous surveillance study in Japan (Tsuchiaka et al., 2018).
While a previous study in Vietnam reported that G1 and G6 were the most detected
(Van Dung et al,, 2016). Moreover, our results showed that G1 infected in suckling,
nursery and breeder pigs, G3 infected in suckling pigs and breeder, G9 only infected
in suckling pigs, G10 and G4 only infected in nursery pigs and G8 only infected in
fattening pigs. Thus, the genotypes of EVGs infection could be associated with ages
of pigs which were in agreement with a previous study in Vietnam (Van Dung et al,,

2014).

EVGs-G1 were known as PEV-9 or PEV-B which caused diarrhea and flaccid
paralysis of the hind limbs. EVGs-G3, G4, G8, G9 and G10 were recovered from
healthy pigs in Germany, Hungary, Japan and Vietnam (Boros et al., 2012a; Bunke et
al., 2018; Knutson et al., 2017; Lee and Lee, 2019; Sekiguchi et al., 2020; Tsuchiaka et
al., 2018; Van Dung et al., 2014, Van Dung et al., 2016; Yang et al., 2013). Moreover,
the recombinant of EVGs have been reported that insertion of papain-like cysteine
protease (PL-CP) of torovirus between 2C and 3A genes have been observed. Those
EVGs were genotype G1, G2, G8, G10 and G17 which were recovered from diarrhea
pigs in China, Belgium, Germany, Japan, South Korea and USA (Sekiguchi et al., 2020).
Although, most EVGs were detected in healthy pigs, some virulent EVGs could be
detected in infected pigs with clinical signs. Therefore, the continuous surveillance

on inter- and intra-species recombination should be carried out.
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In summary, in phase 2 of this thesis, Thai-PEDVs could be classified into 3
groups (Novel G1, G2a and Novel G2) which PEDVs G2a were circulating in China,
South Korea and South East Asia. While Novel G1 and Novel G2 have not been
reported. Most Thai pig farms could be suffered from PEDVs (G2) infection which
either from introduction of new strains or persistent circulating PEDVs strains. At
least 3 epitopes showed multiple amino acid changes and 2 novel patterns at SS6
and 2C10 epitopes were observed in this thesis. Thus, the efficacy of commercial
PEDVs vaccine should be evaluated. PDCoVs could be classified into 4 groups based
on geographic locations. The phylogenetic analysis of S gene of PDCoVs could be
used for genetic diversity study instead of phylogenetic analysis of WGS. All Thai-
PDCoVs were belonging to Thailand cluster. In addition, PDCoVs is a potential
zoonoses. For EVGs, at least 6 genotypes of Thai-EVGs were circulating in Thailand.
The predominant genotype was G3. The genotype of EVGs associated with ages of
pigs. Although, most EVGs were detected in healthy pigs, some virulent EVGs could

be observed in infected pigs with clinical signs.

5.3 Development of rapid diagnostic tests using RT-LAMP with lateral flow

device and DNA aptamer

Infected pigs with PEDVs and PDCoVs showed similar in clinical signs, gross
lesions and histopathological lesions (diarrhea, vomiting, transparency intestinal wall
and shortened villi) (Chen et al.,, 2015; Jung et al., 2015; Wang et al., 2016c). Even
though, the morbidity and mortality rate of PDCoVs infection lower than of PEDVs
infection were reported. The distinguish between PEDVs and PDCoVs infections in
field settings is still difficult (Koonpaew et al, 2019). Consequently, the rapid
diagnostic kits in field settings to differentiate PEDVs and PDCoVs infections are

required for prevention and control strategies for PEDVs and PDCoVs.

There are several methods for nucleic acid based detection including
conventional RT-PCR, gRT-PCR and nested RT-PCR. Those methods are inappropriate

assays in field settings because of required time consuming, specialized equipment
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and experience scientists.  Since LAMP technique was established in 2000, an
application of nucleic based detection in field settings could be possible. Moreover,
the varieties of result interpretation including turbidity analysis, visual analysis and
lateral flow device are available for LAMP technique (Nagamine et al., 2002; Notomi

et al., 2000; Parida et al., 2006; Yamazaki et al., 2013; Zhang et al., 2014b).
5.3.1 Development of RT-LAMP with LFD for PEDVs and PDCoVs detection

Our results showed that those 2 test kits for PEDVs and PDCoVs detection were
high in analytical sensitivity which could be detected 2X10° or 2 DNA copies. In
analytical specificity, the 2 test kits had high specificity which the other important
swine pathogens could not be detected. In diagnostic sensitivity and specificity,
there are no false negative and false positive were observed in clinical samples
(n=80). Both test kits showed high diagnostic sensitivity (100%) and high specificity

(100%). Moreover, 100% agreements of both tests were observed.

Although, the RT-LAMP with LFD for PEDVs and PDCoVs detection are high in
analytical sensitivity and specificity, diagnostic sensitivity and specificity, agreement of
the test. The limitation of the RT-LAMP with LFD is the requirement of nucleic acid

extraction prior testing.
5.3.2 Establishment of DNA aptamer for PEDVs detection

Another possible technique is protein based or antibody detection such as
ELISA and immunochromatography. The limitation of protein based assay are time
consuming, expensive cost and batch to batch variability. On the other hand, DNA
aptamer is bound to specific target with intermolecular force as same as antibody
and has advantages on less time consuming, no batch to batch variability. Thus,
prior to develop the test kit, the establishment of DNA aptamer for PEDVs detection
will be performed. In this thesis, our results showed that the 2 candidate aptamers
(NO4 and N25) were selected based on modified one round SELEX. In term of
aptamers selection, systemic evolution of ligands by exponential enrichment (SELEX)
has been employed in 1990 for RNA aptamer to bind T4 DNA polymerase (Tuerk and
Gold, 1990). Later on, modified one round SELEX has been succeeded by using
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gradient salt solution which reduce time consuming to discover the aptamer
candidates (Arnold et al., 2012). The 2 candidate aptamers showed specific binding
and high binding affinity (range in nanomolar) to recombinant NP protein. Moreover,
the binding region of those 2 candidate aptamers showed the consistent sequence
with the predicted motif sequence with MEME analysis. The limit of detection of two
candidate aptamers were 1X10* and 5X10* TCIDs, which were evaluated with
enzyme-linked aptamer assay which in comparable with immunochromatography in
previous study (Lyoo et al., 2017). Thus, these 2 candidate aptamers could be useful

for development of the protein based test kit in the future.

In summary, in phase 3 of this thesis, the 2 RT-LAMP based test kits for PEDVs
and PDCoVs detection were developed. These 2 test kits showed high analytical
sensitivity and specificity; high diagnostic sensitivity and specificity; and 100%
agreement of the test. However, the nucleic acid extraction should be performed
before testing. These 2 test kits could be performed in field settings due to less time
consuming, basic equipment and easy to interpretation. Moreover, the candidate
aptamers were established for test kit development in the future. Thus, this thesis
showed the directions to differentiate between PEDVs and PDCoVs in field settings

which will lead us to prevent and control swine enteric diseases.



CHAPTER 6
CONCLUSIONS AND RECOMMENDATIONS

Swine enteric viruses including PEDVs, PDCoVs and EVGs are important

pathogens of food security and public health concerns. In this thesis, surveillance of

swine enteric viruses in pig farms in Thailand and development of rapid diagnostic

tests using RT-LAMP with LFD and DNA aptamer were carried out.

In phase 1, surveillance of swine enteric viruses in pig farms was performed

during December 2014 — January 2018. The samples were collected from 73 pig

farms from 20 provinces of 7 livestock regions in Thailand. The findings from this

phase of the thesis are as following:

1.1

1.2

1.3

1.4

1.5

The fecal and intestinal samples (n=777) from various ages of pigs with
diarrhea including suckling pigs (n=444), nursery pigs (n=169), fattening pigs
(n=58) and breeder pigs (n=106) were subjected to PEDVs, PDCoVs and
EVGs detection.

The occurrences of PEDVs, PDCoVs and EVGs by samples were 44.02%,
3.47% and 71.56%, respectively. By pig farms, the occurrences of PEDVs,
PDCoVs and EVGs were 50.68%, 9.59% and 69.86%, respectively.

Thai-PEDVs and Thai-EVGs were circulating throughout the country. While
Thai-PDCoVs were only circulating in high density of pig production

provinces of Thailand.

Our results showed that one of the risk factors related to PEDVs outbreak
is ages of pigs. While seasonal patterns did not associate with PEDVs

outbreak.

Our results showed that PDCoVs mostly detected during winter season and

affected in all age groups of pigs.



1.6

1.7

1.8
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Our results showed that age groups of pigs and seasonal patterns are

implicated in EVGs infection.

The co-circulation of PEDVs, PDCoVs and EVGs with low rate (0.13%) were

observed in this thesis.

A part of the results from this phase is published in “Porcine
deltacoronavirus, Thailand, 2015”, Emerging Infectious Diseases, 2016;

Volume 22, Issue 4, Page 757-759

In phase 2, representative Thai-PEDVs (n=39) were subjected to S and ORF3

genes sequencing. Representative Thai-PDCoVs (n=16) were subjected to whole

genome sequencing (n=2) and S gene sequencing (n=14). Representative Thai-EVGs

(n=34) were subjected to VP1 gene sequencing. The genetic characterization and

phylogenetic analyses of Thai-PEDVs, PDCoVs and EVGs were generated and

analyzed. The findings from this phase of the thesis are as following:

2.1

2.2

2.3

Our results showed that at least 3 genotypes of PEDVs (Novel G1, G2a and
Novel G2) were circulating in Thailand. While Novel G1 and Novel G2 have
never been reported before. The multiple amino acid changes of Thai-
PEDVs at epitopes COE, SS6 and 2C10 were observed. The unique patterns
of epitopes SS6 and 2C10 were identified.

Our results showed that Thai-PDCoVs have multiple insertion and deletion
regions which were similar to the viruses from Laos and Vietnam. Only the
viruses of Thailand cluster were circulating in Thailand. The multiple
amino acid changes of Thai-PDCoVs at epitopes NTD, CTD and S2 were

observed.

Our results showed that at least 6 genotypes (G1, G3, G4, G8, G9 and G10)
of Thai-EVGs were circulating in Thailand. The genotypes of EVGs infection

associated with ages of pigs.
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In phase 3, the RT-LAMP with LFD based test kits to differentiate between
PEDVs and PDCoVs infections were developed. The 2 candidate aptamers (NO4 and
N25) against NP protein of PEDVs were established to further develop the protein
based test kit in the future. The findings from this phase of the thesis are as

following:

3.1 Our results showed that the 2 developed RT-LAMP with LFD kits for PEDVs
and PDCoVs detection had high analytical sensitivity and specificity; high
diagnostic sensitivity and specificity; and 100% agreement of the test.
These 2 kits could be applied to differentiate PEDVs and PDCoVs infections
in field settings.

3.2 Our results showed that 2 candidate aptamers (NO4 and N25) which
specific binding and high binding affinity to NP of PEDV were established.
These 2 candidate aptamers could be utilized for the development of test

kit in the future.

In conclusion, the results in this thesis provided useful information and status
of swine enteric viruses and successful of development of rapid diagnostic test kits to
distinguish between PEDVs and PDCoVs infections in field settings. The information
and rapid diagnostic kit will help to develop the prevention and control strategies for

swine enteric viruses in Thailand. The significant findings are

1 Swine enteric viruses including PEDVs, PDCoVs and EVGs were circulating in
Thailand during December 2014 - January 2018. The co-circulation of
PEDVs, PDCoVs and EVGs was low.

2 There are 3 genotypes of Thai-PEDVs (Novel G1, G2a and Novel G2), 1
genotype of Thai-PDCoVs (Thailand cluster) and 6 genotypes (G1, G3, G4,
G8, G9 and G10) of Thai-EVGs were identified in this thesis.

3 Successful development of test kits with high sensitivity and specificity to

differentiate PEDVs and PDCoVs infections in field settings.
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Our findings confirmed that swine enteric viruses (PEDVs, PDCoVs and EVGS)

which are pathogens of food security and public health concerns are circulating in

pig farms in Thailand. There are 3 genotypes of Thai-PEDVs, 1 genotype of Thai-

PDCoVs and 6 genotypes of Thai-EVGs are circulating in Thailand. According to the

results of this thesis, the recommendations for prevention and control of swine

enteric viruses including

1

Surveillance of swine enteric viruses in pig farms should be routinely

performed to determine the status of swine enteric viruses in pig farms.

Enhance biosecurity including herd and farm managements and sanitation

can help decrease opportunity for transmission of swine enteric viruses.

Herd health immunity management (gut feedback and vaccination) in pig
farms should be conducted for control the outbreak of swine enteric

viruses.

Rapid diagnostic kits should be applied for early detection of the swine

enteric viruses.

The information from this thesis could be used to develop prevention and

control strategies for swine enteric viruses in pig farms in Thailand.
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APPENDIX A

Protocol for Establishment of DNA aptamer for PEDVs detection

Protocol for Transformation by using heat-shock.

1)
2)
3)
a)
5)

6)
7)

8)

9)

Added 200 ng of constructed plasmid to 50 uL of competent cell

Incubated on ice for 5 minutes

Incubated at 42 °C for 30 seconds

Incubated on ice for 2 minutes

Added SOC medium to mixture and incubated at 37°C while shacking at 250
rom for an hour.

50 pL of mixture was plating on LB/Kanamycin agar.

Culture plate was incubated at 37°C for 18 hours.

Collected 5 colonies of transformant and culture in LB/Kanamycin broth and
stored in 25% glycerol stock at -80°C.

The remnant of 5 colonies were subjected to amplify and sequencing with T7

primers



Protocol for PCR of T7 primers

the remnant of the colonies was placed in 20 uL of Nuclease-free water.

whole bacterial DNA was extracted using the boiling method.

137

The

Reagents Volume Final conc.

DNA 5puL

10 uM T7F and T7R primers 1 uL each | 0.2 uM

10X PCR Buffer 5L 1X

25 mM MgCl, 3L 1.5 mM

10 mM of each dNTP 1 L 200 pM of each dNTP
HotstarTag DNA polymerase 0.25 pL 25U

Nuclease-free water 33,75 uL

Final volume 50 pL

PCR condition

Initial denature: 95°C for 15 minutes follow by 30 cycles of amplification

Denaturation:  95°C for 1 minute

Annealing: 50°C for 45 seconds

Elongation: 72°C for 1 minute and 45 seconds

final elongation: 72°C for 10 minutes

The amplicon size approximately 1,300 base pairs was visualized by agarose gel

electrophoresis. The amplicons were purified using QlAquick PCR Purification Kit

(Qiagen®, Germany) and sanger sequencing was performed by GENEWIZ®.
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Protocol for protein purification and quantification

1)

2)

3)
a)

5)

6)

7)

8)

100 ml of culture broth was centrifuged at 5000 x G for 10 minutes and
discarded the supernatant

The pellet was added 8 ml of B-PER® mixture containing 16 pL of lysozyme
and 16 pL of DNase |

Incubated at room temperature for 15 minutes.

Lysate was centrifuged at 15,000 x G for 5 minutes to separate the soluble
protein.

The denaturing soluble protein was subjected to visualized using 4-20%
Mini-PROTEAN® TGX™ Precast Protein gel and Coomasie staining.

The supernatant was subjected purified using HisPur™ Cobalt Resin
(ThermoFisher Scientific, USA) and visualized using 4-20% Mini-PROTEAN®
TGX™ Precast Protein gel and Coomasie staining.

Purified recombinant protein was performed Liquid chromatography-Mass
spectrometry (LC-MS/MS) by MSU genomic core for protein confirmation.
Purified recombinant NP protein was quantified using Pierce™ BCA Protein

Assay Kit (Invitrogen, USA).
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Protocol for aptamer selection

1)
2)

3)
a)

5)

6)

7)

8)

9)

Immobilization of the protein to the 96-well ELISA plate.

The well was dry blotted and 100 pL of single-stranded aptamer library (10
uM) was added and incubated for 1 hour.

100 L of PBS was added, incubated for 5 minutes,

The solution was collected, labeled, and stored at -20°C.

This step was repeated using 0.5, 0.75, 1.0, 1.25 and 1.5 M NaCl, with an
incubation for 5 minutes each time.

The collected 1.5 M NaCl solution was amplified by using PCR with the W20F
and W20R primers. The PCR reaction was prepared as previous described in
protocol for PCR of T7. PCR conditions were 95°C for 15 minutes, followed
by 30 cycles of 95°C for 30 seconds, 60°C for 30 seconds, and 72°C for 30
seconds; and a final elongation at 72°C 7 minutes.

Pools of the PCR amplicons were purified with MiniElute PCR purification kit
(Qiagen)

Cloned purified PCR amplicons into a cloning vector using the TA Cloning®
Kits with pCR 2.1 Vector (Thermo Fisher Scientific)

transformed into E. coli strain Top10 by using heat-shock according to the

manufacture instructions.

10) E. coli transformant cells were plated on LB/Ampicillin/X-Gal agar.
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Protocol for EMSA

1) Selected aptamers (20 fmol) were added to recombinant NP protein in
1Xbinding buffer and nuclease-free water (final volume, 20 L),

2) Incubated at room temperature for 30 minutes.

3) The samples were loaded onto an 6% native polyacrylamide gel (Bio-Rad,
Hercules, CA) in 0.5XTBE buffer.

4) Electrophoresis was performed at 80V for 60 minutes,

5) the samples were electro transferred to a positively charged nylon
membrane (Biodyne B; 0.45-um pore size; Biodyne, Pensacola, FL).

6) The membrane was processed and developed with a chemiluminescent
nucleic acid detection module (Pierce) according to the manufacturer’s
instructions.

7) Reaction on the membrane was then visualized and imaged with the

CHEMIDOC™ MP image system (Bio-rad, USA).

Protocol for DNase | footprinting

1)

2)
3)
a)
5)
6)
7)
8)

9)

5 pg of recombinant NP protein was mixed with 1 pmol of the selected
aptamers labeled at 5’ with 6-carboxyfluorescein (FAM) in 1X binding buffer
(Light Shift; Pierce)

nuclease-free water was added to a final volume 50 L,

Incubated at room temperature for 1 hour.

Added 0.2 U of DNase | (amplification grade; Invitrogen) to the mixture
Incubated at 37°C for 5 minutes.

Added 2 mM EDTA to each sample for DNase | inactivation

Incubated at 70°C for 10 minutes.

The samples were purified by using a MiniElute PCR purification kit (Qiagen)
and eluted with 30 uL of nuclease-free water.

Approximately 12 uL of purified samples were submitted to GENEWIZ® for

fragment analysis on a 3130XL genetic analyzer.
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APPENDIX B
Results of RT-LAMP with LFD for PEDVs and PDCoVs detection

PEDVs detection PDCoVs detection
Sample ID gRT-PCR RT-LAMP gRT-PCR RT-LAMP

55001 positive Positive Negative Negative
S5002 positive Positive Negative Negative
S5003 positive Positive Negative Negative
55004 positive Positive Negative Negative
S5005 positive Positive Negative Negative
S5011 Negative Negative positive positive
55012 Negative Negative positive positive
55013 Negative Negative positive positive
55014 Negative Negative positive positive
S5015 Negative Negative positive positive
S5016 Negative Negative positive positive
55017 Negative Negative positive positive
55018 Negative Negative positive positive
55019 Negative Negative positive positive
55020 Negative Negative positive positive
55021 Negative Negative positive positive
55022 Negative Negative positive positive
55023 Negative Negative positive positive
55024 Negative Negative positive positive
55025 Negative Negative positive positive
55026 Negative Negative positive positive
55027 Negative Negative positive positive
55028 Negative Negative positive positive
55029 Negative Negative positive positive
55030 Negative Negative positive positive

Sample ID PEDVs detection PDCoVs detection
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gRT-PCR RT-LAMP gRT-PCR RT-LAMP
55032 positive positive Negative Negative
55033 positive positive Negative Negative
55034 positive positive Negative Negative
55036 positive positive Negative Negative
S5037 positive positive Negative Negative
55038 positive positive Negative Negative
55039 positive positive Negative Negative
55040 positive positive Negative Negative
55041 positive positive Negative Negative
55042 positive positive Negative Negative
55043 positive positive Negative Negative
55044 positive positive Negative Negative
55045 positive positive Negative Negative
S5046 positive positive Negative Negative
S5058 Negative Negative Negative Negative
55059 Negative Negative Negative Negative
S5060 Negative Negative Negative Negative
S5061 Negative Negative Negative Negative
55062 Negative Negative Negative Negative
55063 Negative Negative Negative Negative
S5064 Negative Negative Negative Negative
S5065 Negative Negative Negative Negative
55066 Negative Negative Negative Negative
S5067 Negative Negative Negative Negative
S5077 Negative Negative Negative Negative
S5078 Suspect Negative Negative Negative
S5079 Negative Negative Negative Negative
55080 Negative Negative Negative Negative
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PEDVs detection PDCoVs detection
Sample ID gRT-PCR RT-LAMP gRT-PCR RT-LAMP

55081 positive positive Negative Negative
55082 Negative Negative Negative Negative
S5083 Negative Negative Negative Negative
55084 Negative Negative Negative Negative
55085 Negative Negative Negative Negative
S5086 Negative Negative Negative Negative
55087 Negative Negative Negative Negative
55088 Negative Negative Negative Negative
S5089 Negative Negative Negative Negative
S5090 Negative Negative Negative Negative
55091 Negative Negative Negative Negative
55092 Negative Negative Negative Negative
S5093 Negative Negative Negative Negative
S5094 Negative Negative Negative Negative
S5095 Negative Negative Negative Negative
55096 Negative Negative Negative Negative
S5097 Negative Negative Negative Negative
55098 positive positive Negative Negative
55099 positive positive Negative Negative
S5100 positive positive Negative Negative
S5101 positive positive Negative Negative
55102 positive positive Negative Negative
55103 positive positive Negative Negative
S5104 positive positive Negative Negative
S5105 positive positive Negative Negative
55106 positive positive Negative Negative

S5107 Negative Negative Negative Negative
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