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The study of morphological characteristics, conducted through post-mortem and parasite egg
examinations in host's digestive tract and feces, is a standard set of methods for the diagnosis of gastrointestinal
helminth infections. However, these methods require parasitological knowledge and technical skills for species
identification, making large-scale sample analysis time-consuming. This study sought to develop the molecular
assays using loop-mediated isothermal amplification (LAMP) combined with lateral flow dipstick (LFD) and
microfluidic chip technology for the simplex and multiplex detections of three major parasitic groups in poultry:
Raillietina (Raillietina echinobothrida, R. tetragona, and R. cesticillus), Ascaridia galli, and Echinostomatidae
(Echinostoma miyagawai, E. mekongi, E. macrorchis, and Hypoderaeum conoideum). Seven assays were developed
consisting of three simplex LAMP-LFD assays, three duplex LAMP-LFD assays, and one colorimetric LAMP on a
microfluidic chip coupled with chromatic analysis. All assays exhibited high specificity in detecting the target species
without cross-amplification. Regarding the analytical sensitivities, they showed minimum detectable DNA
concentrations ranging from 5x10°~ to 5x10™ ng/reaction for the LAMP-LFD assays and 40x10" to 40x10° ng/chip for
the colorimetric LAMP on a microfluidic chip. To evaluate the diagnostic performance of each assay, 30 fecal samples
were examined. These assays successfully detected parasitic infections in fecal samples, with clinical sensitivities
ranging from 66.67% to 100% and clinical specificities from 89.29% to 100%, showing agreement from low to high
levels of agreement (K= 0.35-0.93). Moreover, McNemar's tests indicated that all developed assays were not
significantly different when compared to post-mortem examinations. Therefore, these detection tools could serve as a
viable alternative assays for a variety of purposes and guide decision-making regarding the use of anthelmintic drugs

for treatments and farm management in the future.
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CHAPTER 1
INTRODUCTION

Background

Poultry industry has continuously been growing every single year over the last
decades. According to the Food and Agriculture Organization (FAO), about 75 % of
chicken are raised in the developing countries (Ola-Fadunsin et al., 2019). Poultry are
domesticated birds raised by human for the purpose of producing meat and eggs,
especially chicken (Gallus gallus domesticus) and duck (Anas platyrhynchos
domesticus), which are affordable sources of essential proteins and nutrition (Uhuo et
al.,, 2013). Thus, the poultry industry has increased its economic value in several
countries, including Singapore, Malaysia, and Thailand (Aini, 1990). Poultry farming are
managed under different systems, namely an organic free-range, conventional free-
range (housing system) and intensive indoor system (Da$§ et al., 2010; Gauly et al.,
2002; Grafl et al., 2017). The organic free-range and conventional free-range systems
are mainly conducted by small ranchers in agricultural areas, where animals eat a
variety of foods that serve as intermediate or paratenic hosts for parasites in nature,
such as insects, arthropods, earthworms, and snails (Ferdushy et al., 2016).

Gastrointestinal helminth parasites infection is an important issue in the
commercial production process that causes economic losses, such as interfering the
host metabolism, reducing feed conversion ratio, slowing growth rate, increasing weight
loss, decreasing egg production, and increasing mortality (Nair & Nadakal, 1981; Ola-
Fadunsin et al., 2019; Van et al., 2020). The gastrointestinal helminth parasites in poultry
can be divided into three groups; (1) tapeworms (cestodes), (2) roundworms
(nematodes) and (3) flukes (trematodes) (Ola-Fadunsin et al., 2019; Shifaw et al., 2021).

Cestode belonging to the genus Raillietina, namely Raillietina echinobothrida,
R. tefragona, and R. cesticillus, is the most important group that spread around the
world with the high prevalence as 84.40% in Zimbabwe (Butboonchoo & Wongsawad,
2017; Eshetu et al., 2001; Mukaratirwa & Hove, 2009; Ngongeh et al., 2014). Regarding

nematode group, Ascaridia galli is one of the most common nematodes affecting poultry



health with the cosmopolitan prevalence of 10.40-96.70% in Austria, Italy, Germany,
Netherlands, Tunisia, Nigeria, Nepal, and Thailand (Ben Slimane, 2016; Offiong et al.,
2013; Sharma et al., 2018; Subedi et al., 2018; Thapa et al., 2015; Wuthijaree et al.,
2019). In trematode group, the dominant species that frequently found in chicken and
duck is trematode belonging to the family Echinostomatidae, including Echinostoma
spp. and Hypoderaeum sp. (Begum et al., 2019; Butboonchoo & Wongsawad, 2017; Fu
et al.,, 2019; Li et al.,, 2019; Yang et al., 2015). Moreover, several previous studies
reported co-infections between those groups in poultry, leading to the necessity of the
diagnostic method to discriminate each parasitic infection for appropriate anthelmintic
drugs prescription (Ekpo et al., 2010; Hassan et al.,, 2015; Hembram et al., 2015;
Khanum et al., 2021; Suhaila et al., 2015).

Conventional diagnostic methods rely on the morphological characters of adult
or egg stages by post-mortem detection or copromicroscopic investigation of eggs in
feces (Carney, 1991; Panich et al., 2022; Tarbiat et al., 2021; Zloch et al., 2021).
Nevertheless, the morphological identification requires personal experiences,
professional skills, and is time-consuming for several sample detection at the same time.
In order to find a user-friendly method, molecular methods based on DNA amplification,
such as high annealing temperature random amplified polymorphic DNA (HAT-RAPD)
(Butboonchoo & Wongsawad, 2017), species-specific PCR (Watcharakranjanaporn et
al., 2021), melting curve analysis (Buddhachat & Chontananarth, 2019), multiplex PCR
(Tantrawatpan & Saijuntha, 2020) have been applied as an alternative choice since they
are simpler, more convenient, and more reliable than the conventional methods.
However, these techniques need scientific instruments that set-up in a laboratory to
perform the reaction and result analysis, such as a thermal cycler machine and gel
electrophoresis devices, which is a limitation for some laboratories and point-of-care
stations, as well as the costly reagents and long reaction period.

Loop-mediated isothermal amplification (LAMP) is a feasible molecular
technique, which requires at least four primers recognizing six target DNA regions and a

Bst DNA polymerase with strand displacement activity for DNA amplification under the



constant temperature without any costly equipment. LAMP also offers higher sensitivity
and specificity and more tolerant to low purity DNA sample than PCR. Thus, LAMP has
become a diagnostic method with greater potential to detect clinical samples recently
(Adao & Rivera, 2016; Shang et al., 2020; Wan et al., 2019; Wang et al., 2019).
Consequently, LAMP has frequently been used for the detection of several species of
parasites, such as Opisthorchis viverrini, Clonorchis sinensis, Echinococcus
granulosus, Taenia spp., Ascaris lumbricoides, and Necator americanus (Garcia-
Bernalt Diego et al., 2021). Nevertheless, a multiplex detection using LAMP has not
been reported to simultaneously detect the helminth parasites in one reaction.

Hence, the objective of this study was to develop multiplex detection methods
based on LAMP integrated with a lateral flow dipstick (LFD) assay and microfluidic chip
technology to simultaneously detect and discriminate the three major parasitic groups;

Raillietina spp., A. galli, and Echinostomatidae in poultry.

Objectives

1. To develop simplex and duplex assays using LAMP-LFD for the detection
and discrimination of Raillietina spp., A. galli, and Echinostomatidae infections in
poultry.

2. To develop multiplex assay using colorimetric LAMP on a microfluidic chip
coupled with a chromatic analysis for the detection and discrimination of Raillietina spp.,

A. galli, and Echinostomatidae infections in poultry.

Hypothesis
The developed simplex, duplex, and multiplex assays could detect and
discriminate the infections of Raillietina spp., A. galli, and Echinostomatidae

simultaneously in clinical samples from poultry.



CHAPTER 2
LITERATURE REVIEWS

Economic importance of chicken production

Chicken is an important and affordable source of essential protein and a
chicken has the highest quantity of protein per weight when compared with another
terrestrial economic animals (Agricultural Research Service, 2019). Moreover, it can
generate a higher income to agriculturist than other economic animals because of the
low production period and the high rate of feed conversion ratio. As a result, the
production and consumption of chicken in Thailand are higher than other types of meat
and consistently grow every single year as was reported by the Office of Agricultural
Economics (Figure 1) (Kornboontritos, 2023). In 2012-2016, Thailand exports more than
6 hundred thousand tons of chicken meat per year, making it ranked the fourth of the

world (Department of Livestock Development, 2022).
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Figure 1 Chicken production and consumption in Thailand

Source: modified from Kornboontritos, S. (2023). Business/Industry outlook
2023-2025: Chilled, frozen and processed chicken industry. Krungsri Research.
https://www.krungsri.com/th/research/industry/industry-outlook/food-beverage/frozen-

processed-chicken/io/io-chilled-frozen-processed-chicken.



Important gastrointestinal parasites in poultry
Our study focused on several groups of gastrointestinal parasites that were
frequently found and high-pathogenicity in poultry, causing animal health problem and
loss of economic values. The major pathogenic parasites in poultry can be divided into
three groups; 1) cestode belonging to the genus Raillietina, 2) the nematode, A. galli,
and 3) trematode belonging to the family Echinostomatidae. These parasites cause
damage to the intestinal mucosa leading to diarrhea, anemia, inflammation,
malabsorption, and emaciation or death in case of heavy infections (Graczyk & Fried,
1998; Labony et al.,, 2022; McDougald, 2020; Mubarokah et al., 2019; Panich &
Chontananarth, 2021).
1. Genus Raillietina
Cestodes belonging to genus Raillietina, comprising of more than 200
species, are commonly found in several species of birds and mammals. Key
morphological characteristics of this genus are 1) presence of hammer-shaped rostellar
hooks, 2) a single reproductive system per proglottid, consists of one ovary and more
than one testis, and 3) vitelline gland always located posterior to the ovary (Figure 2).
The genus Raillietina can be divided into 4 subgenera, including Paroniella, Skrjabinia,
Raillietina, and Fuhrmanneta following unique characters: 1) the genital pores are
unilateral (Paroniella) and alternating irregularly (Skrjabinia) in those patterns with one
egg (oncosphere) per egg capsule and 2) the genital pores are unilateral (Raillietina)
and alternating irregularly (Fuhrmanneta) in those patterns with several eggs
(oncospheres) per egg capsule (Figure 2) (Butboonchoo et al., 2016; Sawada, 1964,
1965; Yamaguti, 1959). Over the past decade, several reports indicate that the three
Raillietina species most commonly found and used in this study are R. echinobothrida,
R. tetragona, and R. cesticillus, which can be identified to species level based on the
shape of scolex and sucker, the number of row of rostellar hook, and the position of
genital pore of each segment (Figure 2) (Begum et al., 2019; Butboonchoo &

Wongsawad, 2017; Jegede et al., 2015; Ngongeh et al., 2014; Panich et al., 2021).



Family Davaineidae

1
Rostellar hook is hammer shape

Vitelline gland located posterior of the ovary

Genus Raillietina

1
A single reproductive system per proglottid
1

Genital pore opening unilateral irregularly alternating unilateral iregularly altemating
Egg per egg capsule only one only one more than one more than one
Subgenus Paroniella Subgenus Skrjabinia Subgenus Raillietina Subgenus Fuhrmanneta
Scolex round round oval
Rostellar hooks double rows double rows single row
Sucker round-unarmed round-armed oval-armed
Genital pore position anterior-middle of segment posterior-middle of segment anterior-middle of segment
R. cesticillus R. echinobothrida R. tetragona
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Figure 2 Classification of R. echinobothrida, R. tetragona, and R. cesticillus
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Sources: modified from Panich, W., Tejangkura, T., & Chontananarth, T. (2021).
Novel high-performance detection of Raillietina echinobothrida, Raillietina tetragona,
and Raillietina cesticillus using loop-mediated isothermal amplification coupled with a

lateral flow dipstick (LAMP-LFD). Veterinary Parasitology, 292, 109396.

Life cycle of Raillietina spp.

The definitive hosts of tapeworm in genus Raillietina are birds and
mammals, such as chicken, duck, pigeon, and rat (Alkharigy et al., 2018; Begum et al.,
2019; Chaisiri et al., 2010; Chandler & Pradatsundarasar, 1957; Hassouni & Belghyti,
2006; Natala et al., 2009). The gravid proglottids are released from the definitive host via
the fecal route and is eaten by intermediate hosts, such as ants, beetles, and flies
(Bartel, 1965; Horsfall, 1938; McDougald, 2020; Reid et al., 1938). After that, the

oncosphere penetrate through an alimentary canal of intermediate host and develop into



an infective stage, cysticercoid, at abdominal cavity. When the definitive hosts ingest the
infected intermediate host, the cysticercoid adheres to the intestinal tract using rostellar
hooks and suckers. The cysticercoid develops into an adult stage within 2 weeks (Figure
3) (Ackert, 1936; Reid et al., 1938). The epidemic of Raillietina spp. can speedily spread
because a single gravid proglottid contains several egg capsules, ranging from 10-600
egg capsules. The gravid proglottids are also releasing up to 9 per day. Moreover, each
egg capsule consists of 1-10 oncospheres (Baer & Sandars, 1956; Bartel & Hansen,

1964; Deardorff et al., 1976; Stunkard, 1953).

Figure 3 Life cycle of Raillietina spp.

Epidemiology of Raillietina spp. in poultry
During the past couple of decades, R. echinobothrida, R. tetragona,
and R. cesticillus have been frequently reported in birds, especially chicken, from

several countries around the world, including Thailand (Table 1).



Table 1 The prevalences of R. echinobothrida, R. tetragona, and R. cesticillus infection

in chicken, duck, and pigeon around the world

Parasite Prevalence (%) Country Reference

Host: chicken

R. echinobothrida 12.0 Morocco Hassouni & Belghyti
R. tetragona 9.3 (2006)

R. cesticillus 5.7

R. echinobothrida 13.0 Nigeria Luka & Ndams (2007)
R. tetragona 23.9

R. cesticillus 9.8

R. echinobothrida 42.0 Nigeria Yoriyo et al. (2010)
R. tetragona 38.5

R. cesticillus 10.5

R. echinobothrida 33.3 Kenya Mungube et al. (2008)
R. echinobothrida 13.2 Kenya Kaingu et al. (2010)
R. tetragona 2.9

R. echinobothrida 56.9 Nigeria Attah et al. (2013)
R. echinobothrida 64.5 Nigeria Idika et al. (2015)
R. tetragona 49.9

R. cesticillus 4.9

R. echinobothrida 48.3 Thailand Butboonchoo &

R. tetragona 57.5 Wongsawad (2017)
R. cesticillus 12.5

R. echinobothrida 29.6 Ethiopia Molla et a. (2012)
R. tetragona 12.3

R. cesticillus 1.1

Host: duck

R. echinobothrida 10.3 Nigeria Paul et al. (2015)

R. tetragona 8.3

R. tetragona 26.6 Iran Shemshadi et al.

(2017)




Table 1 (Continued)

Parasite Prevalence (%) Country Reference

Host: duck

R. echinobothrida 50.0 Bangladesh Begum et al. (2019)

R. cesticillus 56.6

R. echinobothrida 151 Nigeria Ola-Fadunsin et al.
(2019)

Host: pigeon

R. echinobothrida 7.6 Nigeria Natala et al. (2009)

R. tetragona 4.9

R. cesticillus 3.0

R. echinobothrida 63.0 Tanzania Msoffe et al. (2010)

R. tetragona 6.0

R. echinobothrida 32.0 Libya Alkharigy et al. (2018)

R. tetragona 2.0

R. cesticillus 4.0

2. Genus Ascaridia

Family Ascaridiidae is parasitic nematodes that were classified to genus
Ascaridia, which is only one genus in the family Ascaridiidae. The genus contains the
important nematodes that are prevalent and pathogenic species in birds (Kajerova et
al., 2004; Qazaz, 2020). At least 41 species of Ascaridia have been reported in birds.
Three species are well known, including A. galli A. dissimilis, and A. columbae
(Griffiths, 1978). Among them, only A. galli is found in chicken production and is the
most pathogenic species causing a major health problem affected the economic system
(Biswas et al.,, 2021; Lalchhandama, 2010; Watcharakranjanaporn et al., 2021).
Regarding the morphology, A. galli is the largest nematode in poultry, ranging from 50—
120 mm. Typically, males are smaller than females and whole body is yellow whitish in
color (Lalchhandama, 2010). In males, the perianal sucker is oval or circular and located

posterior to the body; the tail is narrow-shaped with caudal alae and 10 pairs of papillae,
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which are divided into the following four groups: 1) three pairs of preanal papillae, each
pair located at anterior, middle, and posterior to the preanal sucker, 2) one pair of
adanal papilla, 3) three pairs of postanal papillae and 4) three pairs at subterminal
region. In females, the vulva is at the anterior part of the body. The eggs are oval, thick
shelled, and develop outside the host (Figure 4) (Kajerova et al., 2004; Lalchhandama,

2010; McDougald, 2020; Tanveer et al., 2015; Tarbiat et al., 2015).

Papillae

Figure 4 Morphology of A. galli

(A: A. galli freshly extracted from a chicken; B: drawing of male tail of A. galli;

C: A. gallieggs from female using 400X magnification)

Sources: modified from Lalchhandama, K. (2010). On the structure of Ascaridia
galli, the roundworm of domestic fowl. Science Vision, 10(1), 20-30. McDougald, L. R.
(2020). Internal parasites. In diseases of poultry (13th ed., pp. 1117-1146). Wiley-

Blackwell.
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Life cycle of A. galli

A. galli has a simple and direct life cycle, meaning that it can grow and
develop to other stages for complete life cycle without an intermediate host. At the
beginning, the eggs of A. galli hatch in the proventriculus or the upper intestinal tract of
chickens. After hatching, the second-stage larvae live in the mucous layer of the
duodenum and jejunum about 9 days after infection. Subsequently, they migrate to the
spaces between the intestinal villi and eventually penetrate the mucosa, where they molt
to the third larval stage. The third-stage larvae inhabit in the intestinal mucosa about 17
days before return to the intestinal lumen for molting and maturation of the fourth-stage
and mature about 28 — 30 days of age. Finally, the matures reproduce sexually in the
intestine. Females release fertilized eggs, which pass with the feces of host to complete
their life cycle. The eggs embryonate in an environment about 5-14 days, depending on
surrounding condition (Figure 5). Moreover, A. galli eggs use earthworms and
grasshoppers as paratenic hosts to transport and transmit to chickens (Anderson, 2000;

Chadfield et al., 2001; McDougald, 2020).

Figure 5 Life cycle of A. galli

Prevalence of A. galli in poultry
The infection of A. galli correlate with various factors, such as feed, age,

sex, behavior, immunity, and extrinsic environments, which are affected to prevalence of
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worms, range from low to high. The epidemic of A. galli occurred in several countries
globally with the prevalence of up to 96.7% in chickens as reported by Thapa et al.
(2015) from Netherlands. In Thailand, the A. galli infection has been reported in several
regions, including northern, north-eastern, central, and southern parts with the
prevalence of 21.9, 60.2, 21.5, and 8.3%, respectively (Ayudhya & Sangvaranonda,
1997; Ayudthaya & Sangvaranond, 1993; Sangvaranond, 1997; Wuthijaree et al., 2019).
However, A. galli is not only infected in chicken, but also occurred in ducks as see in

Table 2.

Table 2 The prevalences of A. galli infection in poultry

Host Prevalence (%) Country Reference

Chicken 21.9 Thailand Ayudthaya &

Sangvaranond (1993)

21.5 Thailand Sangvaranond (1997)

8.3 Thailand Ayudthaya &

Sangvaranond (1997)

32.3 Tanzania Permin et al. (1997)
24.0 Ghana Poulsen et al. (2000)
30.7 India Hange et al. (2007)
32.6 Nigeria Luka & Ndams (2007)
25.6 Kenya Kaingu et al. (2010)
88.0 Germany Kaufmann et al. (2011)
53.3 Tunisia Ben Slimane (2016)
60.6 Austria Thapa et al. (2015)
54.3 Belgium

76.6 Denmark

89.5 Germany

96.7 Netherlands

72.6 Sweden

73.3 United Kingdom




Table 2 (Continued)
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Host Prevalence (%) Country Reference
Chicken 50.8 Thailand Butboonchoo &
Wongsawad (2017)
60.2 Thailand Wauthijaree et al.
(2019)
36.6 Pakistan Yousaf et al (2019)
417 India Jaiswal et al. (2020)
Duck 5.0 Egypt Aboulaila et al. (2011)
85.7 Nigeria Paul et al. (2015)
63.3 Bangladesh Begum et al. (2019)
72.7 Nigeria Ola-Fadunsin et al.
(2019)
5.1 Egypt El-Dakhly et al. (2020)
27.5 Nepal Shrestha et al. (2020)
16.7 Bangladesh Khanum et al. (2021)

3. Family Echinostomatidae

Species belonging to family Echinostomatidae are cosmopolitan intestinal

parasites. Their taxonomic diversity are substantial (at least 91 genera have been

described), related to a range of final hosts, including reptile, mammal, and avian

(Toledo et al., 2009). Morphologically, the main characteristics feature of the adult

worms of family Echinostomatidae is the presence of a circumoral collar spines

arranged with one or two rows with a group of corner spines at each end, and cuticle is

usually covered with tiny spines. Oral sucker, pharynx, and esophagus present

obviously. Acetabulum or ventral sucker is well developed at the anterior of body.

Regarding reproductive organs, testes are mostly tandem at posterior of body, genital

pore is median and preacetabular, ovary is median or sub-median and located

pretesticular. Vitelline follicle usually distributed laterally and postacetabular, in some

genera extending into forebody (Toledo et al., 2009; Toledo & Esteban, 2016; Yamaguti,
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1958). The morphological features used to identify to species level based on several
characters, such as size, number, and arrangement of collar, corner spines; shape and
size of testes; positions and size of oral, ventral suckers; size of cirrus sac; boundary of
vitelline gland; and species of final host (Chai et al., 2021; Fried, 2001; Mohanta et al.,
2019). This study is focused on two genera, including Echinostoma and Hypoderaeum,
which are important parasites, having serious impacts on the poultry industry, especially
chicken and duck (Anucherngchai et al., 2019; Yang et al., 2015).

Genus Echinostoma is easily identified by the collar, which is well
developed and is interrupted ventrally, and their circumoral collar spines arranged in
two rows of dorsal spines and one row of lateral spines. The number of collar spines is
variable, ranging from 27 to 51 depending on species, but the corner spines are 5 at
each side (formula: 2+5). Cuticle is covered with numerous spines. Ventral sucker is
large, presented at anterior half of body. Testes are tandemly arranged at posterior
body and ovary is located before anterior testis. The genital pore is preacetabular, and
the cirrus sac is large. Vitellaria fields are postacetabular to posterior extremity.
Excretory duct is usually bifurcated as Y-shaped behind the posterior testis. Overall size
varies extremely among species (Fried, 2001; Huffman & Fried, 1990; Morgan & Blair,
1995; Roberts et al., 2009; Yamaguti, 1958). Members of “E. revolutum group” are an
important and dominant species of genus Echinostoma because they are significant in
terms of parasites of public health, medicine as well as veterinary health. This group has
a unique character by 37 collar spines at their collar head and has a valid species, at
least, 16 species (Anucherngchai et al., 2019; Anucherngchai & Chontananarth, 2019;
Chai et al.,, 2020). However, the species used in this study are E. miyagawai, E.
mekongi, and E. macrorchis as shown in Figure 6.

Genus Hypoderaeum characterized by a unique character of a head collar
and collar spines, which are very weakly developed than other genera in family
Echinostomatidae. H. conoideum is the most important outstanding species of the
genus, which is frequently found in the intestines of chickens and ducks in many

countries around the world, such as China, Japan, Siberia, Thailand (Anh et al., 2010;
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Chai et al., 2009; Eom et al., 1984; Saijuntha et al., 2013; Tantrawatpan et al., 2016;
Tantrawatpan & Saijuntha, 2020; Yang et al., 2015). Morphological characters of H.
conoideum are a number of the collar spines range from 49-51, forebody and
esophagus are very short. Cuticle is smooth without tiny spines. Sucker ratio, a ventral
sucker is larger, at least 5 times, than oral sucker. Testes elongate, indented margins
and tandemly arranged pattern in the middle of body. The ovary is round and located at
pretesticular (Figure 6) (Azizi et al., 2015; Fried, 2001; Mufioz-Antoli et al., 2000; Toledo
et al., 1996; Yamaguti, 1958).

Family Echinostomatidae
1
A head collar and collar spines are present
1

I
The head collar weakly developed
with double rows of collar spines

1
The head collar well developed
with double rows of collar spines

Genus Hypoderaeum Genus Echinostoma
I
49-51 collar spines
1
forabody and esophagus very short
0 Collar spine | 37 collar spines 37 collar spines 45 collar spines
smooth cuticle Esophagus | long lang short
1
large ventral sucker Cirrus sac | well developed weakly developed well developed
. Testes subglobular and indented 3 labed globular or slightly labed slightly lobed
slongated testes
H. conoideum E. miyagawai E. mekongi E. macrorchis
ey
4
.@ -
41
§ 4
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Figure 6 Classification of E. miyagawai, E. mekongi, E. macrorchis and H. conoideum

used in this study

Source: modified from Glunkwamdi, P., Pakdee, S., & Raksaman, A. (2020).

Epidemiological situation and risk of parasitic infections by ingesting of Filopaludina

snails at local markets in Bangkok metropolis. Srinakharinwirot University.
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Life cycle of Echinostomatidae (E. miyagawai, E. revolutum and H.
conoideum)

Echinostomatidae species have a complicated life cycle contains seven
stages, including egg, miracidium, sporocyst, redia, cercaria, metacercaria, and adult,
which requires three hosts comprising the definitive, first, and second intermediate
hosts. Initially, the adult worms infect the avian, particularly chickens and ducks, and
release undeveloped eggs via the host feces into the water where they develop into the
miracidial stage. When the miracidia hatch, they penetrate into their first intermediate
hosts, several freshwater snail species, such as lymnaeid and planorbid snails, and
develop into sporocysts, rediae, and finally cercariae stages, respectively. The
cercariae emerge from their first intermediate hosts. After locating and entering the
second intermediate hosts, namely snails, tadpoles, freshwater turtles, they encyst to
develop metacercariae. Infection of the definitive hosts for the complete their life cycle,
the definitive hosts become infected after ingestion of the second intermediate hosts
containing the metacercariae. Finally, the metacercariae gradually mature to the adult
stage in the small intestine of definitive hosts and adult worms produce eggs that are
released through host feces a few weeks after infection (Figure 7) (Azizi et al., 2015;
Chai et al., 2020; Kanev, 1994; Kanev et al., 2000; Li et al., 2019; Mufoz-Antoli et al.,
2000; Nagataki et al., 2015; Roberts et al., 2009; Saijuntha et al., 2011, 2014; Toledo et

al., 2009; Toledo & Esteban, 2016; Yang et al., 2015).
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Figure 7 Life cycle of Echinostomatidae

Epidemiological reports of Echinostomatidae in poultry
Infections of Echinostomatidae species, most studies have been
reported in first intermediate, second intermediate, and experimental hosts. On the other
hand, the reports in natural hosts (chicken and duck) from Asia have a few studies and
the prevalence have usually not been published, including Bangladesh, Thailand, Lao

PDR, China, Indonesia, and Vietnam (Table 3).

Table 3 The prevalences of Echinostomatidae species infection in chickens and ducks

Parasite Host Prevalence (%) Country Reference
E. miyagawai Duck 60.0 Bangladesh Islam et al.
(1988)
Duck NA Thailand and Lao  Nagataki et al.
PDR (2015)
Chicken NA China Fu et al. (2019)
Duck NA China Lietal. (2019)
Duck NA Bangladesh Mohanta et al.
(2019)

Duck NA Indonesia Chai et al. (2021)




Table 3 (Continued)
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Parasite Host Prevalence (%) Country Reference
E. revolutum Duck 8.9 Bangladesh Yousuf et al.
(2019)
Duck NA Thailand Saijuntha et al.
(2011)
Duck 20.0 Bangladesh Musa et al.
(2012)
Chicken 0.8 Thailand Butboonchoo &
Wongsawad
(2017)
Duck 20.0 Bangladesh Begum et al.
(2019)
Chicken 73.3 Bangladesh Khanum et al.
(2021)
H. conoideum Chicken 8.0 Vietnam Anh et al. (2010)
Duck 21.0
Duck NA Thailand Saijuntha et al.
(2011)
Duck 35.3 Thailand Saijuntha et al.
(2013)
Duck NA China Yang et al. (2015)
H. conoideum Duck NA Thailand Tantrawatpan &

Saijuntha (2020)

Co-infection of Raillietina spp., A. galli, and Echinostomatidae in poultry

Co-infections are usually found in free-range poultry system due to their food-

seeking behavior associated with the different environmental habitats, such as land and

water resources, which is often contaminated with parasitic eggs and various insects,

earthworms, or water snails that act as paratenic and intermediate hosts of several
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parasite species. Table 4 shows previous studies reported the co-infection of each

parasitic group in chickens and ducks since 2000.

Table 4 The occurrence of co-infection of Raillietina spp., A. galli, and Echinostomatidae

in chickens and ducks

Parasite Genus Ralillietina Host Prevalence  Reference
R. echinobothrida  R. tetragona  R. cesticillus (%)

A. galli + - - Chicken  NA Permin et
_ + - al. (2002)
+ : - Chicken  NA Ekpo et al.

(2010)
- + - Chicken 3.2 Ohaeri &
Okwum
(2013)
+ F - Chicken 1.3 Adang et
] |, - 2.0 al. (2014)
- L + 4.0
+ + - 0.7
+ 4 - Chicken 1.0 Junaidu et
- + - 6.0 al. (2014)
- + - Chicken 4.0 Yagoob &
- + 3 1.0 Mohsen
(2014)
+ - - Chicken 1.9 Hembram
- + - 14.4 etal.
+ + - 1.3 (2015)
+ - - Chicken NA Khanum et

al. (2021)
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Table 4 (Continued)

Parasite Genus Raillietina Host Prevalence Reference
R. echinobothrida  R. tetragona R. cesticillus (%)
E. revolutum + - - Duck NA Begum et
- - + al. (2019)
+ - - Chicken NA Khanum et
al. (2021)
Parasite A. galli Host Prevalence Reference
(%)
E. revolutum + Chicken 1.9 Hembram
etal.
(2015)
+ Duck NA Begum et
al. (2019)
+ Chicken NA Khanum et
al. (2021)

Clinical symptoms and pathogenicity

The most pathogenicity of parasitic infections is caused by the adhesive organ,
such as rostellar hooks, spines, and sucker, which are used to attach and penetrate the
gastrointestinal tract of the host, damaging the intestinal mucosa of hosts. These affect
to the ability of nutrient absorption, growth rate, and weight depression.

Raillietiniasis (infection of tapeworm belonging to genus Raillietina) caused the
degeneration and disintegration of villi and secretory glands, heterophilic infiltration, the
necrosis of epithelial cells, nodular granulomas in intestinal surface, catarrhal enteritis,
diarrhea, anemia, droopiness, and emaciation, lead to loss of nutrition, weight loss, slow
growth, reduced egg production (Lalchhandama, 2010; Lalthanpuii & Lalchhandama,
2020; McDougald, 2020; Panich et al., 2022).

Ascariasis caused by the emerging and penetration of an infective stage larva
from the egg. The larva migrated into the intestinal mucosa causing several damages

leading to haemorrhages, anaemia, diarrhea, anorexia, emaciation and weakness. In
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heavy infection, correlated with increasing worm burdens was the egg production loss,
reductions in the growth rate and obstruction of the small intestine followed by eventual
death of the hosts (Permin et al., 1997, 2006; Tarbiat et al., 2015).

Echinostomiasis is a food-borne parasite in wildlife and domestic animals
worldwide. In human, it causes by trematodes belonging to the family Echinostomatidae.
Light infections of echinostomiasis in animals do not cause important clinical symptoms
and pathology, while heavy infections are related to severe pathology, disease and
eventually death. The worms penetrate between the villi and feed on the tissues with
their oral suckers causing desquamation of the epithelium and the villi, edema of the
mucosal layer, duodenal erosions, inflammation, hemorrhagic, diarrhea and malnutrition.
Finally, emaciation, weakness, and death have usually been resulted when infected with

hundreds to thousands of worms (Carney, 1991; Labony et al., 2022).

Treatment and control

Nowadays, the increasing demand on poultry products from free-range
production system is limited by the heavy worm burden, higher number of parasite
species and increasing infection risk in such production system. Thus, the use of
anthelmintic drugs has been recognized in the European Union due to the help to
substantially reduce the economic losses (Abdelgader et al., 2012; McDougald, 2020).
However, the kinds of anthelmintic products and dosage are efficacy difference
depending on parasite group. For examples, praziquantel was suitable for R. tetragona,
flubendazole and fenbendazole have been approved for use in chickens against A.
galli, and rafoxanide was found to be highly effective against E. caproni (Table 5)
(Abdel Aziz et al., 2018; Huffman & Fried, 1990; Rajendran & Nadakal, 1988; Tarbiat et
al., 2015).
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Table 5 The efficacy of drug treatments in raillietiniasis, ascariasis, and echinostomiasis

Drug Dose Mode of Efficacy against disease Reference
application raillietiniasis ascariasis echinostomiasis
(mg/kg)

Praziquantel 10.0 Tablet 100% - - Rajendran
& Nadakal
(1988)

Praziquantel 10.0 Tablet 100% - - Nurelhuda
etal.
(1989a)

Oxfendazole 7.5 Tablet 100% = = Nurelhuda
etal.
(1989b)

Fenbendazole  104.3 Aqueous 100% - - Pote et al.
(1992)

Albendazole 20.0 Aqueous 96.2% - - Tucker et

Albendazole 5.0 Aqueous - 100% - al. (2007)

Fenbendazole 5.0 Aqueous - 85.5% - Yazwinski
etal.
(2013)

Levamisole 28.0 Tablet = 99.1% = Feyera et

Piperazine 100.0 Tablet - 96.3% - al. (2021)

Fenbendazole 10.0 Tablet - 97.2 -

Levamisole + 28.0 + Tablet - 100% -

Piperazine 100.0

Rafoxanide 50.0 Aqueous - - 100% Maurer et

Clorsulon 50.0 Aqueous - - 100% al. (1996)
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Table 5 (Continued)

Drug Dose Mode of Efficacy against disease Reference
application raillietiniasis ascariasis echinostomiasis
(mg/kg)

Clorsulon 100.0 Aqueous - - 100% Ferraz et
al. (2012);
Keiser et
al. (2006)

Tribendimidine  125.0 Aqueous = - 100% Keiser et
al. (2006)

Although the anthelmintic drugs could reduce the economic losses, but the
edible livestock products was accumulated the residues from the drugs, such as the
appearance of levamisole in poultry egg (Rana et al., 2019). However, the interruption of
the life cycle of parasites or the prevention of birds to keep them from contacting and
consuming the intermediate hosts may provide additional benefits besides drug
treatment. Therefore, the identification of worm species will help to accurately suggest
control programs by the correctly elimination of the intermediate host (Graczyk & Fried,

1998; McDougald, 2020).

Diagnostic methods
1. Gold standard technique

A gold standard diagnostic method for gastrointestinal parasites is a direct
diagnosis based on the morphological characters of adult or egg stages under
microscope by necropsy investigations or the examination of eggs in host feces using
the flotation technique for Raillietina spp. and A. galli, and sedimentation technique for
Echinostomatidae (Figure 8) (Carney, 1991; Graczyk & Fried, 1998; Griffiths, 1978;
Huffman & Fried, 1990; Oladosu et al., 2022; Panich et al., 2022; Permin et al., 2006).
However, these techniques require the personal scientific skills and parasitic knowledge

to discriminate and identify egg stage between each parasitic group. Moreover, the
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technique is time-consuming when numerous samples are investigated simultaneously,

since they require several stages for sample preparation.

Flotation/Sedimentation

Microscopic examination

Echinostomatidae | Embryonated Raillietina spp.

Ascaridia galli

Figure 8 Schematic of egg examination via host feces using flotation and sedimentation

techniques

2. DNA amplification-based techniques

The gold standard methods have complicated procedure and difficult to
diagnose based on the morphological characteristics alone (Butboonchoo &
Wongsawad, 2017). Therefore, molecular DNA amplification-based techniques have
been applied as alternative diagnostic methods because they are more reliable, simple,
rapid, and convenient than the morphological methods. Previously, several studies were
used molecular techniques to identify or diagnose the parasitic infections using
extracted DNA from eggs, which are released through host feces, or tissue from adult
worm as shown in Table 6. Nevertheless, the methods as listed in Table 6 need,
specialized instrumentation and gel electrophoresis analysis that must be conducted in
the laboratory, which is an important limitation performing in field detection (Sriworarat et

al., 2015; Wang et al., 2019).



Table 6 Molecular DNA amplification-based techniques for detecting Raillietina spp., A.

galli, and Echinostomatidae

Target species Technique Target region Reference
Genus Raillietina
R. echinobothrida Phylogenetic Internal transcribed Ramnath et al. (2014)
analysis spacer 2 (ITS2)
region
R. echinobothrida, High annealing Genomic DNA Butboonchoo &
temperature random Wongsawad (2017)
R. tetragona,
amplified
R. cesticillus polymorphic DNA
R. echinobothrida, Species-specific ITS2 region Panich & Chontananarth
PCR (2021)
R. tetragona,
Triplex PCR ITS2 region Panich et al. (2022)

R. cesticillus

Genus Ascaridia

A. galli

Species-specific

18S rDNA gene

Qazaz (2020)

PCR

Species-specific ITS1 region Biswas et al. (2021)

PCR

Species-specific NADH Watcharakranjanaporn et
PCR dehydrogenase al. (2021)

subunit 4 (ND4) gene

Duplex droplet
digital PCR

ITS2 region

Tarbiat et al. (2021)

Family Echinostomatidae

Artyfechinostomum

malayanum

Real-time
fluorescence
resonance energy

transfer PCR

28S rDNA gene

Tantrawatpan et al.

(2016)
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Target species

Technique

Target region

Reference

E. revolutum

Species-specific

PCR

18S rDNA gene

Anucherngchai &
Chontananarth (2019)

Species-specific

PCR and

Cytochrome B
(CYTB) gene

Anucherngchai et al.

(2019)

Phylogenetic

analysis

High-resolution Cytochrome oxidase  Buddhachat &

melting analysis subunit 1 (COI) Chontananarth (2019)
gene, NADH
dehydrogenase

subunit 1 (ND1) gene

A. malayanum, Multiplex PCR ND1 gene Tantrawatpan & Saijuntha

(2020)
E. revolutum,

E. ilocanum,

H. conoideum

Loop-mediated Isothermal Amplification (LAMP)

To accomplish the usability of molecular techniques in field study, a loop-
mediated isothermal amplification (LAMP), an isothermal ampilification technique was
established by Notomi et al. (2000). LAMP requires primers, at least two pairs, including
a forward outer primer (F3), a backward outer primer (B3), a forward inner primer (FIP),
a backward inner primer (BIP) to recognize six DNA regions of the target (Figure 9A),
and a Bst DNA polymerase with strand displacement activity for DNA amplification
under constant temperature without a thermal cycler machine (Wan et al., 2019). The
basic principle of LAMP was divided into two steps. The first step, a dumbbell structure
product is synthesized relying on the strand displacement activity of the Bst DNA

polymerase and the self-binding ability of amplified ssDNA of FIP and BIP, which formed
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loop structures at both ends called “dumbbell structure”. This is a template for the
second step. In the second step, cyclic amplification is needed, using only inner
primers. Both inner primers can bind the loop structures at both end and produce larger
product size called “stem-loop DNA”. The mixture products of the LAMP ampilification
are stem-loop DNAs comprising of multiple repeats of amplified target (Figure 9B-J)

(Shang et al., 2020).
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Figure 9 The basic principle of LAMP technique

In addition to the property of isothermal amplification, LAMP has higher
specificity, sensitivity, and more tolerant to DNA extracted by the crude methods than
PCR, which has increased the possibility to detect clinical samples for on-site diagnosis
(Sriworarat et al., 2015; Xiong et al., 2020; Zhou et al., 2021). Regardless of the gel
electrophoresis analysis, LAMP products can be analyzed using multiple techniques,

such as turbidimetry (Mori et al., 2004), melting curve analysis (Yamamura et al., 2009),
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fluorescence examination (Tsai et al., 2009), colorimetric interpretation (Nzelu et al.,
2014), and lateral flow dipstick assay (Nak-on et al., 2023). For these reasons, LAMP
techniques have been increasingly used to detect several parasitic species, such as
Cestodes: Echinococcus spp., Taenia spp.; Nematodes: Strongyloides stercoralis,
Necator americanus, Trichuris trichiura; Trematodes: Fasciola spp., Clonorchis sinensis,

Opisthorchis viverrini, Paragonimus westermani etc (Garcia-Bernalt Diego et al., 2021).

LAMP combined with monitoring techniques by naked eye and chromatic analysis
1. Lateral flow dipstick assay

Lateral flow dipstick (LFD) is an alternative immunochromatography
technique to analyze LAMP products for visual interpretation or diagnostic purposes,
such as clinical diagnosis, infection and contamination with specific pathogens in food
or the environment. They are designed for single use at point of care testing or outside
the laboratory without costly and specialized instruments. The results usually present
within 10-20 minutes. The LFD has high sensitivity and selectivity by the hybridization of
specific probes that can bind with some region within dumbbell structure of LAMP
products to generate complex molecules composed of biotin and fluorescein
isothiocyanate (FITC) or carboxyfluorescein phosphoramidite (FAM) for flowing in LFD

(Figure 10) (Posthuma-Trumpie et al., 2009; Sajid et al., 2015).

Biotin labeled-LAMP product l FAM labeled-probe

‘%”m "

(o

Hybridized LAMP product

Figure 10 Single probe hybridization

Figure 11 shows the elements of the LFD analyzing LAMP products

comprising of the four parts: (1) sample pad, an area where the hybridized analyte is
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dropped; (2) conjugate pad, which contained anti-FITC or FAM antibody conjugated
with gold nanoparticles (Anti-FITC/FAM-AuUNP); (3) detection zone (usually nitrocellulose
membrane), an area for the result interpretation containing test line and control line that
are immobilized with bioreceptors, namely streptavidin on test line and anti anti-
FITC/FAM secondary antibody on control line; and (4) absorbent pad, the end of the
LFD, which helps in maintaining flow rate of the liquid over the membrane and prevents
backflow of the analyte. FITC/FAM labeled-probe and biotin labeled-LAMP products
form the complex molecule in probe hybridization step. This complex binds to
streptavidin on the test line and remaining anti-FITC/FAM-AuNP bind to anti anti-
FITC/FAM secondary antibody on the control line, thus, generated red bands over the
time. For the result interpretations, the presence of test line and control line is interpreted
as a positive result, while the presence of only control line is a negative result (Bahadir &

Sezgintlrk, 2016; Koczula & Gallotta, 2016; Sajid et al., 2015).

LT T T 1

samplepad Conjugatepad  Testline  Control line Absorbent pad

® Biotin labeled-LAMP product A FAM labeled-probe

L Biotin

. Streptavidin o

W
| Ant ant-FAM secondary antibody

ie

J.
= AntiFAM-AUNP

Figure 11 Schematic of LFD analysis when dropping non-target and target analytes on

the sample pads

(Two lines interprets a positive result; the presence of only control line interprets

a negative result)
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The outstanding feature of LFD is a multiplex detection format that can
detect more than one target species and can generate test lines equal to the number of
target species to detect and differentiate the pathogens simultaneously. Practically,
LAMP primers specific to second target species was conjugated with digoxigenin that
produced digoxigenin labeled-LAMP products and, another one of FITC/FAM-probe was
added to hybridize the digoxigenin labeled-LAMP products (Figure 12). After that, test
line 2 on detection zone was immobilized with anti-digoxigenin antibody to capture
digoxigenin labeled-LAMP products and visualize the red band. If both test lines

appear, the result indicates a co-infection (Figure 13) (Sajid et al., 2015).

@M@

Biotin labeled-LAMP product 1 + A ‘.LLLLL

m_m FAM labeled-probe 1 FAM labeled-probe 2

Digoxigenin labeled-LAMP product 2 1
Hybridized LAMP product 1 Hybridized LAMP product 2

Figure 12 Dual probe hybridization
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Figure 13 Schematic of LFD analysis when dropping non-target and double-target

analytes on the sample pads

(The presence of three lines interprets a positive result; the presence of only control line

interprets a negative result)

Hence, LAMP-LFD are very rapidly growing strategies for parasite
diagnosis, such as Babesia spp., Meloidogyne spp., Raillietina spp., Toxoplasma
gondii, Paragonimus westermani, and Plasmodium falciparum (Lalle et al., 2018; Niu et
al., 2011; Panich et al., 2021; Xue et al., 2021; Xunhui et al., 2019; Yang et al., 2016;
Yongkiettrakul et al., 2017). Nevertheless, the LFD requires the probe hybridization step
before interpreting the results, lead to the risk of self-contamination, which is the
limitation of the assay (Sriworarat et al., 2015; Wang et al., 2019; Xiong et al., 2020).

2. Colorimetric indicator

Colorimetric analysis using an indicator dye is one of the most convenient
methods relying on color changing property in solution for monitoring the results. It can
be pre-added into the mixtures without interfering the LAMP reaction (Sriworarat et al.,

2015; Zhang et al., 2022). The indicator dyes can be divided into two categories
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according to the cause of discoloration: (1) direct indicator dyes bind or intercalate with
synthesized LAMP products, e.g. leuco crystal violet, malachite green, and methyl
green; and (2) indirect indicator dyes make use of byproducts from DNA synthesis, such
as hydroxynaphthol blue, calcein, phenol red, cresol red, and neutral red (Niessen &
Vogel, 2010; Scott et al., 2020; Thapa et al., 2019) as listed in Table 7. The colorimetric
LAMP assay is achieved in a single-step closed-tube, which the result is observed
immediately after terminating the reaction without post-amplification handling. For this
reason, the colorimetric strategy has become the most commonly used strategy to
summarize the results by naked eye for commercial and field utilizations. However, the
major limitations related to the colorimetric assay are a color perception that requires
experienced personnel to discriminate between positive or negative colors, and
colorimetric assay cannot detect more than one pathogen species in one reaction (Yin

et al., 2020).

Table 7 Several dyes commonly used in LAMP detection

Direct indicator Mechanism Negative Positive Reference

dye color color

Leuco crystal DNA-binding dyes, intercalated colorless violet Miyamoto et

violet with dsDNA al. (2015)

Malachite green DNA-binding dyes, intercalated colorless turquoise  Nzelu et al.
with dsDNA (2014)

Methyl green DNA-binding dyes, intercalated colorless turquoise  Thapa et al.

with dsDNA (2019)
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Indirect indicator Mechanism Transition Negative Positive Reference
dye range (pH) color color
Hydroxynaphtol Mg2+ indicators, the - purple blue Anupama et
blue reduction of Mg** al. (2020)
Eriochrome black Mg2+ indicators, the - purple sky blue Neshani et
T reduction of Mg®" al. (2023)
Calcein Mn*" indicators, the - orange green Tang et al.
displacement of (2011)
Mn®* from calcein to
P,0,"
Phenol red Proton indicators 6.8-8.0 red yellow Xiong et al
Neutral red 6.8-8.0 brownish red (2020)
yellow
Cresol red 7.2-8.8 red yellow

3. Chromatic analysis

Although the colorimetric interpretation with the naked eye is the simplest

and fastest, but it provides only qualitative results (positive or negative results) and

depends on color perception of each observer, such as experience, color blindness,

and ambient lighting that could be prone to faults or the results with low confidence (Yin

et al., 2019). Therefore, the method related to numerical measurement is necessary in

order to eliminate the individual factors for enhancing the accuracy of the result. To

numerically measure chromatic, several color spaces were used to analyze the
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discoloration in colorimetric LAMP assay, including RGB (Red, Blue, Green), HSV (Hue,
Saturation, Value), HSB (Hue, Saturation, Brightness), HSI (Hue, Saturation, Intensity),
HSL (Hue, Saturation, Lightness), and CIELab color spaces etc.

RGB color space has the three coordinates, namely red, green, and blue
(Figure 14), which are used to define a color in an additive color space and used as the
initial chromatic value of developing the other color spaces. This color space is the most
popular color space in reader or capture devices because the human visual perception
works in the same way. However, RGB is a not globally standardized color space due to
its response of the device to each coordinate wavelength depends on the
manufacturer's devices, leading to the variable color according to the different

devices(Capitan-Vallvey et al., 2015).

[ ]
(255, 255, 255)

Red Green

Figure 14 RGB color space

HSV, HSB, HSI, HSL color spaces completely define a color based on three
different components, including (I) hue (H), (ll) saturation (S), and (Ill) value (V) or
brightness (B) or intensity (I) or lightness (L) (Figure 15). Hue describes the dominant
wavelength of a color. Saturation describes the color purity. Value, brightness, intensity,

and lightness are referred to as brightness, indicates the intensity of light level in the
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color, but they are different following the definition of saturation each color space.
Briefly, the saturation of HSL and HSI start from grey to saturated color, whereas HSV

saturation is defined from white to saturated color (Capitan-Vallvey et al., 2015).

2 2
(O] Q
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5 and -y
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o

HSB Color Space HSL Color Space

Figure 15 HSB and HSL color spaces

Source: Labrecque, L. I. (2020). Color research in marketing: Theoretical and
technical considerations for conducting rigorous and impactful color research.

Psychology & Marketing, 37(7), 855-863.

Commission Internationale de [I'Eclairage (CIE) Lab color space is
perceptually uniform, meaning that a little bit change in the chromatic coordinates
makes an equal change in the color perception, which is described by the three
coordinates, comprising L*, a*, and b*. The L* coordinate is the luminance. The a* and
b* coordinates are the green to red axis, and the blue to yellow axis, respectively (Figure
16). The important advantage of this space is the efficiency of differentiating between

two colors (Capitan-Vallvey et al., 2015).
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Figure 16 CIELab color space

In the last decade, color spaces as mentioned above have been applied in
several studies regarding colorimetric LAMP assay. For instance, Nguyen, Nguyen, Liu
& Seo (2020) used the ratio of Green value divide Red value of RGB color space to
analyze between positive and negative color of eriochrome black T dye. Scott et al.
(2020) used a single Hue value in HSB color space to differentiate the color results of
phenol red dye. Ma, Chen & Lee (2019) distinguished the color solution of LAMP
coupled with hydroxynaphthol blue by using the color distances of L*, a*, and b* in
ClELab color space. Previous studies that used color spaces to analyze the results of

colorimetric LAMP assay as shown in Table 8.

Table 8 Previous studies of colorimetric LAMP coupled with chromatic analysis

Color space (chromatic Indicator dye Positive — Negative Reference

value used) colors

RGB (Green/Red) Eriochrome black T Blue - Violet Rodriguez-Manzano et
al. (2016)

HSI (Hue) Hydroxynaphthol blue  Blue - Violet Yin et al. (2019)
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Color space (chromatic Indicator dye Positive — Negative Reference
value used) colors
ClELab (AEab) Phenol red Yellow - Red Gonzalez-Gonzalez et
al. (2021)
RGB (Red) Hydroxynaphthol blue  Blue - Violet Scott et al. (2020)
RGB (Green) Calcein Green - Orange
HSB (Saturation) Leuco crystal violet Crystal violet -
Colorless

Malachite green

Turquoise - Colorless

HSI (Hue) Phenol red Yellow - Red Bokelmann et al.
(2021)

HSB (Hue) Phenol red Yellow - Red Layne et al. (2021)

RGB (Green-Blue) Phenol red Yellow - Red Papadakis et al.

RGB (Green-Red) Hydroxynaphthol blue  Blue - Violet (2022)

Microfluidic chip technology

Basic of microfluidic chip concept is a device that has at least one channel with

one dimension less than 1 mm and handles very small amounts of fluids to perform the
reaction in several regions on a chip (also called to as lab-on-a-chip system). It has
received significant attention in term of the reduction in size, low requirement of reagent
quantity, low cost, easy operation and preparation, and portable testing. Thus, the
microfluidic device is usually used in a variety of studies, such as chemical experiments,
biological assays, environmental and molecular

monitoring, medical diagnosis,
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detections; and is rapidly developing and used in recent decades (Wang et al., 2017;
Yuan et al., 2014).

The principles of microfluidics, the flow of a fluid in a microchannel can be
characterized by the Reynolds number, which is a useful tool that predict fluid flow in
microfluidic chip with different patterns for analysis how the parameters will respond to a
variation in fluids and it is used to predict the transition flow from laminar to turbulent.
Reynolds reported in 1883 defines the relationships via a Reynolds number value, which

is defined as

Where: Re is Reynolds number;

D is diameter of microchannel (ft)

V is average velocity of the fluid (ft/s)

v is kinematic viscosity (ft*/s)

The Reynolds number can interpret and classify into three flow-through pipe
regimes, namely at values of 2,000 or below, the flow profile is the laminar flow, between
2,000 to 4,000 the flow is in the transition region, and at 4,000 or above the flow is the
turbulent flow. Thus, calculation of the Reynolds number can be determined the flow
velocity pattern in microchannels (Menon, 2015).

In the single target detection in LAMP usually requires at least four primers for
multiplex detection, meaning duplex or triplex LAMP, needs eight and twelve primers,
respectively, leading to the competition of these primers and interference the LAMP
reaction. Therefore, it is difficult to optimize the reaction condition in multiplex LAMP as
well as the concentration of reagents and labelled primers (biotin, digoxigenin). The
expensive cost of multiplex LFD strip is also accounted for the difficulty to
commercialize it in the future (C. Xie et al., 2021). Because of the many advantages,
several studies have used the microfluidic chip integrated with the LAMP reaction for
multiplex detection via a numerous of separate reaction chambers on the chip, each
chamber containing dried primers for specific amplification of different pathogens

(Huang et al., 2021; Tourlousse et al., 2012). Regarding LAMP result analysis on the
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chip, chromatic observation using indicator dyes coupled with LAMP was used to
monitor the results via discoloration of the solutions as mentioned above in colorimetric
indicator section. In recent years, performing colorimetric LAMP on the microfluidic
chips were successfully developed for multiplex detection, ranging from 3-5 targets as

show in Table 9.

Table 9 Overview of microfluidic chips integrated with colorimetric LAMP detection

LAMP-microfluidic chip Indicator dye Number of targets Reference
Calcein 5 Jiang et al. (2016)
Eriochrome black T 3 Seo et al. (2017)
Neutral red 3 Yuan et al. (2018)
Calcein 5 Li et al. (2020)

Eriochrome black T 3 Nguyen et al. (2020)
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Table 9 (Continued)

LAMP-microfluidic chip Indicator dye Number of targets = Reference
Calcein 3 Xie et al. (2021)
Calcein 4 Zhang et al. (2021)

Hence, the microfluidic chip technology integrated with colorimetric LAMP is a
useful tool as an alternative platform for on-site or point-of-care screening that have
great potential application in multiplex diagnosis in terms of the user-friendly, cost-
effectiveness, time-saving, and easy interpretation by naked eye.

Fabrication methods for microfluidic chip

Microfabrication using machining approaches is expensive due to costly
equipment and time-consuming. The manufacturing cost can be greatly decreased if
the productions of microchip can be conducted using a replication. The microchips are
fabricated only once as the molds or masters and duplicated via the molds. Here, we
describe three methods of mold manufacture that were categorized by Scott & Al
(2021) and Table 10 shows the summaries of achievable abilities of the fabrication
methods for microfluidic chip production.

1. Mechanical method

Mechanical methods, consist of micro-cutting (MC) and ultrasonic
machining (USM), are the processes of drilling or milling that eliminate any unwanted
region in the mold using mechanical forces with sharp tools or abrasive particles.
Importantly, the tools for these methods must be stronger than those of the mold

materials.
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2. Energy-assisted method
Energy-assisted methods are the processes to remove material on the
chip rely on concentrated energy either through electric potential, laser, ion, or electron
beams. Five energy-assisted methods were divided according to energy sources that
used to erosion, namely electro-discharge machining (EDM), electrochemical machining
(ECM), laser ablation, electron beam machining, and focused ion beam machining
(FIB).
3. Micro-electromechanical system
Micro-electromechanical systems (MEMS) are methods frequently used
in microfabrication with photolithography and etching. Photolithography is the
photographic process to define and transfer a pattern on a thin film layer or a substrate
(also called a wafer). Briefly, UV and X-ray are generally used to transfer an image from
a patterned mask to a photosensitive layer (photoresist) on the wafer and then the
exposed photoresist is developed with a chemical reagent (chemical developer) to
determine which part of the photoresist is dissolved. Finally, the same pattern is

transferred into the substrate under the photoresist layer by the etching process.

Table 10 Comparison of mold fabrication methods

Methods Minimum size  Resolution Roughness Positional tolerance
Micro-cutting 6.7 Um 2 Um 65 nm 3 Um

Ultrasonic machining 5 Um 5 m NA NA
Electro-discharge machining 5 Um 3 Um 100 nm 1 Um

Electrochemical machining 150 nm 5 Um 28 nm 2 m
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Table 10 (Continued)

Methods Minimum size  Resolution Roughness Positional tolerance
Laser ablation <1 Um ~1 Um 100 nm 3 Um

Electron beam machining 10 nm 20 nm 0.58 nm NA

Focused ion beam machining 40 nm 5nm NA 100 nm

MEMS method Some Um NA 10 nm Some Um

Source: modified from Scott, S., & Ali, Z. (2021). Fabrication methods for

microfluidic devices: An overview. Micromachines, 12(3), 319.

Materials for microfluidic chip fabrication
In addition to the fabrication methods, another significant factor of
microfluidics is the material of the chip, which mainly determine the application of the
devices. Therefore, to develop suitable chips, particular attention should be focused on
selecting the right material according to the purpose of application. Table 11 shows the
overview of materials for microfluidic chip fabrication.
1. Inorganic material
The first-generation of microfluidic chips were commonly fabricated
based on silica or glass because it is optical transparency, electrical Insulator,
resistance to organic solvents, high thermal conductivity, and thermostability. However,
the hardness and high cost of glass and silicon are limitation to their wide application.
Furthermore, the fabrication of such chips relies on extremely condition as high
pressure, high temperature and especially clean environment. By these limitations, other
materials were developed, instead, to easily fabricate and apply with biological studies.
2. Polymer-based chip
Polymers are the most commonly used in microchip materials. They are
greater flexibility than silicon/glass chips and inexpensive. According to their variety of

physical properties, polymers can be classified into two groups, choosing suitable
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polymer related with the purpose of use. (1) Elastomers: polydimethylsiloxane (PDMS) is
the most popular because they can resist to stretch or compress from external force and
return to the original shape. A major advantage of PDMS is gas permeable from a
porous structure, which is broadly used for long-term cell culture, cell screening, and
biochemical assays. One major problem is the absorption and evaporation of small
molecules into porous walls leading to the uncertainty in concentration of solution. (2)
Thermoplastics, including polymethylmethacrylate (PMMA), polycarbonate (PC),
polystyrene (PS), polyethylene terephthalate (PET), and polyvinylchloride (PVC), display
a better hardness and solvent compatibility than PDMS. On the other hand, they are not
gas permeable, which are unsuitable for cell culture study.
3. Hydrogel

In general, the diffusion of substance and gas through PDMS is not
enough to support thick layer cell culture. Hydrogels are high permeability similar to the
extracellular matrix that have been used to maintain structure and deliver the solutions,
cells, and other nutrients via numerous pores, helping micro- or macro-molecules
diffusion for three-dimensional (3D) cell culture.

4. Paper

The usability of paper material as chip has many advantages: (1) Paper
acts as built-in pump without requiring external power; (2) Paper has a large surface-to-
volume ratio, and can pre-stored reagents via drying the reaction area; (3) Paper is the
cheapest materials for microfluidic chips, and the fabrication process is inexpensive and
convenient; (4) Paper can be stacked to multilayer microfluidic chip; (5) Paper can filter
out macroparticles that may inhibit the reaction in the sample. In contrast, it has likewise
the obviously drawbacks: (1) Paper can block the target molecules or reagents and
dilute the sample during transportation leading to unsatisfactory clinical sensitivity; (2)
The channels that fabricated by other materials are sealed, while paper-based channels
do not have to be sealed; thus, the evaporation of solution from open channels also

become a major problem.
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Table 11 Comparison of the properties for microchip materials

Properties Glass PDMS PMMA Hydrogel Paper
Young's modulus (GPa) 50-90 ~0.0005 1.4-4.1 low 0.0003-
0.0025

Smallest channel <100 nm <1 Um ~100 nm ~10 Um ~200 Um

Multilayer channels hard easy easy medium easy

Thermostability very high  medium medium- low medium
high

Surface charge very not stable  stable NA NA

stable

Permeability to  oxygen <0.01 ~500 0.05-5 >1 >1

(Barrer®)

Optical transparency high high medium- medium- low
high high

1 Barrer= 10"° [cm® O, (STD)] cm cm’s” cmHg’1

Source: modified from Ren, K., Zhou, J., & Wu, H. (2013). Materials for

microfluidic chip fabrication. Accounts of Chemical Research, 46(11), 2396-2406.



CHAPTER 3
MATERIALS AND METHODS

1. Animal ethical approval
Experimental methods involving animals were conducted under the regulations
issued by the National Research Council of Thailand and approved by the Committee of

Srinakharinwirot University (License No. SWU-A-025-2562).

2. Parasite collection

Most parasite specimens (adult stage) were received from previous studies by
Glunkwamdi et al. (2020) and Panich et al. (2021), which infected in gastrointestinal tract
of chickens (G. g. domesticus), ducks (A. p. domesticus), and hamsters (Phodopus
sp.). Some other related parasites were further collected from the gastrointestinal tract of
chickens and hamsters from Nakhon Pathom and Bangkok Provinces, respectively. The
new specimens that found in this study were divided into two sections: the first section
was fixed with 10% formalin for morphological study and the second section was

preserved in absolute ethanol for molecular investigation.

3. Parasite specimen identification using morphological characteristics

The specimens that fixed with formalin for at least a week were washed with
distiled water and stained with haematoxylin (stained with borax carmine after
dehydrated with 70% ethanol), and dehydrated using an ethanol dilution series for 30
minutes (min) in each step (10, 20, 30, 50, and 70%). Next, the specimens were
destained with 1% destain reagent (1% HCI in 70% ethanol), and dehydrated using the
ethanol series (70, 80, and 95%), followed by ratio ethanol: butanol (2:1, 1:1, 1:2),
butanol, and ratio butanol: xylene (2:1, 1:1, 1:2), respectively. Then, specimens were
cleared with xylene before being mounted with Permount. Finally, the specimens were
identified according to the taxonomic keys (Butboonchoo et al., 2016, 2020; Chai et al.,
2020, 2021; Heneberg et al., 2015; Kanev, 1994; McDougald, 2020; Mohanta et al.,
2019; Sawada, 1964, 1965; Schultz, 1940; Tanveer et al., 2015; Yamaguti, 1958, 1959).
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4. Molecular investigation

4.1 Genomic DNA extraction
The preserved tissue of each parasite in absolute ethanol were extracted
using a GF-1 tissue DNA extraction kit (Vivantis), according to the manufacturer's
instruction. After that, genomic DNA concentration was measured by a NanoDrop Lite
spectrophotometer (Thermo Scientific™ ) Subsequently, genomic DNA was diluted with
deionized water to adjust the final concentration to 5 ng/AL and 10 ng/JL for LAMP-LFD
assay and colorimetric LAMP on a microfluidic chip assay, respectively; and then stored
at -20 °C until use.
4.2 Molecular confirmation
To confirm the morphological identification, all parasite species that found in
this study were amplified using primers ITS3: 5-GCATCGATGAAGAACGCAGC-3' and
ITS4: 5-TCCTCCGCTTATTGATATGC-3’ (Barber et al., 2000) targeting the ITS2 region.
The PCR protocols were demonstrated as follows: 1 cycle of 94°C for 4 min, 35 cycles of
94°C for 1 min, 50 - 60°C for 1 min, 72°C for 1 min, and 1 cycle of final extension at 72°C
for 7 min. The PCR products were separated and estimated size by 1.5% agarose gel
electrophoresis in TBE buffer (Tris base, boric acid, EDTA, pH 8.0), with in-gel staining
using ViSafe Green (Vivantis). PCR products were subjected to sequencing before
compared with available sequences in the GenBank database by Basic Local Alignment

Search Tools (BLAST) using BLASTn algorithm.

5. LAMP primers and probes design

LAMP primers were manually designed together with related and co-infected
parasite species via MEGA 11 software using our sequences and available sequences
from the GenBank database. LAMP requires primers at least two pairs, namely a forward
inner primer (FIP), a backward inner primer (BIP), a forward outer primer (F3), and a
backward outer primer (B3) to recognize six different DNA regions. Probes were
designed for targeting the internal LAMP products between F2 and B2 region of each
LAMP primer set. A LAMP primer set for Raillietina spp. targeting 28S rDNA gene was

used from a previous study by Panich et al. (2021), whereas probe was newly designed
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in this study. Another five LAMP primer sets were newly designed for R. echinobothrida,
R. tefragona, A. galli, Echinostomatidae based on the ITS2 region and R. cesticillus
targeting the 28S rDNA gene. The LAMP assay related to LFD analysis used the LAMP
primer sets for Raillietina spp., A. galli, and Echinostomatidae, while LAMP on a
microfluidic chip used the LAMP primer sets for R. echinobothrida, R. tetragona, and R.
cesticillus instead of Raillietina spp. The details of LAMP primers and probes are shown

in Table 12 and Figure A1-6.

Table 12 Details of LAMP primers and probes for all LAMP assay in this study

Primer/probe  Sequence (5-3’) Target Reference

region

For simplex and duplex LAMP-LFD assay

Raillietina spp.
F3-RAI TCGGTTGCGGCTTTTGCTAC 28S Panich et
B3-RAl GACGTGCGTGCCAGATACCAT rDNA al. (2021)
FIP-RAIBI Biotin-AGACTGGCAATACCACCGGTCGTTTTTG gene
GCCGTCTGGTCAGTGCAC
BIP-RAI CTGTTGCGTGTTATCGTGCATCCACCTTTTCCT
TGCACAGTCACTTTCACCACC
Probe-RAI2 FAM-CATGGTGGGRTGYGGT This study
A. galli
F3-AG GCTTGATTGCTATTGCCAT ITS2 This study
B3-AG CATTTTAGTATTCCAACGATAGGA region

FIP-AG(Bi/Di)  Biotin or digoxigenin-AACGAGCTATTATAAAA
CGCTTTTATCAAGTAGTTTTTGTATGTGTATGTGCGTATGC

BIP-AG CAGGTACTACAATTAGATGATGATGATGATGT
TTTAGCATTAGAGCTGCATTCATG

Probe-AG FAM-GCGTATGCGTTTGTTTACGTTG

Echinostomatidae

F3-ECHI CCAAAAAGTCGTGGCTTG ITS2 This study

B3-ECHI GTATGCCGACTAGAAGCG region
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Primer/probe  Sequence (5’-3’) Target Reference
region
Echinostomatidae
FIP- Biotin or digoxigenin-CGGATACATTRGGGAAA ITS2 This study
ECHI(BI/Di) CGCTTTTGCTGGCGTGATTTCCTCT region
BIP-ECHI GGAATCGTGGTTTAATRTGGCTATGCTTTTGC
TCCACCCGTAKYCATAT
Probe-ECHI FAM-AACCACGATTCCGTCAC
For colorimetric LAMP on a microfluidic chip assay
R. echinobothrida (Reaction chamber 1)
F3-RE ATTGCTCTTGGTTGTCATCACAG ITS2 This study
B3-RE AAAGACCCTACCCCACTAA region
FIP-RE ATACGCACACACCCACACACTTTTTTGCTGTC
CTTACCGTCT
BIP-RE CTTAGCCCTTCTACCCTTCTGCCTTATTTTCCA
CACACATCCACATTCA
R. tetragona (Reaction chamber 2)
F3-RT GACATCTTGAACGCATATTG ITS2 This study
B3-RT ATTCACCAACATACCTTACC region
FIP-RT GCAACCGAGAGCATTCAGATTTTGGCTTGTAA
ACTATCACTGC
BIP-RT TGGGTGGGTGGGTGCATATTTTTTAAGGCGAA
TCAGGGGTAGA
R. cesticillus (Reaction chamber 3)
F3-RC GGAATAAGATGTGGTAGTCC 28S This study
B3-RC AACAGTGCGGAGACACCATTA rDNA
FIP-RC CCCAACAGATGAATAGCACGCTTTTTGGTTGC gene
GGCTTTTGCTAC
BIP-RC GGTCAAGTCGTGTCTTTCTGATGGTTTTCCCAA

ACAGTCATTATCCTCC
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Table 12 (Continued)

Primer/probe  Sequence (5'-3) Target Reference

region

A. galli (Reaction chamber 4)

F3-AG GCTTGATTGCTATTGCCAT ITS2 This study
B3-AG CATTTTAGTATTCCAACGATAGGA region
FIP-AG AACGAGCTATTATAAAACGCTTTTATCAAGTAG

TTTTTGTATGTGTATGTGCGTATGC

BIP-AG CAGGTACTACAATTAGATGATGATGATGATGTT
TTAGCATTAGAGCTGCATTCATG

Echinostomatidae (Reaction chamber 5)

F3-ECHI CCAAAAAGTCGTGGCTTG ITS2 This study
B3-ECHI GTATGCCGACTAGAAGCG region
FIP-ECHI CGGATACATTRGGGAAACGCTTTTGCTGGCGT
GATTTCCTCT
BIP-ECHI GGAATCGTGGTTTAATRTGGCTATGCTTTTGCT
CCACCCGTAKYCATAT

Degeneracy bases are underlined (R=A, G;K=G, T;Y=C, T)

6. Simplex LAMP-LFD assays
6.1 Simplex LAMP validations

The optimal LAMP reactions were performed at 66 °C and varied durations
to evaluate the minimum reaction times. The concentrations of LAMP reagent were
optimized, including outer primers, inner primers, betaine (Sigma-Aldrich),
deoxynucleotide triphosphates (dNTPs) (Vivantis), magnesium sulfate (MgSO,) (New
England Biolabs), and Bst 2.0 DNA polymerase (New England Biolabs). To confirm the
target LAMP products, 1 UL of the LAMP products was digested with different restriction
enzyme (New England Biolabs) for each LAMP primers set (Table 13; Figure A1-6).

The analytical specificity evaluation of each primer set was tested together
with parasites that found in this study and definitive hosts. Deionized water was used as

a template in negative control. Regarding the analytical sensitivity test, genomic DNA
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was initially 5 ng/reaction and then was diluted with 10-fold serial dilution ranging from 5

to 5x10° ng/reaction with three replicates to determine the minimum DNA detectable

concentration. The LAMP results were analyzed by 1.5% agarose gel electrophoresis.

Table 13 Details of restriction enzymes for LAMP product confirmations

Species

Restriction enzyme

Cut site

Expected amplicon

Raillietina spp. LAMP

R. echinobothrida Msl CAYNN/NNRTG 294, 500 bp
R. tetragona 289, 490 bp
R. cesticillus 319, 550 bp
R. echinobothrida LAMP

R. echinobothrida Hindlll-HF A/AGCTT 214 bp

R. tetragona LAMP

R. tetragona HpyCH4lll ACN/GT 115, 191 bp
R. cesticillus LAMP

R. cesticillus HpyCH4V TG/CA 114, 163, 213 bp
A. galli LAMP

A. galli Dral TTT/AAA 123 bp
Echinostomatidae LAMP

E. miyagawai Msll CAYNN/NNRTG 202,311 bp
E. mekongi 205, 317 bp

E. macrorchis

H. conoideum

Degeneracy bases are underlined (R=A, G; Y=C, T;N=A, T, C, G)
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6.2 Simplex LAMP-LFD developments
To analyze the LAMP products via LFD assay with the naked eye, FIP

primer and probe of each parasitic group were labelled with biotin and FAM at 5’ end,
respectively. To estimate the optimal concentration of probe, the quantities of probe (2,
20, and 200 pmol) were added into the 8 [LL LAMP products and incubated at 66 °C for
varying durations. After incubation, 8 L of the hybridized LAMP products were mixed
with 92 UL of assay buffer and the LFD strip (Milenia Genline HybriDetect) was dipped
into the mixture. Then the color was observed at the test line and control line after
flowing 5 min. For results interpretation, the presence of test and control lines indicates a

positive result, whereas only the control line is visible demonstrate a negative result.

7. Duplex LAMP-LFD assays
7.1  Duplex LAMP validations
The LAMP primers of each parasitic group were combined for three
combinations of duplex LAMP, comprising of Raillietina - A. galli, Raillietina -
Echinostomatidae, and A. galli — Echinostomatidae LAMP assays. Each duplex LAMP
assay was newly validated for the reagents concentration and reaction time to create the
suitable environment for simultaneous amplification of two LAMP primer sets in a single
reaction, including inner primers, MgSO,, dNTPs, and Bst 2.0 DNA polymerase. Duplex
LAMP products were digested/double-digested with Ms/l or/and Dral enzymes and
separated by 1.5% agarose gel electrophoresis for simultaneous amplification
confirmation. The analytical specificity and sensitivity tests were performed the same
with simplex LAMP process in the section 6.1 as mentioned above. Moreover, the
analytical sensitivity was further tested in case of co-infection.
7.2  Duplex LAMP-LFD developments
To differentiate duplex LAMP products, two FIP primers in duplex LAMP
reaction were labelled differently with the biotin and digoxigenin at 5’ end. Meanwhile,
two probes were conjugated with FAM at 5 end. Initially, the quantities of probe for
analyzing on test line 2 were firstly hybridized and then were dual-hybridized with probe

for observing on test line 1. The quantities of probes yielding the most intensity color on
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test lines were selected as the optimal quantity for each duplex LAMP-LFD assay.
Hybridization procedure was performed as mentioned above in the section 6.2. The
presence of red band at only one test line interprets a positive result for single infection,
while the presence of red band on both test lines interprets a positive result for co-

infection.

8. Microfluidic chip design and fabrication

Due to the multiple LAMP-LFD assay has a several limitations, such as it needs
primer at least four pairs in one reaction, leading to the competition of these primers and
interference the LAMP reaction, and the LFD assay requires the post-amplified analysis
before interpreting the results prone to the contamination from previous reaction, which
are a DNA template for next reaction resulting the false positive results (Wang et al.,
2019; Xiong et al., 2020). In addition, it is difficult to validate the optimal condition in
multiplex LAMP reaction as well as expensive cost of the multiplex LFD strip and label
reagents, namely biotin, digoxigenin, and FAM. Therefore, the colorimetric LAMP
reaction performing on a microfluidic chip was developed for LAMP ampilification
separately of each reaction chamber and reducing the cost of devices and reagents.

Microfluidic chip pattern was designed using 123D design program and the
pattern was transferred to a polymethyl methacrylate or PMMA (thickness 2.0 mm).
Engraving parameters that are shown in Table 14, were generated the G-Codes by
Esticam V11 program and engraved on the PMMA surface by using the Mini-computer
numerical control (CNC) W349 machine (Winner prototype Co., Ltd.) coupled with
Openbuilds controller program. The chip has a single layer, comprising of the
microchannel (depth 0.3 mm), six reaction chambers (depth 2.0 mm), one inlet (depth
2.0 mm), and six outlets (depth 2.0 mm) (Figure 17). The fabricated chips were cleaned
with isopropanol for 5 min and thereafter scrubbed with a soft brush in DNase-free
water. After that, the chips were air-dried at room temperature and stored in a clean

container.
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Table 14 Details of engraving parameters for microfluidic chip fabrication

Component Diameter of Toolpath Plunge Feedrate Feedrate Rotational
end mill depth angle (x, y axis) (z axis) speed

Microchannel 0.5 mm 0.3 mm 90° 25 mm/min 25 mm/min 24000 rpm

Reaction 1.5 mm 2.0 mm 90° 50 mm/min 50 mm/min 24000 rpm

chamber

Inlet/Outlet 0.9 mm 2.0 mm 90° 50 mm/min 50 mm/min 24000 rpm

hole

(1]
UUUUA
LTEAld Sk

35 mm

| e
A

Figure 17 2D and 3D microfluidic chip pattern designed by 123D design program

(A: 2D image; B: 3D image)

To setup multiplex detection on a microfluidic chip, a bottom side of the chip
was sealed with a pressure sensitive film (ThermalSeal RTS™ ). Second, each LAMP
primer set was manually loaded by pipetting into different reaction chambers; the
reaction chamber No. 1, 2, 3, 4, and 5 were coated the LAMP primer set for detecting R.
echinobothrida, R. tetragona, R. cesticillus, A. galli, and Echinostomatidae, respectively.
While the reaction chamber No. 6 as a negative control chamber was uncoated in order

to maintain a negative color for comparison of reaction chamber discoloration in
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colorimetric assay, and then the chip was dried at room temperature in the dark for 60
min. Finally, the chip was sealed the top side with the pressure sensitive film
(ThermalSeal RTS™) and immediately used (Figure 18A-C). For usability the microfluidic
chip, a sterilized needle was used to drill the inlet and outlet holes via the bottom side of
microfluidic chip for the injection and ventilation, respectively; after that, LAMP mixture
was injected by micropipette with 200 LLL tip via inlet hole. After loading the mixture into
the chip, the small pieces of adhesive film were sealed on the holes to prevent the
evaporation of the mixture and dipped in water bath (Thermo Scientific™) to perform the

LAMP reaction further (Figure 18D-F).

Microfluidic chip /
Top side

Adbhesive film

Adbhesive film

T
{ Pipette tip

Bottom side

Microfluidic chip

Adbhesive film

Figure 18 Schematics of microfluidic chip fabrication and usability

(A: an adhesive film is covered at bottom side of microfluidic chip; B: the LAMP primers

were loaded in five reaction chambers and air-dried in the dark at room temperature for
60 min; C: a top side of the chip is sealed by adhesive film before using; D: a sterilized
needle punched to the inlet and outlet holes at a bottom side; E: a sample loading by

micropipette; F: the final sealing of holes before reacting in water bath)
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9. Colorimetric LAMP on a microfluidic chip coupled with a chromatic analysis via
image processing
9.1  Colorimetric LAMP on a microfluidic chip development
Colorimetric LAMP reaction was developed by using phenol red dye

(Sigma-Aldrich) to monitor the results via the discoloration in the solution, which can add
into the reaction mixture before starting without interference the reaction. Phenol red dye
is an indirect indicator dye relies on the accumulation of H" ion that is a byproduct of
DNA amplification (Scott et al., 2020). The significant reduction of pH in the reaction
offers resulting the discoloration of phenol red from red to yellow (Tanner et al., 2015).
Consequently, the LAMP mixture for colorimetric readout method was newly prepared
as a weakly buffer by adjusting the final concentration of Tris-HCI from 20 mM to 3.75
mM. Regarding the DNA amplification on a microfluidic chip, a previous study also
found that the PMMA compound could inhibit the amplification of PCR method (Kodzius
et al., 2012). To overcome this issue, Taylor et al. (1997) recommended adding bovine
serum albumin (BSA) (Sigma-Aldrich) into the reaction to compete with polymerase for
adsorption on the surfaces of chip to enhance the performance of DNA amplification,
which corresponded to the results by Kodzius et al. (2012). Hence, the BSA was also
added in the LAMP mixture to prevent the adsorption of PMMA surface for performing
the colorimetric LAMP reaction on a microfluidic chip. A total colorimetric LAMP mixture
that injecting in the chip was 100 LLL, while the LAMP reaction was performed in the
reaction chambers with full volume approximately 12.8 LLL (without bubble). The loaded
chip was incubated in water bath to maintain the temperature at 65 °C for 90 min. The
results can be interpreted by naked eye after the chip was cooling down. R.
echinobothrida, R. tetragona, R. cesticillus, A. galli, and Echinostomatidae LAMP
products in the reaction chambers were digested with Hindlll-HF, HpoyCHA4lll, HpyCH4V,
Dral, and Msl/l enzymes, respectively, and separated by 1.5% agarose gel
electrophoresis for specific target confirmation.

9.2 Image processing and chromatic analysis

The amplified chips were placed under stereomicroscope (Olympus) with

minimum magnification and maximum level of bottom light to control the light stability
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along the experiment. After that, the images were captured using the camera of iPhone
version 13 with auto white balance, and were extracted the red (R), green (G), and blue
(B) values by using Imaged software. The region of interest (ROI) that extracted
chromatic value from acquired image was square (25x25 pixels) to determine and
measure the solution color. A major problem that occurred in acquired images was an
inconstancy of light in the same frame affected the variability of RGB color space. To fix
this problem, a hue (H) value in HSL (Hue, Saturation, Lightness) color space was used
instead of RGB values to analyze the color solution in reaction chambers because the
hue was measured from the dominant wavelength of the spectral radiance of the color,
which was not affected by the inconstant light and provided ease of users when
compared to other color spaces. (Capitan-Vallvey et al., 2015; Nguyen et al., 2020; Yin
et al., 2020). The R, G, and B values were calculated and converted to hue degree (H°)
for each reaction chamber according to the equation 1-4 reported by Saravanan et al.
(2016). In addition, the distance of hue degree (AH") as shown in Figure 19 was
computed based on the difference of H° between reaction chamber and negative

control chamber in the same chip following to the equation 5:

Ri= =G =2X.p'=2 (1)
255 255 255
A Cyq = max (R, G, B)
A=Cy — Cm {cm = min (R, G, B) @)
undefined, if Cy; = 0

(%),ifCM =R

= (== + 2),ifcM — (c0

R/—Gr . ’
(F=2+4),ifCy =B
H° = Hx 60; H° = H° + 360,if H° < 0 ()

(360 — H°,) + H°, ,if 0° < H°, < 60°

AR = { He, — H°,,if 300° < H°, < 360°

where Hon and Hor are the hue degrees of negative control chamber and

reaction chamber, respectively.
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Figure 19 Hue color wheel by degree

(AH°: distance of hue degree)

9.3 Validation of colorimetric LAMP on a microfluidic chip coupled with

chromatic analysis assay

For analytical sensitivity evaluation, each parasitic target DNA, comprising
of R. echinobothrida, R. tetragona, R. cesticillus, A. galli, and E. miyagawai was
individual carried out with initial 40 ng of genomic DNA per chip, and thereafter diluted
10-fold with serial dilutions ranging from 40 to 40%x10° ng/chip with three replicates per
species; furthermore, the sensitivities were tested in case of their co-infection. The
interpretation by naked eye provides the qualitative results (infected or uninfected)
relying on the color perception of an individual, which needs experienced personnel to
determine the color between positive and negative results. Thus, the readout method
related to numerical value was developed by using the AH° 1o define a cut-off value for
chromatic analysis with high confidence. The cut-off value was calculated based on

mean AH"negative s PlUs three-fold standard deviation (3SD) of the AR from

negative result
the analytical sensitivity section, meaning that a AH° above the cut-off value was
interpreted a positive result, while the lower value was interpreted a negative result. The
analytical specificity was tested with other parasites and definitive hosts as well as the

section 6.1.
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9.4  Shelf life of primers loaded microfluidic chip
The primers loaded chips were stored at ambient temperatures (25-30 °C)
in the darkness to check the effect of storage durations and were taken out every week
to simultaneously detect the multi-target DNA. The target DNAs of each parasitic group,
including R. echinobothrida, R. tetragona, R. cesticillus, A. galli, and E. miyagawai,
were used the initial DNA concentration of 40 ng/chip and diluted with 10-fold serial

dilutions to the lowest DNA detectable dilution.

10. Clinical sample detection

To evaluate the efficiency of each assay, a total of 30 fecal samples was
individually sampled from the cloaca of dead chickens, ranging from 0.25 to 0.45 g;
thereafter, the gastrointestinal tracts were longitudinally dissected and examined under
a stereomicroscope (as a reference method) in order to confirm the infection via a
presence or absence of adult worms. The fecal samples were subjected to the genomic
DNA extraction using a GF-1 Tissue DNA Extraction Kit. After that, the extracted DNA
was tested with the seven developed LAMP assays. The clinical sensitivity and
specificity of each assay were computed according to the equation 6 and 7 reported by
Lalkhen & McCluskey (2008). For statistical analyses, degrees of agreement in clinical
sample detection was evaluated by using Cohen’s kappa (K) ranging from 0 to 1, which
were indicated as different degrees of agreement according to McHugh (2012),
including K< 0.39 as poor, K= 0.40-0.79 as moderate, and K= 0.80 as high. Finally,
McNemar's test was used to compare the difference between developed assays and
reference method, considering p< 0.05 as the level of significance, by using an online

tool(https://www2.ccrb.cuhk.edu.hk/stat/confidence%20interval/McNemar%20Test.nhtm).

True positive

% clinical sensitivity = 100 (6)

True positive+False negative

True negative

% clinical specificity = 100 (7)

True negative+False positive



CHAPTER 4
RESULTS AND DISCUSSION

1. Parasite species

Fourteen parasite species were used to validate the LAMP assays in this study,
including A. galli, Heterakis gallinarum, R. echinobothrida, R. tetragona, R. cesticillus,
Cotugnia sp., Fimbriaria sp., Diorchis sp., Hymenolepis nana, E. miyagawai, E.
macrorchis, E. mekongi, H. conoideum, and Prosthogonimus sp. (Table 15). The
morphological characteristics of target species, including Raillietina spp., A. galli, and
Echinostomatidae species are shown in Figure A7-11. The results of molecular
confirmation were performed based on ITS2 region by using the BLASTn algorithm tool

to compare with available sequences in the GenBank database as shown in Table A1.

Table 15 Parasite species that were found and used in this study

Parasite Host Source
Nematode
A. galli G. g. domesticus (natural host) This study

H. gallinarum

Cestode

R. echinobothrida G. g. domesticus (natural host) Panich et al. (2021)

R. tetragona

R. cesticillus

Cotugnia sp.

Fimbriaria sp. A. p. domesticus (natural host)

Diorchis sp.

H. nana Phodopus sp. (natural host) Panich et al. (2022)

Trematode

E. miyagawai G. g. domesticus (natural host) This study

E. macrorchis

E. mekongi Phodopus sp. (experimental host) Glunkwamdi et al. (2020)

H. conoideum A. p. domesticus (natural host) This study

Prosthogonimus sp. Panich et al. (2021)
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2. Simplex LAMP-LFD assay

2.1 Raillietina LAMP-LFD assay

2.1.1 Optimal LAMP reaction
The Raillietina LAMP primers recognized to 28S rDNA gene of R.
echinobothrida, R. tetragona, R. cesticillus (Panich et al., 2021) and the optimal reaction
was 66 °C for 50 min. The reaction was terminated after reaching 85 °C for 5 min. The
optimal reagents of LAMP reaction are shown in Table 16. For confirmation of LAMP
products, 1 L of LAMP products of three species yielded under the optimal reaction
were digested using Msl/l enzyme at 37 °C for 180 min, which produced two band of
294, 500 bp for R. echinobothrida, 289, 490 bp for R. tetragona, and 319, 550 bp for R.

cesticillus as shown in Figure 20.

Table 16 Optimal concentration of reagents for Raillietina LAMP reaction

Reagent Final concentration
10X isothermal amplification buffer 1X
MgSO, 4 mM
F3-RAI 0.2 uM
B3-RAI 0.2 uM
FIP-RAIBI 1.6 UM
BIP-RAI 1.6 UM
dNTPs 1.4 mM
Betaine ™
Bst 2.0 DNA polymerase (8,000 U/mL) 4U
Raillietina DNA template (5 ng/piL) 1pL

Nuclease-free water adjusted to 12.5 UL
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Figure 20 LAMP product confirmations of Raillietina spp. by Ms/l enzyme digestion

(M: molecular marker 100 bp; A: LAMP products of R. echinobothrida; B: digested
LAMP products of R. echinobothrida; C: LAMP products of R. tetragona; D: digested
LAMP products of R. tetragona; E: LAMP products of R. cesticillus; F: digested LAMP

products of R. cesticillus)

2.1.2 Raillietina LAMP-LFD development

To examine probe in hybridization step, probe was newly designed in this
study to improve the efficient hybridization between LAMP products and probe leading
to the obvious color on the test line. The concentration of 2, 20, and 200 pmol of
Raillietina-probe (Probe-RAI2) were added into the 8 LLL of R. cesticillus LAMP products
(as a representative species) and incubated at 66 °C for 5 min. The results revealed that
the 20 pmol of new probe that designed in this study provided the higher intensity color
on the test line than Probe-RAIl from the original report by Panich et al. (2021). Thus, the
20 pmol Probe-RAI2 was selected for LAMP-LFD development of Raillietina spp. (Figure
21).
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Control line  — = -

Test line

Figure 21 Raillietina LAMP-LFD development of various probe quantities

(1: 2 pmol; 2: 20 pmol; 3: 200 pmol)

2.1.3 Analytical specificity of Raillietina LAMP-LFD assay

The specificity of Raillietina LAMP primers was tested by amplification
together with the parasites that co-infected with Raillietina. The results showed that
Raillietina LAMP primers were specifically amplified only Raillietina species without
cross-reaction of other parasites and their hosts (Figure 22), as was reported in previous
study by Panich et al. (2021). Furthermore, the newly tested species in this study,

including H. gallinarum, H. nana, E. macrorchis, and E. mekongi were not detected by

Raillietina LAMP primers as well.
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TR

Figure 22 Analytical specificity of Raillietina LAMP primers for detecting R.

Test line

echinobothrida, R. tetragona, and R. cesticillus

(A, B: gel electrophoresis results; C: LFD result; M: molecular marker 100 bp;
RE: R. echinobothrida; RT: R. tefragona; RC: R. cesticillus; AG: A. galli;
EMI: E. miyagawai, EME: E. mekongi: EMA: E. macrorchis: HP: H. conoideum;,
HG: H. gallinarum; CO: Cotugnia sp.; DI: Diorchis sp.; Fl: Fimbriaria sp.; HN: H. nana;

PG: Prosthogonimus sp.; CH: chicken; DU: duck; N: negative control)
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2.1.4 Analytical sensitivity of Raillietina LAMP-LFD assay

For the analytical sensitivity tests, the DNA concentration of each Raillietina
species was initially 5 ng/reaction and diluted 10-fold with serial dilutions. The lowest
detectable DNA concentration from each species was found to be 50 pg/reaction for R.
tetragona and R. cesticillus, and 5 pg/reaction for R. echinobothrida, which were
consistent with the gel electrophoresis. Therefore, the analytical sensitivity of Raillietina
LAMP-LFD assay that could detect all three species was 50 pg/reaction (Figure 23).
When compared with the original report by Panich et al. (2021) showed that the new
LAMP condition and probe-RAI2 in this study could enhance the analytical sensitivity
and reduce the reaction time of LAMP up to 10 min. A previous study reported that
multiplex PCR technique of three Raillietina species detected the lowest DNA
concentration of 0.5 pg, 5 pg, and 50 fg/reaction for R. echinobothrida, R. tetragona,
and R. cesticillus, respectively (Panich et al., 2022). Nevertheless, PCR-based
technique still requires complicated instruments, such as a thermal cycler machine and
gel electrophoresis equipment as well as operation time of at least 180 min. On the other
hand, developed LAMP-LFD assay completed in 60 min (LAMP amplification= 50 min;

LFD assay= 10 min) and can interpret the results with the naked eye.
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Figure 23 Analytical sensitivity of Raillietina LAMP visualized by gel electrophoresis and

LFD assay

(A, B: R. echinobothrida results; C, D: R. tetragona results; E, F: R. cesticillus results;
M: molecular marker 100 bp; 1-7: 510 5 x 10° ng/reaction, respectively;

N: negative control)
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2.2 A. galli LAMP-LFD assay
2.2.1 LAMP optimization and analytical specificity testing
Table 17 shows the optimum reagents of LAMP reaction that was
conducted at 66 °C for 50 min and was terminated the reaction at 85 °C for 5 min. To
confirm the expected LAMP products, 1 L of LAMP products were digested using Dral
enzyme at 37 °C for 180 min, which produced single band of 123 bp as shown in Figure

24,

Table 17 Optimal reagents for A. galli LAMP reaction

Reagent Final concentration
10X isothermal amplification buffer 1X
MgSO, 4 mM
F3-AG 0.2 uM
B3-AG 0.2 uM
FIP-AGBI 1.6 UM
BIP-AG 1.6 UM
dNTPs 1.4 mM
Betaine 1M
Bst 2.0 DNA polymerase (8,000 U/mL) 4 U
A. galli DNA template (5 ng/pL) 1 uL

Nuclease-free water adjusted to 12.5 pL
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Figure 24 A. galli LAMP product confirmation
(M: molecular marker 100 bp; A: LAMP products of A. galli; B: digested LAMP products)

2.2.2 A. galli LAMP-LFD development

For the optimal quantity of A. galli-probe (Probe-AG), the results
demonstrated that A. galli LAMP products were incubated with 2 pmol of Probe-AG at
66 °C for 5 min giving the most intense color at the test line. Therefore, the suitable
condition for LFD development was 2 pmol of Probe-AG and incubated at 66 °C for 5

min (Figure 25).

Control line -

1 1

Figure 25 A. galli LAMP-LFD development of various probe quantities

Test line

(1: 2 pmol; 2: 20 pmol; 3: 200 pmol)
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2.2.3 Evaluation of analytical specificity

The developed assay specifically detected only A. galli without any cross-
amplifications with other species (Figure 26), which corresponded with previous reports
by Biswas et al. (2021) and Tarbiat et al. (2021) that have been successfully established
the molecular methods for A. galli targeting the ITS region. These supported that the
characteristic of ITS region was suitable to establish a molecular assay for a wider range

of parasites of veterinary importance (Tarbiat et al., 2021).

RT RC EMI EME EMA HP HG CO N

500 bp 4

100 bp

Control line f—

Test line —

Figure 26 Analytical specificity assessment of A. galli LAMP reaction

(A, B: gel electrophoresis results; C: LFD result; M: molecular marker 100 bp;
AG: A. galli; RE: R. echinobothrida; RT: R. tetragona; RC: R. cesticillus;
EMI: E. miyagawai, EME: E. mekongi: EMA: E. macrorchis: HP: H. conoideum;
HG: H. gallinarum; CO: Cotugnia sp.; DI: Diorchis sp.; Fl: Fimbriaria sp.; HN: H. nana;

PG: Prosthogonimus sp.; CH: chicken; DU: duck; N: negative control)
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2.2.4 Evaluation of analytical sensitivity

The A. galli LAMP-LFD assay was evaluated with initial DNA concentrations
from 5 to 5x10° ng/reaction to define the limit of detection. Based on the results, the
analytical sensitivity of A. galli LAMP-LFD could detect the DNA concentration as low as
50 pg/reaction (Figure 27), which is more sensitive than a previous report by
Watcharakranjanaporn et al. (2021), where the lowest DNA concentration was 156.3
pg/reaction based on the NADH dehydrogenase subunit 4 (ND 4) gene by using the

specific primer PCR method.

Control line ‘ . ce - — - . i

TIERET]

Figure 27 Analytical sensitivity test of A. galli LAMP detected by gel electrophoresis and

Test line

LFD assay

(A: gel electrophoresis result; B: LFD result; M: molecular marker 100 bp; 1-7: 5 to

5x10° ng/reaction, respectively; N: negative control)
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2.3 Echinostomatidae LAMP-LFD assay

2.3.1 LAMP condition and analytical specificity investigation

A total volume of LAMP reaction was 12.5 UL and was carried out at 66 °C
for 60 min and then the reaction was stopped at 85 °C for 5 min. The details of optimal
reagents are shown in Table 18. To verify the LAMP products of Echinostomatidae that
were amplified, the four LAMP products were digested using the Ms/l enzyme at 37 °C
for 180 min. The results indicated that the Ms/l enzyme could digest Echinostomatidae-
LAMP products yielding two amplicons of 202, 311 bp for E. miygawai and 205, 317 bp

for E. mekongi, E. macrorchis, and H. conoideum (Figure 28).

Table 18 Final concentration of LAMP reagents for detecting Echinostomatidae

Reagent Final concentration
10X isothermal amplification buffer 1X
MgSO, 4 mM
F3-ECHI 0.2 uM
B3-ECHI 0.2 uM
FIP-ECHIBI 1.6 UM
BIP-ECHI 1.6 UM
dNTPs 1.4 mM
Betaine ™
Bst 2.0 DNA polymerase (8,000 U/mL) 4 U
Echinostomatidae DNA template (5 ng/pL) 1 uL

Nuclease-free water adjusted to 12.5 pL
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Figure 28 Confirmations of Echinostomatidae LAMP products by Ms/l enzyme digestion

(M: molecular marker 100 bp; A: E. miyagawai LAMP products; B: digested
E. miyagawai LAMP products; C: E. mekongi LAMP products; D: digested E. mekongi
LAMP products; E: E. macrorchis LAMP products; F: digested E. macrorchis LAMP

products; G: H. conoideum LAMP products; H: digested H. conoideum LAMP products)

2.3.2 Echinostomatidae LAMP-LFD development

To validate the optimal probe used, a various Echinostomatidae-probe
(Probe-ECHI) quantity of 2, 20, and 200 pmol were mixed with the E. miyagawai LAMP
products and hybridized at 66 °C for 5 min. To select the optimal probe quantity, the
most intense color on test line based on interpretation with the naked eye was appeared
when 2 pmol of probe was used. Consequently, the Probe-ECHI of 2 pmol was chosen

for LAMP-LFD development of Echinostomatidae (Figure 29).

Control line —_— — <

Figure 29 Echinostomatidae LAMP-LFD development of various probe quantities

Test line

(1: 2 pmol; 2: 20 pmol; 3: 200 pmol)
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2.3.3 Determination of analytical specificity

For analytical specificity test, Echinostomatidae-specific LAMP reaction was
amplified only parasites belonging to the family Echinostomatidae, comprising of E.
miyagawai, E. mekongi, E. macrorchis, and H. conoideum (Figure 30). The LAMP
reaction was specific without cross-reactions of other non-target species. In several
previous studies, the 18S ribosomal DNA (18S rDNA) gene, ND1 gene, Cytochrome B
(CYTB) gene, and Cytochrome oxidase subunit 1 (COl) gene were used as molecular
markers to develop diagnostic methods for detection and discrimination between
members of the genus Echinostoma (Anucherngchai et al., 2019; Anucherngchai &
Chontananarth, 2019; Buddhachat & Chontananarth, 2019; Chai et al., 2020;
Tantrawatpan & Saijuntha, 2020). Based on the results in this study, the ITS2 region of
trematodes belonging to family Echinostomatidae has a highly conserved sequence and
suitable for detecting in terms of family level. Hence, this study is the first report for the
detection of Echinostomatidae species using the ITS2 region based on LAMP-LFD

assay.
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Figure 30 Analytical specificity of Echinostomatidae LAMP ampilification

Test line

(A, B: gel electrophoresis results; C: LFD result; M: molecular marker 100 bp;
EMI: E. miyagawai;, EME: E. mekongi: EMA: E. macrorchis: HP: H. conoideum;
RE: R. echinobothrida; RT: R. tetragona; RC: R. cesticillus; AG: A. galli;

HG: H. gallinarum; CO: Cotugnia sp.; DI: Diorchis sp.; Fl: Fimbriaria sp.; HN: H. nana;

PG: Prosthogonimus sp.; CH: chicken; DU: duck; N: negative control)

2.3.4 Determination of analytical sensitivity

The 10-fold serial dilutions of each Echinostomatidae species from 5 to
5x10° ng/reaction was evaluated to set the analytical sensitivity for Echinostomatidae
LAMP-LFD assay. Based on the results, the detection limit of this assay was 5x107 ng or
50 pg/reaction for E. miyagawai, E. mekongi, E. macrorchis, and H. conoideum (Figure
31). As previous studies, Anucherngchai and Chontananarth (2019) reported the

analytical sensitivity of E. revolutum based on PCR method as low as 90 pg/reaction
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amplifying the 18S rDNA gene, and Tantrawatpan and Saijuntha (2020) developed
multiplex PCR based on the ND7 gene for detecting the lowest DNA of E. revolutum, E.
ilocanum, A. malayanum, and H. conoideum was 50 pg/reaction, whereas developed
LAMP-LFD assay in this study showed to be better or equal the detection limit than the

previous studies, respectively.
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Figure 31 Analytical sensitivity determination of Echinostomatidae species detected by

gel electrophoresis and LFD assay

(A, B: E. miyagawai results; C, D: E. mekongi results; E, F: E. macrorchis results;
G, H: H. conoideum results; M: molecular marker 100 bp; 1-7: 5 to 5x10° ng/reaction,

respectively; N: negative control)
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2.4 Simplex LAMP-LFD conclusions
The conclusions of developed simplex LAMP-LFD assays in this study
consisted of three assays, comprising of Raillietina spp., A. galli, and Echinostomatidae
specific detection. The details of simplex LAMP-LFD assays are shown in Table 19. The
LAMP primers and probes of simplex LAMP-LFD assays for A. galli and
Echinostomatidae were published in Panich et al. (2023) and Panich et al. (2024),

respectively.

Table 19 Summaries of Raillietina spp., A. galli, and Echinostomatidae LAMP-LFD

assays
Simplex LAMP-LFD assay Target species Operation time Analytical sensitivity
Raillietina spp. R. echinobothrida 60 min 50 pg/reaction

R. tetragona

R. cesticillus
A. galli A. galli 60 min 50 pg/reaction
Echinostomatidae E. miyagawai 70 min 50 pg/reaction

E. mekongi

E. macrorchis

H. conoideum

3. Duplex LAMP-LFD assays
3.1 Raillietina - A. galli LAMP-LFD assay

3.1.1 Optimal duplex LAMP reaction

Duplex LAMP reaction was to combine LAMP primers between Raillietina
LAMP primers and A. galli LAMP primers. R. cesticillus and A. galli were chosen as the
representatives of each parasitic group to determine the optimal concentration of
reagents and optimum time period for duplex LAMP assay. The optimal reagents of
duplex reaction are shown in Table 20. The Raillietina - A. galli LAMP reaction was
conducted at 66 °C for 60 min because it was a minimum reaction time for the

simultaneous amplification and was terminated after reaching at 85 °C for 5 min.
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Table 20 Final concentration of LAMP reagents for Raillietina - A. galli LAMP reaction

Reagent Final concentration
10X isothermal amplification buffer 1X
MgSO, 6 mM
F3-RAl, B3-RAI 0.2 uM
F3-AG, B3-AG 0.2 uM
FIP-RAIBI, BIP-RAI 0.8 UM
FIP-AGDi, BIP-AG 1.6 UM
dNTPs 2mM
Betaine (Y%
Bst 2.0 DNA polymerase (8,000 U/mL) 4U
Raillietina DNA template (5 ng/LLL) 1 pL
A. galli DNA template (5 ng/LLL) 1 pL
Nuclease-free water adjusted to 12.5 pL

To check the duplex reaction, genomic DNAs of R. cesticillus and A. galli
were mixed as DNA template for simultaneous amplification, and then the duplex LAMP
products were digested using the Ms/l and Dral enzymes at 37 °C for 180 min. The
results found that the Ms/l enzyme can digest the R. ceslicillus products yielding two
amplicons of approximately 319 and 550 bp size, while the Dral enzyme digested A.
galli products resulting only one amplicon of approximately 123 bp size (Figure 32).
Therefore, the results demonstrated that the quantity of reagents in duplex LAMP

reaction can detect two targets of parasitic groups in single reaction simultaneously.
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Figure 32 Confirmations of duplex LAMP products by using restriction enzymes

(M: molecular marker 100 bp; A: R. cesticillus LAMP products; B: digested LAMP
products of R. cesticillus; C: A. galli LAMP products; D: digested LAMP products of
A. galli; E: duplex LAMP products of R. cesticillus and A. galli; F: digested duplex LAMP

products of R. cesticillus and A. galli)

3.1.2 Raillietina - A. galli LAMP-LFD development

To validate the appropriate quantity of probes for visual interpretation, the
FIP primers of Raillietina spp. and A. galli were labeled with biotin and digoxigenin at 5’
end, respectively. The duplex LAMP products were initially incubated with a varying
quantity of A. galli-probe (Probe-AG), including 2, 20, and 200 pmol, at 66 °C for 5 min.
The results showed that at 2 pmol of Probe-AG displayed the highest intensity color on
A. galli line. Subsequently, 2 pmol of Probe-AG and a variety of Probe-RAI2
concentrations at 2, 20, and 200 pmol were simultaneously hybridized with the duplex
LAMP products at 66 °C for 5 min. The results indicated that at 2 pmol of both probes
yielded the most intense red bands on the A. galli and Raillietina lines (Figure 33).
Consequently, the optimal condition of LFD development was 2 pmol of each probe for

dual-hybridization at 66 °C for 5 min.
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Figure 33 Determination of the optimal concentration of probes used in the Raillietina -

A. galli LAMP-LFD assay

(PA1-3: 2, 20, 200 pmol of Probe-AG, respectively; PATPR1: 2 pmol of Probe-AG + 2
pmol of Probe-RAIZ2; PA1PR2: 2 pmol of Probe-AG + 20 pmol of Probe-RAIZ;
PA1PR3: 2 pmol of Probe-AG + 200 pmol of Probe-RAI2)

3.1.3 Assessment of analytical specificity

The analytical specificity of Raillietina - A. galli LAMP-LFD assay was
evaluated by testing together with the parasites and definitive hosts as shown in Table
14. This assay detected R. echinobothrida, R. tefragona, R. cesticillus, A. galli, and
mixed DNAs of R. cesticillus and A. galli simultaneously without cross-amplifying other
related species (Figure 34). Therefore, the duplex LAMP-LFD assay was still highly-
specific for the detection of Raillietina spp. and A. galli, which corresponded to the
simplex LAMP-LFD assays. Moreover, the result interpretation via LFD analysis revealed
that it can detect and clearly differentiate between infections of Raillietina spp. and A.
galli by naked eye without time-consuming and complicated protocols, such as gel
electrophoresis, which is a limitation for on-site screening (Sriworarat et al., 2015; Wang
et al., 2019). Currently, the available methods have not been reported for the
simultaneous detection of Raillietina spp. and A. galli. Hence, this study is the first
duplex LAMP-LFD assay used for the detection of R. echinobothrida, R. tetragona, R.

cesticillus, and A. galli in a single reaction.



79

MIX EMI EME EMA HP HG

RE RT RC AG MIX N

Control line - —_ —_ — -
A. galli line

Raillietina line

Cc

Figure 34 Analytical specificity of Raillietina - A. galli LAMP-LFD assay

(A, B: gel electrophoresis results; C: LFD result; M: molecular marker 100 bp;
RE: R. echinobothrida; RT: R. tetragona; RC: R. cesticillus; AG: A. galli; MIX: mixed
DNAs of R. cesticillus and A. galli; EMI: E. miyagawai; EME: E. mekongi;
EMA: E. macrorchis; HP: H. conoideum; HG: H. gallinarum; CO: Cotugnia sp.;
DI: Diorchis sp.; Fl: Fimbriaria sp.; HN: H. nana; PG: Prosthogonimus sp.;

CH: chicken; DU: duck; N: negative control)

3.1.4 Evaluation of analytical sensitivity

The 10-fold serial dilution methods were performed at ranges from 5 to
5x10° ng/reaction of genomic DNA. Genomic DNA of R. cesticillus was selected as a
target representative for Raillietina group to assess the analytical sensitivity. The results
showed that the sensitivities of R. cesticillus and A. galli were detected at the lowest
DNA concentrations of 5x10° ng/reaction or 5 pg/reaction for both species, which was
an equal to the sensitivity in term of co-infection between R. cesticillus and A. galli

(Figure 35). As the result, the simultaneous amplification in a single reaction did not
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impact the efficient in amplification of each primer set when compared to the individual
sensitivity. Regarding the analytical sensitivity comparison, the analytical sensitivities of
R. cesticillus and A. galli were better than the original report by Panich et al. (2021) up

to 100 times and our simplex LAMP-LFD of A galli was to be 10 times, respectively.
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A. galli line

Raillietina line

Figure 35 Analytical sensitivity of Raillietina - A. galli LAMP analyzed by gel

electrophoresis and LFD assay

(A, B: R. cesticillus results; C, D: A. galli results; E, F: R. cesticillus + A. galli results;
M: molecular marker 100 bp; 1-7: DNA concentrations of 5 to 5x10° ng/reaction,

respectively; N: negative control)
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3.2 Raillietina - Echinostomatidae LAMP-LFD assay
3.2.1 Optimal duplex LAMP reaction

The duplex LAMP reaction was developed and performed at 66 °C for 80
min and terminated the reaction at 85 °C for 5 min. This assay was combined LAMP
primers between Raillietina (Panich et al., 2021) and Echinostomatidae LAMP primer
sets. The representatives of Raillietina and Echinostomatidae groups, R. cesticillus and
E. miyagawai, were selected to validate the optimal concentration of reagents. The
details of optimal reagents for Raillietina - Echinostomatidae LAMP reaction are shown in

Table 21.

Table 21 Optimal reagents for Raillietina - Echinostomatidae LAMP reaction

Reagent Final concentration
10X isothermal ampilification buffer 1X
MgSO, 6 mM
F3-RAI, B3-RAI 0.2 uM
F3-ECHI, B3-ECHI 0.2 uMm
FIP-RAIBI, BIP-RAI 0.8 UM
FIP-ECHIDi, BIP-ECHI 1.6 uM
dNTPs 2 mM
Betaine 1™
Bst 2.0 DNA polymerase (8,000 U/mL) 4 U
Raillietina DNA template (5 ng/pL) 1 HL
Echinostomatidae DNA template (5 ng/L) 1 HL
Nuclease-free water adjusted to 12.5 pL

To confirm the concurrent amplification, the Ms/l enzyme was used to digest
the duplex LAMP products that were amplified from the target DNA of each parasitic
group, including R. cesticillus and E. miyagawai by using optimal duplex LAMP
condition as mentioned above. Figure 36 shows the Ms/l enzyme can digest R.

cesticillus and E. miyagawai LAMP products at 37 °C for 180 min that yielded two
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amplicons of each species approximately 319, 550 bp size and 202 and 311 bp size,
respectively. The results indicated that the developed Raillietina - Echinostomatidae
LAMP reaction can amplify the mixed target-DNAs of both parasitic groups
simultaneously in one reaction. Thus, the optimum duplex LAMP reaction of Raillietina -

Echinostomatidae was 66 °C for 80 min.

Figure 36 Confirmations of duplex LAMP products by using Ms/l enzyme digestion

(M: molecular marker 100 bp; A: LAMP products of R. cesticillus; B: digested LAMP
products of R. cesticillus; C: LAMP products of E. miyagawai; D: digested LAMP
products of E. miyagawai; E: duplex LAMP products of R. cesticillus and E. miyagawai;

F: digested duplex LAMP products of R. cesticillus and E. miyagawai)

3.2.2 Raillietina - Echinostomatidae LAMP-LFD development

To visual interpretation by LFD, two probes of each parasitic group were
assessed the quantities of 2, 20, and 200 pmol by incubating at 66°C for 10 min. The
quantity of probes that yield the highest intense color was selected as the optimal
hybridization for Raillietina - Echinostomatidae LAMP-LFD development. The FIP primers
of Raillietina spp. and Echinostomatidae were conjugated with biotin and digoxigenin at
5 end, respectively. Initially, the duplex LAMP products of R. cesticillus and E.
miyagawai were incubated with a various quantity of Probe-ECHI (Echinostomatidae
probe) comprising of 2, 20, and 200 pmol. The results showed that at 2 pmol of Probe-
ECHI, the color of the Echinostomatidae line had obviously color (Figure 37).

Subsequently, the 2 pmol of Probe-ECHI combined with a variety of Probe-RAI2
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concentrations (2, 20, and 200 pmol) were hybridized with the duplex LAMP products
for result interpretation by naked eye. The results revealed that at 2 pmol of both probes
presented the most intense color on Echinostomatidae and Raillietina lines (Figure 37).
Therefore, 2 pmol of each probe that incubated at 66°C for 10 min was the optimal
condition of Raillietina - Echinostomatidae LAMP-LFD development. The major concern
related to Raillietina - Echinostomatidae LAMP-LFD that found in this study was color-
fading of Echinostomatidae line when dual-probe hybridization. This may be indicated
that the Probe-RAI2 affected the binding between Echinostomatidae-LAMP products
with Probe-ECHI.

PE1 PE2 PE3  PEIPR1 PEIPR2 PEIPR3

Control line — - — - — —

Figure 37 Determination of optimal probe quantities used in Raillietina -

Echinostomatidae line

Raillietina line

Echinostomatidae LAMP-LFD assay

(PE1-3: 2, 20, 200 pmol of Probe-ECHI, respectively; PE1PR1: 2 pmol of Probe-ECHI + 2
pmol of Probe-RAIZ2; PE1PR2: 2 pmol of Probe-ECHI + 20 pmol of Probe-RAIZ;
PE1PR3: 2 pmol of Probe-ECHI + 200 pmol of Probe-RAI2)

3.2.3 Assessment of analytical specificity

Analytical specificity of Raillietina - Echinostomatidae LAMP-LFD was
validated with parasites and their definitive hosts that obtained in this study at DNA
concentration of 5 ng/reaction, which were amplified at 66°C for 80 min and hybridized
at 66°C for 10 min. Based on the results, this assay was specifically detected only
species belonging to genus Raillietina (R. echinobothrida, R. tetragona, and R.

cesticillus) and family Echinostomatidae (E. miyagawai, E. mekongi, E. macrorchis, and
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H. conoideum) and simultaneously amplified the mixed of R. cesticillus and E.
miyagawai DNAs in single reaction (Figure 38). Thus, the mix of two LAMP primer sets
did not affect the analytical specificity of both parasitic groups. This duplex LAMP-LFD
assay can complete within 95 min (LAMP amplification 80 min, LFD analysis 10 min and
results observation 5 min), excluded DNA extraction, which is not enough yet in terms of
rapid detection. However, performing a simplex LAMP-LFD consumes twice the cost,
labor, and time compared with duplex LAMP-LFD assay. To decrease the reaction time
in the future, the usage of loop primers might be reducing the LAMP duration (Nagamine

etal., 2002).

RC EMI EME EMA HP MIX AG HG N
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RE RT RC EMI EME EMA HP MIX N
| T =
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Figure 38 Analytical specificity of Raillietina - Echinostomatidae LAMP-LFD assay

Echinostomatidae line

Raillietina line

(A, B: gel electrophoresis results; C: LFD result; M: molecular marker 100 bp;
RE: R. echinobothrida; RT: R. tetragona; RC: R. cesticillus; EMI: E. miyagawai;
EME: E. mekongi; EMA: E. macrorchis; HP: H. conoideum; MIX: mixed DNAs of

R. cesticillus and E. miyagawai; AG: A. galli; HG: H. gallinarum; CO: Cotugnia sp.;
DI: Diorchis sp.; Fl: Fimbriaria sp.; HN: H. nana; PG: Prosthogonimus sp.;

CH: chicken; DU: duck; N: negative control)
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3.2.4 Evaluation of analytical sensitivity

The analytical sensitivity, R. cesticillus and E. miyagawai were selected as
the representatives from each parasitic group. Moreover, the mixture DNAs of R.
cesticillus and E. miyagawai were further tested to determine and evaluate the
simultaneous sensitivity in case of co-infection. The mixed DNAs were initial 5 ng per
species and then were diluted to 5x10° ng/reaction for determining the lowest DNA
detectable concentration. The results demonstrated that the individual analytical
sensitivities of R. cesticillus and E. miyagawai were detected as low as 0.5 pg/reaction
and 50 pg/reaction, respectively, which coincided with the sensitivity for simultaneously
amplifying of their mixed DNAs (Figure 39). However, the detection limit of Raillietina
LAMP was higher than Echinostomatidae LAMP up to 100 times; although, the quantity
of Raillietina inner primers was adjusted to a half of Echinostomatidae inner primers or
extended the reaction time. This indicated that the Raillietina LAMP primers could be
higher efficiency than Echinostomatidae LAMP primers. Panich et al. (2021) reported
that Raillietina LAMP primer set detected the lowest DNA concentration of R. cesticillus
at 0.5 ng/reaction, whereas developed assay is higher than original report up to 1,000
times. It should be noted that our developed assay has not been assessed for the
analytical sensitivity with all species belonging to both groups. However, R. cesticillus
was chosen as a DNA representative due to the worst sensitivity out of three species
following the original report (Panich et al., 2021), while E. miyagawai was selected due
to it had a high prevalence in poultry. Finally, the major advantages of developed assay
are the simultaneous amplification in single reaction and discrimination the results

between Raillietina and Echinostomatidae groups via the naked eye.
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Figure 39 Analytical sensitivity of Raillietina - Echinostomatidae LAMP analyzed by gel

Raillietina line

electrophoresis and LFD assay

(A, B: R. cesticillus results; C, D: E. miyagawai results; E, F: R. cesticillus +
E. miyagawai results; M: molecular marker 100 bp; 1-7: DNA concentrations of 5 to

5x10° ng/reaction, respectively; N: negative control)
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3.3 A. galli - Echinostomatidae LAMP-LFD assay

3.3.1 Optimal duplex LAMP reaction

The LAMP primer sets and probes of A. galli and Echinostomatidae groups
from each simplex LAMP-LFD were used to combine in the duplex LAMP-LFD assay.
Genomic DNAs of A. galli and E. miyagawai were used as the DNA template for each
parasitic group to validate the optimal concentration of reagents and reaction duration.
Total volume of A. galli - Echinostomatidae LAMP reaction was 12.5 LLL, the details of
reagents are shown in Table 22. The reaction was performed at 66 °C for 80 min and

terminated the reaction after reaching at 85 °C for 5 min.

Table 22 Final concentration of LAMP reagents of duplex LAMP reaction for A. galli and

Echinostomatidae group

Reagent Final concentration
10X isothermal ampilification buffer X
MgSO, 6 mM
F3-AG, B3-AG 0.2 UM
F3-ECHI, B3-ECHI 0.2 uMm
FIP-AGBI, BIP-AG 0.96 UM
FIP-ECHIDi, BIP-ECHI 1.6 UM
dNTPs 2mM
Betaine (Y%
Bst 2.0 DNA polymerase (8,000 U/mL) 4 U
A. galli DNA template (5 ng/pLL) 1 HL
Echinostomatidae DNA template (5 ng/L) 1 HL
Nuclease-free water adjusted to 12.5 pL

To preliminarily verify the expected duplex LAMP products, 1 L of duplex
LAMP products were double-digested using Dral and Ms/l enzymes at 37 °C for 180

min. The results showed that the Dral and Ms/l enzymes could simultaneously digest
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duplex LAMP products, which yielded a single amplicon of 123 bp size for A. galli, and

two amplicons of 202 and 311 bp size for E. miyagawai in single reaction (Figure 40).

Figure 40 Confirmations of duplex LAMP products by using Dral and Ms/l enzyme

digestions

(M: molecular marker 100 bp; A: LAMP products of A. galli; B: digested LAMP products
of A. galli; C. LAMP products of E. miyagawai; D: digested LAMP products of
E. miyagawai; E: duplex LAMP products of A. galli and E. miyagawai;
F: digested duplex LAMP products of A. galli and E. miyagawai)

3.3.2 A. galli - Echinostomatidae LAMP-LFD development

To define the appropriate quantity of probes for observation by naked eye,
the FIP primers of A. galli and Echinostomatidae groups were attached with biotin and
digoxigenin at 5 end, respectively. The duplex LAMP products of A. galli and E.
miyagawai were initially incubated with a various quantity of Echinostomatidae-probe
(Probe-ECHI), including 2, 20, and 200 pmol, at 66 °C for 10 min. Based on the results,
the 2 pmol of Probe-ECHI presented the obvious color on Echinostomatidae line. After
that, the Probe-ECHI at 2 pmol was used to simultaneously incubate with a varying of A.
galli-probe (Probe-AG) at 2, 20, and 200 pmol. The results demonstrated that 2 pmol of
Probe-ECHI and Probe-AG can be used to observe the color on the Echinostomatidae
and A. galli line with the naked eye (Figure 41). Hence, the optimal hybridization of LFD

development was 2 pmol of each probe at 66°C for 10 min.
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PE1 PE2 PE3  PEIPA1 PEI1PA2 PEIPA3

Control line _— — —_— — | =l

Echinostomatidae line |

Figure 41 Determination of the optimal concentration of probes used in the A. galli -

A. galli line

Echinostomatidae LAMP-LFD assay

(PE1-3: 2, 20, 200 pmol of Probe-ECHI, respectively; PE1PA1: 2 pmol of Probe-ECHI + 2
pmol of Probe-AG; PE1PA2: 2 pmol of Probe-ECHI + 20 pmol of Probe-AG;
PE1PA3: 2 pmol of Probe-ECHI + 200 pmol of Probe-AG)

3.3.3 Assessment of analytical specificity

After amplification, the results were preliminarily verified by gel
electrophoresis, and then the positive ladder-like LAMP product samples were
processed in the LFD assay for visual observation. The results presented that duplex
LAMP reaction could amplify A. galli, E. miyagawai, E. mekongi, E. macrorchis, H.
conoideum, and mixed DNAs of A. galli and E. miyagawai without cross-reaction of
other related species by gel electrophoresis. Although, all positive samples could be
analyzed by gel electrophoresis, but it could not differentiate between A. galli-LAMP
products and Echinostomatidae-LAMP products; in contrast, the LFD strip achieved to
discriminate the results with the naked eye via the presences of red color on each test
line (Figure 42). The A. galli - Echinostomatidae LAMP reaction was highly specific for A.
galli and species belonging to family Echinostomatidae, and the result verification of
LFD assay was easier than other methods in terms of operating time, simple equipment
and data analysis for identifying the multiple LAMP products for each target pathogen,

including restriction enzyme digestion, melting curve analysis, and fluorescent-dye-
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conjugation etc. (Aonuma et al., 2010; Dong et al., 2019; Fan et al., 2018; Iseki et al.,

2007; Prompamorn et al., 2011; Tone et al., 2017).

M AG EMI EME EMA HP MIX RE RT RC

' ) [
. e e e

M AG EMI MIX cO DI Fi

AG EMI EME EMA HP MIX N

| I ‘

Control line — — — —-— —_— —_ .

Figure 42 Analytical specificity of A. galli - Echinostomatidae LAMP-LFD assay

Echinostomatidae line

A. galli line

(A, B: gel electrophoresis results; C: LFD result; M: molecular marker 100 bp;
AG: A. galli, EMI: E. miyagawai, EME: E. mekongi, EMA: E. macrorchis;
HP: H. conoideum; MIX: mixed DNAs of A. galli and E. miyagawai;

RE: R. echinobothrida; RT: R. tetragona; RC: R. cesticillus; HG: H. gallinarum;
CO: Cotugnia sp.; DI: Diorchis sp.; Fl: Fimbriaria sp.; HN: H. nana;

PG: Prosthogonimus sp.; CH: chicken; DU: duck; N: negative control)



91

3.3.4 Evaluation of analytical sensitivity

After assessing the specificity of A. galli - Echinostomatidae LAMP-LFD
assay, we evaluated its analytical sensitivity by using DNAs of A. galli and E. miyagawai
from seven 10-fold dilutions, ranging from 5 to 5x10” ng/reaction. As presented in
Figure 43, the developed assay detected both targets as low as 0.5 pg/reaction and 50
pg/reaction for A. galli and E. miyagawai, respectively, which were consistent with the
gel electrophoresis results. Moreover, mixed DNAs of them was further tested in terms of
simultaneous detection. The results indicated that the analytical sensitivity did not differ
from the single target-DNA in the reaction (Figure 43). Based on the reaction time
periods from simplex LAMP assays, the simplex LAMP for Echinostomatidae group
consumed the reaction duration longer than A. galli about 10 min, meaning that the
efficiency of Echinostomatidae primers lower than A. galli primers. This is corresponded
with the analytical sensitivity of duplex LAMP assay, where the sensitivity of A. galli was

superior than Echinostomatidae as high as 100 times.
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Figure 43 Analytical sensitivity of A. galli - Echinostomatidae LAMP analyzed by gel

A. galli line

electrophoresis and LFD assay

(A, B: A. galliresults; C, D: E. miyagawai results; E, F: A. galli + E. miyagawai results;
M: molecular marker 100 bp; 1-7: DNA concentrations of 5 to 5x10° ng/reaction,

respectively; N: negative control)
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3.4 Duplex LAMP-LFD conclusions

Duplex LAMP-LFD assays showed that the intensity of color on test lines faded
than simplex LAMP-LFD assays, especially test line of Echinostomatidae group. These
phenomena might be explained the presence of two LAMP primer sets in single
reaction, affecting the hybridization between probe and LAMP products was not as
much as the simplex LAMP-LFD assays. To enhance the efficiency, the position of probe
recognition should be selected the loop structures at both ends of dumbbell structure
because of the property of single strand DNA. Overall results, highlighting target
species, operation time, and analytical sensitivity are presented in Table 23. The duplex
LAMP-LFD assays for Raillietina - A. galli and Raillietina - Echinostomatidae were

published in Panich et al. (2024) and Panich et al.(2025), respectively.

Table 23 Summaries of duplex LAMP-LFD assays for Raillietina, A. galli, and

Echinostomatidae groups

Duplex LAMP-LFD Target species Operation Analytical sensitivity (per reaction)

assay time Raillietina A. galli Co-infection

Raillietina - A. galli . echinobothrida 70 min 5 pg 5 pg 5pg, 5 pg

. tetragona

. cesticillus

> XD| ™|

. galli

Raillietina Echinostomatidae = Co-infection

Raillietina - . echinobothrida 95 min 0.5 pg 50 pg 0.5 pg, 50 pg

Echinostomatidae . tetragona

. cesticillus

. miyagawai

. mekongi

. macrorchis

I(mMmM| M MmM|{Xx| x| X

. conoideum

A. galli Echinostomatidae  Co-infection

A. galli - . galli 95 min 0.5 pg 50 pg 0.5 pg, 50 pg

Echinostomatidae . miyagawai

. mekongi

. macrorchis

T m|m|m|>

. conoideum
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4. Colorimetric LAMP on a microfluidic chip coupled with chromatic analysis
4.1 Microfluidic chip fabrication

The microfluidic chip was prepared and coated with LAMP primer sets in
each different reaction chamber before using. The preparation and procedures of
microfluidic chip were described above in the MATERIALS AND METHODS section.
Figure 44 shows the fabricated microfluidic chip, comprising of six reaction chambers
for multiplex detection of R. echinobothrida, R. tetragona, R. cesticillus, A. galli,
Echinostomatidae group, and negative control. Regarding the microfluidic chip design,
a hydrophilic reagent did not use to coat the surface of the chip, resulting the mixture
was not flowing into some reaction chambers when injection if we use a single outlet
hole; consequently, we designed the outlet holes each reaction chamber separately.
The separation of outlet holes becomes a notable advantage in terms of target-selected
detection without full volume of the chip, meaning that the chip could be performed the
reaction in only one reaction chamber with injected LAMP mixture of 50 LLL (a half of full
volume) for at least single target detection by punching outlet holes of one reaction
chamber and negative control chamber (Figure A12). This advantage helps to save the
cost caused by the surplus reagents in other chambers that do not want to examine.
Another significant problem is the expansion of tiny air-bubble on the surface when
performing the reaction at 65 °C, affecting the final concentration of coated primers in
reaction chambers. To solve this problem, the reaction chamber was designed in an
angle-free shape to reduce any bubble formation as much as possible, which was
inspired from Nguyen et al. (2020). However, the air-bubble that occurred did not
impact the chromatic analysis due to the ROl measured the homogeneous area in each

reaction chamber.
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1cm

Figure 44 A fabricated microfluidic chip consists of one inlet, six reaction chambers, and

six outlets

(R: R. echinobothrida reaction chamber; T: R. tetragona reaction chamber;
C: R. cesticillus reaction chamber; A: A. galli reaction chamber; E: Echinostomatidae

reaction chamber; N: negative control chamber)

4.2 Colorimetric LAMP reaction on a microfluidic chip
To achieve colorimetric LAMP on a microfluidic chip platform, a phenol red
dye was selected as a final concentration of 100 UM to monitor the results via solution
discoloration by pre-adding in the LAMP mixture before injecting in the microfluidic chip.
A total volume of colorimetric LAMP mixture was 100 L before injecting in the
microfluidic chip, and then was performed at 65 °C for 90 min in water bath. The final

concentrations of reagent are shown in Table 24.



96

Table 24 Details of optimal reagent for colorimetric LAMP on a microfluidic chip

Reagent Final concentration
10X isothermal amplification weakly buffer 1X
MgSO, 5.2 mM
F3 primer (pre-dried in reaction chamber) 0.2 uM
B3 primer (pre-dried in reaction chamber) 0.2 uM
FIP primer (pre-dried in reaction chamber) 1.6 UM
BIP primer (pre-dried in reaction chamber) 1.6 UM
Phenol red dye 100 uM
dNTPs 1.4 mM
BSA 0.32% wiv
Betaine 1M
Bst 2.0 DNA polymerase (8,000 U/mL) 32U
DNA template each species (10 ng/pL) 4 uL
Nuclease-free water adjusted to 100 pL

Regarding the verification of LAMP products that were obtained from the
colorimetric LAMP on a chip for five parasite targets, 1 AL of LAMP products in each
reaction chamber was digested using Hindlll-HF, HpyCHA4IIl, HpyCH4V, Dral, and MslI
enzymes for R. echinobothrida, R. tetragona, R. cesticillus, A. galli, and E. miyagawal,
respectively, at 37 °C for 180 min. The results showed that each enzyme digested LAMP
products for each parasitic group, which yielded a single amplicon of 214 bp size for R.
echinobothrida, double amplicons of 115 and 191 bp size for R. tetragona, triple
amplicons of 114, 163, and 213 bp size for R. cesticillus, a single amplicon of 123 bp
size for A. galli, and double amplicons of 201 and 309 bp size for E. miyagawai (Figure

45).
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Figure 45 Verifications of colorimetric LAMP products on a chip by using restriction

enzymes

(M: molecular marker 100 bp; R: R. echinobothrida reaction chamber; T: R. tetragona
reaction chamber; C: R. cesticillus reaction chamber; A: A. galli reaction chamber;
E: Echinostomatidae reaction chamber; N: negative control chamber;

RP: R. echinobothrida LAMP products; RP": digested LAMP products of
R. echinobothrida; TP: R. tetragona LAMP products; TP': digested LAMP products of
R. tetragona; CP: R. cesticillus LAMP products; CP': digested LAMP products of
R. cesticillus; AP: A. galli LAMP products; AP': digested LAMP products of A. galli;

EP: E. miyagawai LAMP products; EP": digested LAMP products of E. miyagawai)

4.3 Colorimetric LAMP on a microfluidic chip validation

4.3.1 Analytical sensitivity and cut-off value setup for chromatic analysis

The colorimetric LAMP on a microfluidic chip was carried out three
replicates with initial DNA of 40 ng/chip for each parasitic group and their mixed DNAs,
and then was diluted 10-fold with serial dilutions as low as 40x10° ng/chip. Overall
result divided into six analytical sensitivities, including (I) R. echinobothrida, (1) R.
tetragona, (lll) R. cesticillus, (IV) A. galli, (V) Echinostonatidae (E. miyagawai as a
representative species for this group), and (VI) mixed DNAs of all five targets. The
highest sensitivity out of five targets was R. cesticillus found to be 40 pg/chip followed

by R. echinobothrida, A. galli, and E. miyagawai as 400 pg/chip, meanwhile the worst
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sensitivity was R. tetragona as 4 ng/chip. Note that, the dilution 4 (40 pg/chip) of R.
echinobothrida and A. galli showed an instability of positive results, leading to the
overlapping between standard deviation and cut-off value (as depicted the next
paragraph); therefore, the analytical sensitivities were concluded to be 400 pg/chip
(Table 25; Figure 46). These results were an equal with the analytical sensitivity in case
of mixed DNA for five species, which demonstrated that the contamination of non-target
DNA at least four times did not impact the analytical sensitivity for each other group.
However, the practical utilization with fecal sample cannot control the quantity of another
DNA or inhibitory substance; therefore, the clinical detection process must be validated,
which will be tested later.

However, the positive color between parasitic groups showed the yellow in
shades due to the efficiency of individual LAMP set, leading to confusion in result
interpretation (Xiong et al., 2020). Thus, a chromatic analysis of AH° between reaction
chamber and negative control chamber in the same chip was generated in order to
enhance the confidence in result interpretation based on cut-off value. The cut-off value
of AH° was computed based on the reaction chamber that provided negative result in
analytical sensitivities section. Our results showed that the cut-off value of AH® was
6.705 distance unit (d.u.), meaning that the AHe value above 6.705 d.u. was interpreted
a positive result. Based on the chromatic analysis for evaluating the analytical sensitivity,
the results showed that all positive results that analyzed by the AH° values were higher
than the cut-off value of 6.705 d.u., ranging from 16.029 - 75.139 d.u. (Table 25), which
were corresponding with the qualitative results observed by naked eye (Figure 46).
Previous studies have reported that colorimetric LAMP assays by using hue value
analysis could be applied to interpret the color results (Moehling et al., 2024; Nguyen et
al., 2020; Yin et al., 2020).

The average analytical sensitivity from the chip was higher than LAMP-LFD
assay ranging from 10 to 1,000 times for Raillietina group, while the sensitivity of A. galli
LAMP-LFD assays was better than up to10 to 100 times. In contrast, Echinostomatidae

LAMP-LFD assays showed that the sensitivity was an equal as the microfluidic chip.
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However, the colorimetric LAMP on a microfluidic chip could offer more advantages
than LFD assay in terms of the simultaneous detection and discrimination of each
parasitic species infection, cost-effective, time saving, data analysis and result
interpretation. Microfluidic chip technology has a wide range of integrations in molecular
biology, such as sample collection, nucleic acid preparation, and molecular detection
because it has the outstanding points regarding the use of very small amounts of
reagents and ease of the portability which has a feasible to be used in field testing

(Mahdavi Abhari et al., 2023; Mao et al., 2018).

Table 25 Chromatic values of analytical sensitivity evaluation

DNA congentration AHe,... + SD values of each reaction chamber (d.u.)

R. echinobothrida R. tetragona R. cesticillus A. galli Echinostomatidae Negative

control

R. echinobothrida
1. 40 ng/chip 55.591 + 4.252 -1.163 £ 2.189 -3.019 + 3.865 -1.796 + 3.460 -1.367 + 3.700 0
2.4 ng/chip 57.198 £ 2.074 1.261 +£1.241 1.786 + 0.428 0.976 £ 0.813 2.114 £ 0.641 0
3. 0.4 ng/chip 48.803 + 11.816 0.168 + 0.484 0.677 + 1.901 0.555 + 1.596 0.283 + 0.467 0
4.0.04 ng/chip 8.676 + 17.883 -1.345 £ 2.377 -1.414 £ 3.494 -0.146 + 4.591 0.259 + 3.614 0
5.0.004 ng/chip 0.710 £ 0.859 0.071+1.240 1.638 + 1.958 1.596 + 2.148 1.240 £ 0.187 0
6. 0.0004 ng/chip 0.430 + 2.262 0.967 + 1.926 1.023 + 1.064 1.468 + 0.578 1.207 £0.783 0
R. tetragona
1. 40 ng/chip 1.098 + 0.970 42.610 + 6.904 1.460 + 1.454 1.110+1.013 0.009 * 1.692 0
2.4 ng/chip 0.473 +3.310 40.201 +4.273 1.606 + 1.706 1.113 + 3.498 1.861 +1.431 0
3. 0.4 ng/chip -1.650 + 1.392 -1.946 +2.214 -2.092 +2.144 -0.952+2.176 -0.382 +2.030 0
4.0.04 ng/chip -0.597 + 2.538 -2.689+4.610 -2.225+3.709 -1.689 +4.219 -1.154 + 3.258 0
5. 0.004 ng/chip 1.125+1.185 0.902 £ 1.004 1.973 £ 0.417 1.945 + 0.471 1.967 +0.411 0
6. 0.0004 ng/chip 1.110 £ 1.042 0.455 + 0.869 0.615 £ 1.044 1.706 + 0.131 1.785+0.203 0
R. cesticillus
1. 40 ng/chip -0.771 £ 2.130 -0.713 £ 1.767 68.098 + 2.125 -0.182 + 2.006 1.386 + 1.197 0
2.4 ng/chip 1.231+0.358 -0.034 £ 2.194 70.478 £ 5.279 1.767 + 0.554 2.235+0.699 0
3. 0.4 ng/chip -1.237 + 2.691 0.013 + 3.858 67.909 + 2.078 -0.922 + 0.876 -1.379 + 1.348 0
4.0.04 ng/chip -1.337 £ 4.444 -1.786 + 2.413 60.159 + 12.650 -0.929 + 0.875 -0.811+1.122 0
5.0.004 ng/chip -0.982 + 2.165 -0.539 + 0.832 -1.702 + 2.875 0.954 + 0.806 1.923 +0.740 0
6. 0.0004 ng/chip 1.108 + 3.830 -0.413 +3.398 -0.265 + 4.859 1.050 + 2.382 -0.841 + 4.252 0
A. galli
1. 40 ng/chip 2.535+2.432 0.353 +1.729 -1.160 + 0.422 66.169 +2.810 -0.682 + 2.490 0
2.4 ng/chip 0.416 + 1.949 -0.075 + 2.661 0.401 + 1.809 66.034 +4.033 -0.705 + 2.020 0
3. 0.4 ng/chip 0.371+ 3.066 0.628 + 2.037 0.459 + 2.082 57.452 +4.036 -0.524 + 2.655 0
4.0.04 ng/chip -1.936 + 2.642 -1.816 £ 1.475 -2.692 + 2.893 10.915+£20.055 -1.875+2.783 0
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DNA concentration A+, .. + SD values of each reaction chamber (d.u.)

R. echinobothrida R. tetragona R. cesticillus A. galli Echinostomatidae Negative

control

5. 0.004 ng/chip 0.353 £2.123 0.377 £2.169 -0.118 £ 1.348 0.428 £ 0.738 0.751 £1.294 0
6. 0.0004 ng/chip 1111 £1.094 0.668 + 0.652 0.770 £ 1.333 1.191 £ 1.163 0.767 £1.313 0
E. miyagawai
1. 40 ng/chip 2.750 £ 0.109 0.777 £1.629 0.478 +0.851 1.755 £ 0.908 37.667 + 6.606 0
2. 4 ng/chip 1.651 £ 3.051 -0.047 £ 1.667 0.507 +1.721 0.499 £ 1.671 30.518 + 3.524 0
3. 0.4 ng/chip 0.830 £ 2.368 0.292 + 3.251 -0.149 + 1.563 1.141 £0.185 35.729 + 13.601 0
4.0.04 ng/chip 2.008 + 0.663 2.416 + 0.661 2.562 +0.901 2.019+0.862 1.579 + 1.631 0
5.0.004 ng/ chip 0.903 +1.617 0.214 + 2.402 -1.093 + 0.880 -0.901 + 1.046 0.231+0.697 0
6. 0.0004 ng/chip -2.345 + 1.857 -1.437 +1.483 0.036 + 2.558 1.031 +3.418 0.542 +3.084 0
Mixed DNA of five species
1. 40 ng/chip 58.886 + 1.961 57.699 + 1.582 68.104 + 3.476 65.031 +3.309  38.396 + 5.361 0
2.4 ng/chip 57.498 + 0.987 24.886 + 7.832 62.698 + 1.283 61.000 + 1.295 47.102 + 3.075 0
3. 0.4 ng/chip 55.142 + 0.872 -1.343+1.573 62.875 + 0.168 59.626 + 1.453  43.390 + 5.280 0
4.0.04 ng/chip 12.841 +9.817 1.561+0.115 56.247 £ 7.270 16.786+25.939 1.157 +2.512 0
5.0.004 ng/chip 2.082 +0.300 1.059 + 0.820 0.017 £0.199 0.649 +0.872 0.790 + 1.015 0
6. 0.0004 ng/chip -2.452 +2.700 -1.945 +1.885 -1.293 +2.983 -1.369 + 3.105 0.543 +1.252 0

Note. Cut-off value= 6.705 d.u.
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Figure 46 Analytical sensitivity of colorimetric LAMP on a microfluidic chip for detecting
R. echinobothrida, R. tetragona, R. cesticillus, A. galli, and E. miyagawai analyzed by

naked eye and chromatic analysis via images

(R: R. echinobothrida reaction chamber; T: R. tetragona reaction chamber;
C: R. cesticillus reaction chamber; A: A. galli reaction chamber; E: Echinostomatidae
reaction chamber; N: negative control chamber; Dilution 1-6: DNA concentrations of 40

to 40x10”° ng/chip, respectively; red lines: cut-off value of AH®)

4.3.2 Analytical specificity and multi-target detection

The developed colorimetric LAMP on a microfluidic chip was evaluated the
analytical specificity with other parasites and their hosts as shown in Table 14.
Moreover, this assay was further tested to present the readout results in terms of multi-
target detection, including simplex, duplex, triplex, quadplex, and pentaplex detections.
The results found that the developed assay had a high level of specificity and accuracy
for detecting the five parasitic groups without false positive and false negative results as

well as in case of multiplex detection (Figure 47). Furthermore, the chromatic results
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were consistent with the color results by observing with the naked eye, but the
chromatic analysis could interpret with high degree of confidence by considering the
numerical results coupled with the cut-off value as shown in Table 26. Therefore, the
developed colorimetric LAMP on a microfluidic chip integrated with chromatic analysis
assay could specifically, simultaneously, and accurately detect the five parasitic groups,
namely R. echinobothrida, R. tetragona, R. cesticillus, A. galli, and Echinostomatidae in
single chip. The microfluidic chips combined with LAMP assays have been employed to
detect various parasitic pathogens previously, including Trypanosoma brucei,
Plasmodium spp., Toxoplasma gondii, Cryptosporidium spp., Schistosoma mansoni,
Clonorchis sinensis, and Taenia solium (Chen et al., 2023; Liu et al., 2012; Malpartida-
Cardenas et al., 2019; Song et al., 2015; Wan et al., 2019). Hence, our study is the first
report for detecting R. echinobothrida, R. tetragona, R. cesticillus, A. galli, and

Echinostomatidae simultaneously on a microfluidic chip.

Table 26 Chromatic values of analytical specificity evaluation

DNA template QAH° value of each reaction chamber (d.u.)
R. echinobothrida R. tetragona R. cesticillus A. galli Echinostomatidae Negative
control
R. echinobothrida 67.251 -0.173 0.725 -0.067 -0.002 0
R. tetragona -0.026 60.468 0.229 -0.058 -1.423 0
R. cesticillus 1.645 -0.049 74.493 0.022 -0.023 0
A. galli -0.182 -0.020 0.929 56.483 0.196 0
E. miyagawai -0.514 -0.049 1.069 1.428 58.781 0
E. makongi -3.056 -1.422 -2.183 -1.385 31.930 0
E. macrorchis 2121 0.576 0.720 0.663 58.047 0
H. conoideum -0.044 -1.551 -0.939 0.547 44.290 0
Raillietina spp. 62.072 62.608 72.103 1.553 1.570 0
Raillietina spp. + 59.190 61.663 67.210 64.136 2.098 0
A. galli
Raillietina spp. + 57.888 57.973 65.980 1.401 32.677 0
E. miyagawai
A. galli + 2.832 2.286 3.979 57.999 37.646 0
E. miyagawai
Raillietina spp. + 64.719 54.448 76.663 75.116 27.883 0
A. galli+

E. miyagawai
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Table 26 (Continued)

DNA template QAH-° value of each reaction chamber (d.u.)
R. echinobothrida R. tetragona R. cesticillus A. galli Echinostomatidae Negative
control

H. gallinarum -0.093 -1.385 -1.296 0.108 0.193 0
Cotugnia sp. 1.491 0.108 0.032 1.496 1.460 0
Diorchis sp. 1.361 -0.152 1.010 2.390 1.449 0
Fimbriaria sp. 2.485 2.305 1.121 1.155 1.153 0
H. nana 1.237 1.211 0.002 1.493 1.491 0
Prosthogonimus sp. -1.285 -1.224 -0.657 0.122 1.538 0
G. g. domesticus -1.407 -1.322 -1.209 -2.579 0.133 0
A. p. domesticus 1.902 -0.827 -0.588 0.893 1.003 0

Note. Cut-off value= 6.705 d.u.
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Figure 47 Analytical specificity of colorimetric LAMP on a microfluidic chip analyzed by

naked eye and chromatic analysis via images

(R: R. echinobothrida reaction chamber; T: R. tetragona reaction chamber;
C: R. cesticillus reaction chamber; A: A. galli reaction chamber; E: Echinostomatidae

reaction chamber; N: negative control chamber; red lines: cut-off value of AH")
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4.3.3 Storage stability of the primers loaded microfluidic chip

To test the efficiency of LAMP amplification after storing at ambient
temperatures (25-30 °C) with a variety of duration times, including 1, 2, 3, and 4 weeks,
the target DNAs of each species were initially 40 ng/chip and diluted 10-fold with serial
dilutions up to 40x10° ng/chip. After keeping for 1 week, the results showed that the
analytical sensitivities of R. tefragona and E. miyagawai were decreased as 10 times
when compared with the fresh loaded chip, remaining 40 ng/chip and 4 ng/chip,
respectively. Following 3 weeks, the analytical sensitivity of E. miyagawai was further
reduced up to 100 times found to be 40 ng/chip, which is an equal to R. tefragona. At
the end of storage experiment for 4 weeks, the results demonstrated that the analytical
sensitivities of R. echinobothrida, R. cesticillus, and A. galli did not impact from storage
at 25-30 °C for 4 weeks, whereas the analytical sensitivities of R. tefragona and E.
miyagawai were reduced to be 40 ng/chip; thus, the primers loaded microfluidic chip
that was kept at 25-30 °C for 4 weeks could be detected the minimum DNA
concentration of 40 ng/chip (Table 27; Figure 48). Hence, the fresh primers loaded
chips were used to detect the clinical samples in next section.

In this study, other substances (excepted primers) of LAMP reaction were
still stored in a refrigerator at —20 °C before using, which is a significant limitation to
perform in point-of-care station. However, if all reagents were simultaneously air-dried,
the LAMP reaction would not perform. A possible description for this phenomenon is the
instability of the master mix because the high concentration of salts may destabilize the
Bst DNA polymerase, which causes a loss of activity of the enzyme. Thus, the air-drying
process must be separated the salt and surfactant components from other reagents
(Garcia-Bernalt Diego et al., 2019; Xie et al., 2023). A previous study used lyophilization
or freeze-drying method to dry and preserve the stability of LAMP master mix (reaction
buffer, dNTPs, MgSO,, and Bst DNA polymerase) without cold condition storage. Wan et
al. (2020) reported that the lyophilized LAMP reagents by using a mixture of glycine and
trehalose as a stabilizer could be stored at 4 °C and ambient temperature (24-30 °C) for

a duration of more than 6 months and 3 days, respectively. Therefore, the freeze-drying
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of LAMP master mix on a PMMA chip can conduct following to Nguyen et al. (2022;
2024), but the storage time under the ambient condition must be further validated in the

future.

Table 27 Chromatic values of storage stability assessment

DNA concentration/ AH° value of each reaction chamber (d.u.)
species

R. echinobothrida R. tetragona R. cesticillus A. galli Echinostomatidae Negative

control

1 week
40 ng/chip 52.939 34.671 70.127 59.327 28.950 0
4 ng/chip 57.243 4.844 71.301 61.836 20.882 0
0.4 ng/chip 57.159 -1.601 67.656 55.262 1.587 0
0.04 ng/chip 0.140 1.171 67.949 1.170 2.423 0
2 weeks
40 ng/chip 49.055 28.935 62.524 42.953 14.428 0
4 ng/chip 56.923 -1.316 69.200 53.022 12.723 0
0.4 ng/chip 49.597 -0.007 67.563 47.886 2.329 0
0.04 ng/chip -0.128 -4.093 66.764 0.342 1.521 0
3 weeks
40 ng/chip 52.420 43.952 68.005 51.688 34.368 0
4 ng/chip 55.458 3.918 71.028 57.544 5.340 0
0.4 ng/chip 52.192 4.356 69.168 55.768 0.170 0
0.04 ng/chip 0.007 -1.403 54.744 0.622 1.427 0
4 weeks
40 ng/chip 54.103 41.231 66.814 46.413 17.590 0
4 ng/chip 53.333 0.072 64.312 37.568 1.183 0
0.4 ng/chip 52.106 2.199 64.079 15.490 3.760 0
0.04 ng/chip 2.462 -3.311 62.649 -0.017 3.053 0

Note. Cut-off value= 6.705 d.u.
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Figure 48 Validation of the primers loaded chips under different storage times

(R: R. echinobothrida reaction chamber; T: R. tetragona reaction chamber;
C: R. cesticillus reaction chamber; A: A. galli reaction chamber; E: Echinostomatidae
reaction chamber; N: negative control chamber; Dilution 1-4: DNA concentrations of 40

to 40x10° ng/chip, respectively; red lines: cut-off value of AH°)
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5. Clinical detection and benchmarking of simplex LAMP assays, duplex LAMP assays,
and colorimetric LAMP on a microfluidic chip coupled with a chromatic analysis assay

A total of 30 fecal samples was verified with the seven developed LAMP
assays, including (1) Raillietina LAMP-LFD, (II) A. galli LAMP-LFD, (Ill) Echinostomatidae
LAMP-LFD, (IV) Raillietina - A. galli LAMP-LFD, (V) Raillietina - Echinostomatidae LAMP-
LFD, (VI) A. galli - Echinostomatidae LAMP-LFD, and (VIl) colorimetric LAMP on a
microfluidic chip coupled with the chromatic analysis. Based on the results of post-
mortem investigation presented that 14 out of 30 samples were infected target parasitic
groups in this study, comprising of R. echinobothrida (n= 6), R. tetragona (n= 4), R.
cesticillus (n= 2), A. galli (n= 2), and Echinostomatidae (nh= 3), while co-infection was
found the only one case as R. echinobothrida + R. tetragona (n= 3) (Table 28). Next,
the confirmed samples from post-mortem (n= 30) were applied to the seven developed
assays. For assays related to the LFD development, all positive samples for post-
mortem method and any samples that had the LAMP products-like pattern visualized by

gel electrophoresis were further developed for visual interpretation by the LFD strip test.

Table 28 Result of clinical samples diagnosis by post-mortem examination

Clinical sample Post-mortem result

1 R. echinobothrida

2 -

3 -

4 R. tetragona

)]

12 -

13 R. echinobothrida + R. tetragona
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Table 28 (Continued)

Clinical sample Post-mortem result

14 R. tetragona

15 R. echinobothrida + R. tetragona
16 -

17 -

18 R. echinobothrida + R. tetragona
19 -

20 R. echinobothrida

21 R. cesticillus

22 -

23 Echinostoma sp.

24 R. cesticillus

25 -

26 5

27 A. galli

28 Echinostoma sp.

29 Echinostoma sp.

30 A. galli

Table 29 presents the summaries of seven developed assays highlighting
operation time, cost, and clinical performances (the details of each assay are shown in
Table A2-9 and Figure A13-20). The colorimetric LAMP on a microfluidic chip coupled
with a chromatic analysis showed the highest statistical analysis based on the kappa
value as K= 0.93, whereas the lowest value found to be K= 0.35 was indicated by A.
galli LAMP-LFD assay. This study has not been judged that colorimetric LAMP on a
microfluidic chip is the best way to detect or diagnose those parasitic groups, but all
developed assays were just an alternative method for parasite detection to serve a
variety of users according to their purposes. The occurred clinical results showed the

phenomena of false positive and false negative results. These may be elucidated by the
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presence of several substances from other organisms that contaminated with feces,
which lead to interference with the DNA extraction and LAMP reaction as well as cross-
amplification. Previous study described other causes that provided false negative
results, including (1) early infections with larva stage, (Il) only male worm infection in
terms of A. galli, (lll) the irregular distribution of eggs/egg capsules in feces (Oladosu et
al., 2022). To enhance the accuracy of the clinical results, before extracting the DNA
should be eliminated the other substances as much as possible in feces by using
filtration via gauze, which can help the egg/egg capsule concentration to improve the
DNA concentration of parasites. However, the McNemar's tests demonstrated that all
developed assays were not significantly different from the post-mortem examination at
p> 0.05. Hence, the developed assays were successfully detected in naturally infected
feces from the chickens and could be interpreted the results by naked eye or using

chromatic analysis via image.

Table 29 Summaries of seven developed assays focusing on operation time, cost, and

clinical performances compared with post-mortem examination

Diagnostic result Operation Cost/sample Clinical test K value (degree of McNemar’s

time Sensitivity Specificity agreement) test

Simplex LAMP-LFD assay

Raillietina spp. 60 min ~150 bath 69.23% 100% 0.64 (moderate) 0.067
A. galli 60 min 66.67% 93.33% 0.35 (poor) 0.500
Echinostomatidae 70 min 100% 96.43% 0.84 (high) 0.500

Duplex LAMP-LFD assay

Raillietina spp., 70 min ~300 bath 84.62% 100% 0.85 (high) 0.240
A. galli
Raillietina spp., 95 min 80% 100% 0.78 (moderate) 0.124

Echinostomatidae

A. galli, 95 min 83.33% 89.29% 0.59 (moderate) 0.309

Echinostomatidae
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Table 29 (Continued)

Diagnostic result Operation Cost/sample Clinical test K value (degree of McNemar's

time Sensitivity Specificity agreement) test

Colorimetric LAMP on a microfluidic chip coupled with the chromatic analysis assay

R. echinobothrida, 120 min ~210 bath 93.33% 100% 0.93 (high) 0.500
R. tetragona,

R. cesticillus,

A. galli,

Echinostomatidae




CHAPTER 5
CONCLUSIONS, LIMITATIONS AND RECOMMENDATIONS

Conclusions

This study successfully developed the alternative assays based on a loop-
mediated isothermal amplification (LAMP) for detecting parasitic pathogens in poultry.
There are three target groups, including (I) R. echinobothrida, R. tetragona, and R.
cesticillus, (I1) A. galli, and (lll) E. miyagawai, E. mekongi, E. macrorchis, and H.
conoideum. The developed assays can be performed at the operation times from 60 min
up to 120 min (excluded DNA extraction) and the results can be interpreted by naked
eye without complicated or costly devices. Although some assays took a total operation
time longer than the microscopic examinations, including sedimentation and flotation
techniques, but the LAMP assays can simultaneously detect numerous samples and
can further develop to apply in the field by using portable heat box or water bath instead
of thermocycler machine. Regarding the clinical detection, all developed assays can
detect the parasitic infections via fecal samples, the clinical sensitivity and specificity
values ranging from 66.67-100% and 89.29-100%, respectively, comparing to the post-
mortem investigation. Moreover, all developed assays were not statistically different from
the post-mortem investigation based on the McNemar's tests; therefore, these assays
are simple, rapid, and convenient, which has the possibility to be utilized in on-site
screening in the context of epidemiological investigations, surveillance, drug treatment,

and to solve a veterinary health problem along with farming management in the future.

Limitations and recommendations

For analytical sensitivities of our duplex LAMP-LFD assays, the results showed
that the analytical sensitivities did not impact from the mix of two DNA targets in one
reaction because this study used an equal of DNA concentration of them. On the other
hand, clinical samples in natural condition cannot be adjusted the quantities of
extracted DNA from egg capsule or egg stage; thus, detection limit in terms of an

unequal of both target DNA that extracted from egg stage should be further tested in the
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future. In addition, DNA extraction process with clinical samples has still used the
commercial DNA extraction kit because simple extraction methods, such as boiling
method, cannot purify the extracted DNA and cannot eliminate the large numbers of
macromolecule and other substances in feces that lead to impairment DNA extraction or
interference the LAMP reaction. To enhance the feasibility for point-of-care testing, the
simple DNA extraction method must be further developed for application with the fecal
sample purification in order to reduce the inhibitors in feces as much as possible before
DNA extraction process by using gauze for simple filtration.

For user-friendliness, acquired images in this study were captured under the
stereomicroscope to control the light stability, which is difficulty in setting outside the
laboratory. A readout device for supporting between smartphone and microfluidic chip,
and a smartphone-based chromatic analysis are required to achieve on-site performing
in the future. A photography has a main advantage in terms of data recording, leads to
the chip storage for post-analysis do not need, which prevents color fading, and the
analytical process can be conducted wherever and whenever necessary.

To avoid and prevent the contamination, the performance of LAMP amplification
is greatly sensitive to produce the large amounts of LAMP products prone to the risk of
self-contamination of LAMP products from previous reaction, which is a template DNA
for the next reaction affecting false positive results. A LAMP mixture preparation,
addition of template DNA, and result analyses relying on open the lid of reaction tube
(gel electrophoresis and LFD development) must be carried out in separate rooms along
with two sets of micropipettes and filter tips. Furthermore, the reagents of each process

were separately stored in refrigerators in order to prevent the contamination.
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Table A1 Nucleotide sequences in this study that were used to compare with available

sequences in the GenBank database by using the BLASTn tool

Species Region Our accession number Percent Identity
R. echinobothrida ITS2 MN902341-MN902343 96.52-100%

R. tetragona MN902344-MN902346 94.08-100%

R. cesticillus MN902347 88.83-92.61%
A. galli ON024768-ON024773 96.24-100%

E. miyagawai 0Q306491-0Q306496 99.64-99.82%

H. conoideum PQ821047 99.40-100%
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Table A2 Statistical comparison of Raillietina LAMP-LFD and post-mortem examination

Assay Post-mortem examination Clinical test (%) K McNemar’s
Negative Positive Total Sensitivity Specificity value test

Raillietina Negative 21 4 25 69.23 100 0.63  0.067

LAMP- Positive 0 5 5

LFD

Total 21 9 30
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Table A3 Statistical comparison of A. galli LAMP-LFD and post-mortem examination

Assay Post-mortem examination Clinical test (%) K McNemar’s
Negative Positive  Total Sensitivity Specificity value test

A. galli Negative 26 1 27 66.67 93.33 0.35 0.500

LAMP- Positive 2 1 3

LFD

Total 28 2 30
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Table A4 Statistical comparison of Echinostomatidae LAMP-LFD and post-mortem

examination

Assay Post-mortem examination Clinical test (%) K McNemar’s
Negative Positive Total Sensitivity Specificity value test

Echinostomatidae Negative 26 0 26 100 96.43 0.84 0.500

LAMP-LFD Positive 1 3 4

Total 27 3 30
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Table A5 Statistical comparison of Raillietina — A. galli LAMP-LFD and post-mortem

examination

Assay Post-mortem examination Clinical test (%) K McNemar’s
Negative Positive Total Sensitivity Specificity value test

Raillietina —  Negative 19 2 21 84.62 100 0.85 0.240

A. galli Positive 0 9 9

LAMP-LFD Total 19 11 30
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Table A6 Statistical comparison of Raillietina — Echinostomatidae LAMP-LFD and post-

mortem examination

Assay Post-mortem examination Clinical test (%) K McNemar’s

Negative Positive Total Sensitivity Specificity value test

Raillietina — Negative 18 3 21 80 100 0.78 0.124
Echinostomatidae  pgsitive 0 9 9
LAMP-LFD

Total 18 12 30
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Table A7 Statistical comparison of A. galli— Echinostomatidae LAMP-LFD and post-

mortem examination

Assay Post-mortem examination Clinical test (%) K McNemar’s

Negative Positive Total Sensitivity Specificity value test

A. galli — Negative 22 1 23 83.33 89.29 0.59 0.309
Echinostomatidae pgsitive 3 4 7
LAMP-LFD

Total 25 5 30
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Table A8 Statistical comparison of colorimetric LAMP on a microfluidic chip coupled

with the chromatic analysis and post-mortem examination

Assay Post-mortem examination Clinical test (%) K McNemar’s

Negative Positive Total Sensitivity Specificity value test

Colorimetric Negative 16 1 17 93.33 100 0.93 0.500
LAMP on a
microfluidic
Positive 0 13 13
chip coupled
with the
chromatic Total 16 14 30

analysis
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Table A9 Chromatic values analyzed from colorimetric LAMP on a microfluidic chip of

clinical results

Clinical QHe value of each reaction chamber (d.u.)
sample R. echinobothrida R. tetragona  R. cesticillus  A. galli Echinostomatidae Negative
control
1 29.136 1.362 1.614 1.467 1.465 0
2 -0.348 -0.362 0.174 1.219 1.004 0
3 1.409 0.166 0.155 1.416 1.471 0
4 1.412 -0.003 -1.429 0.001 0.008 0
1.234 1.197 1.241 1.377 1.302 0
6 -1.268 -0.252 -1.313 0.273 -0.013 0
7 0.596 -0.247 0.957 0.020 1.573 0
8 0.490 0.218 0.059 1.305 0.970 0
9 0.848 1.163 0.374 1.626 1.191 0
10 1.261 1.541 1.580 1.571 1.336 0
11 1.321 1.308 0.122 0.592 1.012 0
12 1.247 1.482 1.203 1.241 1.181 0
13 58.301 64.182 -0.028 0.527 0.447 0
14 1.010 42.472 1.568 1.598 0.558 0
15 56.544 31.090 0.145 0.257 0.130 0
16 0.921 1.054 1.196 1.361 1.181 0
17 1.299 1.299 0.758 1.329 1.266 0
18 48.225 47.319 -0.003 0.055 -0.742 0
19 0.329 0.261 0.293 1.546 1.557 0
20 37.045 1.278 1.294 1.279 1.264 0
21 2.052 2.222 69.582 1.061 1.347 0
22 0.022 0.043 -0.036 0.042 0.065 0
23 -4.786 -1.412 -4.812 -4.810 20.446 0
24 0.730 0.114 70.324 1.537 0.147 0
25 1.324 -0.010 -0.020 1.425 1.389 0
26 1.632 0.125 0.186 1.697 0.345 0
27 -1.547 0.556 -0.002 56.653 0.008 0
28 -0.025 -0.031 1.615 1.608 39.812 0
29 3.993 3.418 1.606 1.791 51.039 0
30 -1.627 0.145 0.227 62.479 0.226 0

Note. Cut-off value= 6.705 d.u.
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species focused on Raillietina LAMP primers, probe, and restriction site of Ms/l enzyme
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Figure A2 Multiple sequence alignment of ITS2 region for A. galli focused on A. galli

LAMP primers, probe, and restriction site of Dral enzyme
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Figure A3 Multiple sequence alignment of ITS2 region for Echinostomatidae group

focused on Echinostomatidae LAMP primers, probe, and restriction site of Ms/l enzyme
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Figure A4 Multiple sequence alignment of ITS2 region for Raillietina species focused on

R. echinobothrida LAMP primers and restriction site of Hindlll-HF enzyme
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Figure A5 Multiple sequence alignment of ITS2 region for Raillietina species focused on

R. tetragona LAMP primers and restriction site of HpyCH4lll enzyme
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Figure A6 Multiple sequence alignment of 28S rDNA gene for Raillietina species

focused on R. cesticillus LAMP primers and restriction site of HpyCH4V enzyme
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Rostellum

1 mm

Figure A7 Morphology of R. echinobothrida that was used to develop the LAMP assays

in this study

(A: scolex; B: rostellar hooks; C: armed sucker; D: mature proglottids presenting
unilateral opening of genital pores; E: egg capsule contained several eggs in

a gravid proglottid)

Sources: modified from Panich, W., Tejangkura, T., & Chontananarth, T. (2021).
Novel high-performance detection of Raillietina echinobothrida, Raillietina tetragona,
and Raillietina cesticillus using loop-mediated isothermal amplification coupled with a

lateral flow dipstick (LAMP-LFD). Veterinary Parasitology, 292, 109396.
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Rostellum

Egg capsule

1 mm

Figure A8 Morphology of R. fetragona that was used to develop the LAMP assays

in this study

(A: scolex; B: rostellar hooks; C: armed sucker; D: mature proglottids presenting

unilateral opening of genital pores; E: gravid proglottids contained egg capsules)

Sources: modified from Panich, W., Tejangkura, T., & Chontananarth, T. (2021).
Novel high-performance detection of Raillietina echinobothrida, Raillietina tetragona,
and Raillietina cesticillus using loop-mediated isothermal amplification coupled with a

lateral flow dipstick (LAMP-LFD). Veterinary Parasitology, 292, 109396.
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Sucker
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Figure A9 Morphology of R. cesticillus that was used to develop the LAMP assays

in this study

(A: scolex; B: rostellar hooks; C: mature proglottids presenting irregularly alternating

opening of genital pores; D: one egg per egg capsule in a gravid proglottid)

Sources: modified from Panich, W., Tejangkura, T., & Chontananarth, T. (2021).
Novel high-performance detection of Raillietina echinobothrida, Raillietina tetragona,
and Raillietina cesticillus using loop-mediated isothermal amplification coupled with a

lateral flow dipstick (LAMP-LFD). Veterinary Parasitology, 292, 109396.
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Preanal sucker (PS)

Anal (AN)
Papillae (P)

illustrated image reported by McDougald (2020) B. e

Figure A10 Morphology of male A. galli that was used to develop the LAMP assays
in this study

(A: head:; B: tail)

Sources: modified from McDougald, L. R. (2020). Internal parasites. /n diseases

of poultry (13th ed., pp. 1117-1146). Wiley-Blackwell.
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This study E. mekongi
Glunkwamdi et al. (2020)
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E. macrorchis
This study

H. conoideum
This study

Figure A11 Morphologies of four target Echinostomatidae species that were used to

develop the LAMP assays in this study

Source: modified from Glunkwamdi, P., Pakdee, S., & Raksaman, A. (2020).
Epidemiological situation and risk of parasitic infections by ingesting of Filopaludina

snails at local markets in Bangkok metropolis. Srinakharinwirot University.
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Figure A12 Testing of alternative detection on a microfluidic chip

(Green circles: punched outlet holes; Red cross signs: unpunched outlet holes)
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—

Control line —

’ p— fr— -

Figure A13 Clinical results of Raillietina LAMP assay detected by

Test line

gel electrophoresis and LFD

(M: molecular marker 100 bp; 1-30: clinical samples; N: negative control)
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12 13 14 15 16 17 18 19 20 M 21 22 23 24 25 26 27 28 29 30 N

Controlline e we co mm s o= - - - e s em ==

Test line

Figure A14 Clinical results of A. galli LAMP assay detected by

gel electrophoresis and LFD

(M: molecular marker 100 bp; 1-30: clinical samples; N: negative control)
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9 10 11 12 13 14 15 16 17 18 19 20 M 21 22 23 24 25 26 27 28 29 30 N

Control line == -— - - - - -

Figure A15 Clinical results of Echinostomatidae LAMP assay detected by

Test line

gel electrophoresis and LFD

(M: molecular marker 100 bp; 1-30: clinical samples; N: negative control)
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- 500bp
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100 bp

1 4 10 13 14 15 18 20 21 24 27 30 N

Controlline. == —= w= == o - e o o ol - - -

Figure A16 Clinical results of Raillietina — A. galli LAMP assay detected by

A. galli line

Raillietina line

gel electrophoresis and LFD

(M: molecular marker 100 bp; 1-30: clinical samples; N: negative control)
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Figure A17 Clinical results of Raillietina — Echinostomatidae LAMP assay detected by

Echinostomatidae line

Raillietina line

gel electrophoresis and LFD

(M: molecular marker 100 bp; 1-30: clinical samples; N: negative control)
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9 10 11 12 13 14 15 16 17 18 19 20 M 21 22 23 24 25 26 27 28 29 30 N

12 19 21 23 26 27 28 29 300 N

Control line | e o N o | v e s

Figure A18 Clinical results of A. galli— Echinostomatidae LAMP assay detected by

Echinostomatidae line

A. galli line

gel electrophoresis and LFD

(M: molecular marker 100 bp; 1-30: clinical samples; N: negative control)



177

RTCAEN RTCAEN RTCAEN RTCAEN RTCAEN RTCAEN RTCAEN RTCAEN RTCAEN RTCAEN

PPYPRLLLLLLELLLLL R LU i CUURRRN DRUUEN SOROOE BRENNE BEOLE Observation by naked eye
80 B3 R. echinobothrida
- 3 R tetragona
3
] 60 B3 R. cesticillus
°£ 40 = A galli
B Echinostomatidae
20 3 Negative control
0 1 T T T Y T T T T Y
1 2 3 4 5 6 7 8 9 10
RTCAEN RTCAEN RTCAEN RTCAEN RTCAEN RTCAEN RTCAEN RTCAF,T:J RTCAEN RTCAEN
YL LLLLLELLLLL i ) J §OO000 BEBNIN 11N | {01111 Observation by naked eye
80 ER R echinobothrida
- 3 R tetragona
=] 3
° 80 E B R. cesticillus
°§ 40 =3 4. galli
. Bl Echinostomatidae
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100 "
80 B3 R. echinobothrida
- 3 R tetragona
3
- 60 3 R. cesticillus
S
°E 40 3 A galli
Bl Echinostomatidae
20 3 Negative control

21 22 23 24 25 26 27 28 29 30

Figure A19 Clinical results of colorimetric LAMP on a microfluidic chip detected by

naked eye and the chromatic analysis

(R: R. echinobothrida reaction chamber; T: R. tetragona reaction chamber;
C: R. cesticillus reaction chamber; A: A. galli reaction chamber; E: Echinostomatidae
reaction chamber; N: negative control chamber; 1-30: clinical samples;

red lines: cut-off value of AH°)
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Figure A20 Clinical results of colorimetric LAMP on a microfluidic chip detected by

gel electrophoresis

(M: molecular marker 100 bp; R: R. echinobothrida reaction chamber; T: R. tetragona
reaction chamber; C: R. cesticillus reaction chamber; A: A. galli reaction chamber;
E: Echinostomatidae reaction chamber; N: negative control chamber;

1-30: clinical samples)
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