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ABSTRACT 

 

Fischoederius elongatus, a pouched amphistomes in the family 

Gastrothylacidae, is a neglected food-borne parasite that infects a large number of cattle 

in Thailand. The fluke causes economic losses by massive infection in the rumen of 

ruminants. This causes obstruction of food absorption and results in decreased milk and 

meat production. Also, acute infection with the fluke causes severe mucosal damage 

and significantly increases mortality in young animals. Importantly, Fischoederius 

elongatus was reported as a case of zoonosis trematode in a woman who had severe 

vomiting in Guangdong, China (1991). At present, routine diagnosis of the fluke 

infection is based on microscopic examination by using fecal egg count and 

morphological egg identification. It is difficult to distinguish Fischoederius elongatus 

from other amphistomes by egg morphology. In addition, the rumen fluke eggs are 

similar to eggs of the liver fluke Fasciola spp. Misdiagnosis may lead to incorrect drug 

treatment and development of resistance. The aim of the present study was to 
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characterize Fischoederius elongatus in Thailand by observing the fluke morphology, 

and by analysis of molecular biology, taxonomy, physiology and pathology using 

mitochondrial genome characterization and transcriptomics. The morphology of 

Fischoederius specimens collected in this study was found following the classic 

literature description of Fischoederius elongatus by Sey (1991). Fischoederius 

specimens collected in this study during the years 2014–2019 had either large or small 

testes. Specimens with large testes were mature and contained often intrauterine eggs. 

Specimens with small testes were immature and also had an undeveloped ovary and 

only a small number of vitellaria. The developmental stage was confirmed by 

transcriptome data which lacked for example vitelline protein encoding transcripts. 

Moreover, molecular studies of Fischoederius will provide basic knowledge usable for 

diagnosis. A PCR-amplified fragment of ribosomal ITS2 originating from one of the 

collected specimens showed significant identity (99%, E-value: 0.0) to closely related 

trematodes in the database; however, this region has high sequence conservation 

making it not suitable for species identification. For this reason, mtCOX1, a universal 

marker for species identification, was investigated. PCR products of mtCOX1 from 48 

single flukes were used for restriction analysis with MseI. Surprisingly, nine restriction 

pattern (A–I) were observed and sequence analysis of mtCOX1 pattern A–I showed 

0.7–9.3% sequence difference. Together with a phylogenetic analysis these findings 

suggested that the collected specimens represented five distinct species A, [BEG], 

[CFH], D, and I. Hence, Fischoederius elongatus might represent a cryptic species, a 

complex of morphologically indistinguishable species. Furthermore, the mitochondrial 

genome of Fischoederius mtCOX1 MseI pattern A was characterized. The complete 

genome with 14,780 bp in length contains twelve protein-coding genes (cox3 > cytb > 

nad4L > nad4 > atp6 > nad2 > nad1 > nad3 > cox1 > cox2 > nad6 > nad5), 23 tRNA 

genes, two rRNA genes (rrnS and rrnL), and two non-coding regions (SNR and LNR). 

All genes are transcribed in the same direction. Interestingly, inverted repeats causing 

hairpin-like structures were detected in the mitochondrial genomes of Fischoederius 

mtCOX1 MseI pattern A, [BE], C, D, and I that might have originated from 

transposable elements and possibly affect DNA recombination, replication and 

transcription. Moreover, the obtained transcriptome data of Fischoederious mtCOX1 

MseI pattern A, C, and E showed similar expression profiles. Highly abundant genes 
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with complete sequence and known function included cathepsin-like cysteine protease 

(B, C, L), fatty acid-binding protein, thioredoxin, and tegumental calcium-binding 

protein. Polyclonal mouse Fischoederius anti‐ES antibody detected a predominant 35 

kDa antigen in an immunoblot of Fischoederius antigens. This antigen might be 

Fischoederius cathepsin B by its molecular weight in accordance with the high 

abundance of cathepsin B transcripts in the transcriptome data. Cysteine proteases play 

important roles in parasite feeding, host tissue invasion, and immune evasion. These 

proteins should be further investigated for application in diagnosis and vaccine 

innovation. 

 

Keywords: Fischoederius elongatus, amphistomes, cryptic species, gross morphology, 

mitochondrial genome, restriction analysis, transcriptome, ribosomal ITS2, cytochrome 

c oxidase subunit I, cathepsin B 
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CHAPTER 1 

INTRODUCTION 

 

Fischoederius elongatus (Trematoda, Digenea, Plagiorchiida) is a common 

gastrointestinal fluke that causes paramphistomiasis in ruminant, mainly in tropical and 

subtropical countries. F. elongatus is a member of pouched amphistomes. The adult 

stage of the fluke has a sword shape-like reddish body at approximate 6 mm body width 

and 20 mm body length. The flukes are food-borne trematodes which infect the 

definitive host through consumption of larva-infested water plants. The flukes are 

present in the rumen of the host and obstruct food absorption. Massive infection of the 

flukes causes severe mucosal damage in the host gastrointestinal tract. This leads to 

decreased milk and meat production and causes economic losses. Epidemiological 

surveys of Wongsawad (2000) indicated that ~90% of cattle in Chiang Mai province 

suffer from infection with Paramphistomum and/or Fischoederius spp.. Also 

Fischoederius infection has been reported from many countries, e.g. India, China, 

Philippines and Vietnam. Importantly, a Chinese woman from Guangdong Province 

was reported to be the first human infection case, but the route of infection is still 

unknown. 

 Identification of F. elongatus is based on microscopic examination, 

including the fecal egg counts and Semichon’s carmine whole mount staining, but by 

these methods it is hard to distinguish F. elongatus from other amphistomes. 

Furthermore, the rumen fluke eggs are similar to eggs of the liver fluke Fasciola spp. 

Misdiagnosis may lead to incorrect drug treatment and development of resistance. 

Oxyclozanide has activity against immature and adult rumen flukes, but only effects 

adult liver flukes. Routine use of oxyclozanide against rumen flukes provides  

co-infecting immature liver flukes with an opportunity for development of resistance in 

adult worms. Microscopic examination of parasite tissue sections is necessary for 

analysis of morphological details and species identification; however this requires 

specialist knowledge and time. Thus, recent research has focused on molecular markers 

of the flukes. But only a small number of sequences is present in the biological 

databases, including ribosomal 28S, 18S, ITS2 and mitochondrial genome sequences. 
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Most of them are highly conserved among closely related species. Therefore, we need 

more information for species identification. 

 Recent next-generation sequencing technologies make it possible to 

identify transcriptome/genome sequences at large scale and to quickly find species-

specific markers to improve diagnosis. In the present study, the transcriptome of 

F. elongatus will be characterized using a modern high-throughput sequencing 

platform and bioinformatics analysis of the sequence data. This technique is rapid  

and cost-effective for uncharacterized flukes. The obtained data will be analyzed to  

(1) reveal the taxonomic relationship between the species, to (2) learn how the flukes 

adapted to the conditions in the host rumen and (3) how they differ from the nearby 

species. Secreted proteins of the fluke will be predicted, possibly the most abundant 

secreted proteins have high potential as targets for diagnosis. Also, these proteins might 

have key regulatory roles in host-parasite interactions and pathogenesis. 

 Morphology and histology of the adult F. elongatus will be studied in 

addition to the analysis of the parasite transcriptome. This study will provide the basic 

knowledge for further molecular biology research and result in innovation on diagnosis 

and intervention. 
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CHAPTER 2 

OBJECTIVES 

 

The objectives of the research are: 

1. Morphological characterization of Fischoederius elongatus (Trematoda, 

Digenea, Plagiorchiida) using Semichon’s carmine and hematoxylin and eosin staining 

2. Molecular cloning and identification of cDNA encoding ribosomal 

internal transcribed spacer 2 (ITS2) region of F. elongatus 

3. Molecular cloning and characterization of mitochondrial cytochrome c 

oxidase subunit I (mtCOX1) of F. elongatus 

4. Restriction analysis of F. elongatus mtCOX1 and related species 

5. Molecular characterization of F. elongatus mitochondrial genome 

6. Identification and annotation of mRNAs and encoded proteins 

expressed by the rumen fluke F. elongatus and related species by transcriptome analysis 

7. Production of mouse polyclonal antibodies against F. elongatus 

excretion/secretion (ES) product 

8. Identification of F. elongatus antigens using the anti-ES mouse serum 

on parasite extracts 
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CHAPTER 3  

REVIEW OF LITERATURE 

 

3.1  The rumen fluke Fischoederius elongatus 

 

3.1.1  Taxonomic classification of Fischoederius elongatus 

 Fischoederius elongatus (Poirier, 1883) is a member of pouched 

amphistomes. The word ‘Amphistoma’ was defined by Rudolphi due to the fluke 

morphology. It refers to the trematodes that have an opening at both ends of the body.1 

Nitzsch (1819) gave a more concise genetic term of the fluke, Amphistomum. They 

were characterized by the presence of an oral opening at the anterior end of the body 

and by a ventral sucker at the posteroterminal end.2 Amphistomes have a diverse body 

morphology including elongate, conical, cylindrical and fattened dorsoventrally shapes. 

They are also variable in size between 1.5–7.0 mm in width and 3.0–10.0 mm in length. 

Most living amphistomes have a light pink to red body color. The structure of the 

pharynx and its relationship to the length of the body is important in amphistome 

taxonomy. Arrangement of the circular muscle fibers in the ventral sucker as well as 

the position of male and female genitalia are important for fluke classification.3 

Nasmark (1937) classified the paramphistomes based on histological structure 

including pharynx, ventral sucker, and terminal genitalium.4  

 F. elongatus is a food-borne trematode that inhabits the rumen of 

ruminants. Massive infection of the flukes causes severe mucosal damage in the host 

gastrointestinal tract. The worm causes severe disease with significantly increased 

mortality rate during acute infection.5  

 F. elongatus is classified into the phylum: Platyhelminthes, class: 

Trematoda, subclass: Digenea superfamily: Paramphistomoidea, and family: 

Gastrothylacidae. Family Gastrothylacidae Stiles & Goldberger, 1910 is classified by 

the possession of a ventral pouch that is an internal sac with a single aperture on the 

ventral surface, starting closely to the anterior end of the body. Genus Fischoederius 

Stiles & Goldberger, 1910 is distinguished by the testes position. The testes lay tandem 

in mid-line, one anterodorsal to the other.3, 4, 6, 7 
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Figure 3.1 Taxonomy classification of Fischoederius elongatus.6 
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Figure 3.2 Classification of Fischoederius elongatus and other amphistomes.3, 8 
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 Genus Fischoederius currently contains 9 species including  

F. elongatus (Poirier, 1883 and Stiles & Goldberger, 1910) F. cobboldi (Poirier, 1883) 

Stiles & Goldberger, 1910, F. japonicas (Fukui, 1922) Yamaguti, 1939, F. skrjabini 

Kadenatsii, 1962,9 F. ovatus Wang, 1977,10 F. compressus Wang, 1979,  

F. philippinensis Eduardo, 1988,11 F. upiensis Eduardo, 2008,12 and F. emiljavieri 

Eduardo, 2009.13 Due to the mid-region body of a ventral pouch, F. brevisaccus 

Eduardo, 198114 was reclassified into Genus Velasquezotrema as Velasquezotrema 

brevisaccus.15 The synonyms of each member in the genera Fischoederius and 

Velasquezotrema are shown in Table 3.1. 

 

Table 3.1 Synonymy of members in the genera Fischoederius and Velasquezotrema.8 

 

 Synonyms 

F. elongatus Gastrothylax elongatus Poirier, 1883 

Fischoederius fischoederi Stiles & Goldberger, 1910 

Fischoederius ceylonensis Stiles & Goldberger, 1910 

Fischoederius siamensis Stiles & Goldberger, 1910  

F. cobboldi Gastrothylax cobboldi Poirier, 1883 

F. japonicas Fischoederius siamensis var. japonica Fukui, 1992 

Gastrothylax elongatus var. japonica Fukui, 1992 

F. ovatus Fischoederius ovis Zhang & Yang, 1986 

V. brevisaccus Fischoederius brevisaccus Eduardo, 1981 

 

3.1.2  Morphology of Fischoederius elongatus 

3.1.2.1 Adult stage 

  Adult stage of F. elongatus has a reddish body with a sword-

like shape, extremely elongated as shown in Figure 3.3. The body size is 3.70–20.8 

mm in length and 1.80–3.70 mm in width. The ratio of body width to body length is 

1:4. The tegument surface carries numerous papillae with dome to conical, non-ciliated 

papillae as shown in Figure 3.4. Acetabulum is 1.13–1.26 mm in diameter with 

Fischoederius type as shown in Figure 3.5a. Ventral pouch is present and usually 

triangular with ventrally directed apex. The internal surface of the ventral pouch usually 
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has a light brown color. Pharynx is Paramphistomum type as shown in Figure 3.5b. 

Esophagus is 0.63–0.84 mm in length and esophageal bulb is absent. The cecal 

bifurcation lays straight in lateral fields and terminates at the middle length of the body. 

Vitelline follicles are small in lateral fields, extending from level of ceca to testes. 

Lobed testes are positioned on the median and in vertical orientation which 

distinguishes the worm from other gastrointestinal flukes. Pars musculosa is moderately 

developed. Ovary is usually round. Terminal genitalium is located within the ventral 

pouch with Elongatus type as shown in Figure 3.5c. The key of species Fischoederius 

is shown in Table 3.2.3, 6-8, 16  

 

Table 3.2  Key of the species of Fischoederius.8 

 

Key of the Species of Fischoederius 

1. Ceca in lateral fields ………………………………………………………….2 

Ceca in dorsal fields ..…………………………………………………………4  

2. Ceca extending to posterior testis ………………………………………….....3 

Ceca extending to middle part of body ………………………….…F. skrjabini 

3. Testes irregular in shape ………...…………………………………F. cobboldi 

Testes entire in shape ………...………………………………………F. ovatus 

4. Ceca pre-equatorial …………………………………………………………..5 

Ceca post-equatorial ………………………………………….…..F. japonicas 

5. Testes overlap each other ……………….…………………….…..F. elongatus 

Testes separated by uterine coil ...…….…………………….…..F. compressus 
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Figure 3.3 Schematic drawing of Fischoederius elongatus.6, 8 

 

 

Figure 3.4 Dome to conical, non-ciliated papillae.8  
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Figure 3.5 Median sagittal section of adult Fischoederius elongatus; (a) Acetabulum, 

Fischoederius type; (b) Pharynx, Paramphistomum type; (c) Terminal genitalium, 

Elongatus type.8 
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  Following Nasmark (1937), a comparison of sagittal section 

of histological structure type, including acetabulum, pharynx, and terminal genitalium, 

of amphistomes commonly found in Thailand and nearby countries is shown in  

Table 3.3.4 

 

Table 3.3  Comparison of histological structure type of amphistome.8 

 

 

Pharynx  

type 

Acetabulum  

type 

Terminal genitalium  

type 

F. elongatus Paramphistomum Fischoederius Elongatus 

F. cobboldi Paramphistomum Gastrothylax Microbothrium 

F. japonicas Paramphistomum Carmyerius Papillogenitalis 

F. philippinensis Calicophoron Gastrothylax Microbothrium 

F. upiensis Paramphistomum Fischoederius Leydeni 

F. emiljavieri Paramphistomum Carmyerius Bubalis 

V. brevisaccus Calicophoron Gastrothylax Brevisaccus 

C. spatious Paramphistomum Gastrothylax Gracile 

G. crumenifer Paramphistomum Gastrothylax Gracile 

C. calicophorum Calicophoron Calicophoron Calicophoron 

P. cervi Liorchis Paramphistomum Gracile 

P. gracile Calicophoron Paramphistomum Gracile 

P. epiclitum Calicophoron Paramphistomum Gracile 
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Figure 3.6 Carmine staining of adult stage amphistomes in Thailand.3 

 Fe: Fischoederius elongatus 

 Fc: Fischoederius cobboldi 

 Csp: Carmyerius spatiosus 

 Gc: Gastrothylax crumenifer 

 Cc: Cotylophoron cotylophorum 

 Os: Orthocoelium streptocoelium 

 Od: Orthocoelium dicranocoelium 

 Op: Orthocoelium parvipapillatum 

 Pg: Paramphistomum gracile 

 Pe: Paramphistomum epiclitum 

Op 
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Figure 3.7 Morphology drawing of adult stage amphistome.8  

 GC: Gastrothylax crumenifer 

 CSp: Carmyerius spatiosus 

 CSy Carmyerius synethes 

 VB: Velasquezotrema brevisaccus 

 PG: Paramphistomum gracile 

 PC: Paramphistomum cervi 

 PE: Paramphistomum epiclitum 

 FS:  Fischoederius skrjabini 

 FE: Fischoederius elongatus 

 FCo: Fischoederius cobboldi 

 FO:  Fischoederius ovatus 

 FJ:  Fischoederius japonicus 

 FCm:  Fischoederius compressus 

VB 
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Figure 3.8 Median sagittal section of Pharynx.8  

 (a) Paramphistomum type 

 (b) Calicophoron type 

 (c) Liorchis type 

 

Figure 3.9 Median sagittal section of Acetabulum.8  

 (a) Fischoederius type 

 (b) Gastrothylax type 

 (c) Carmyerius type 

 (d) Calicophoron type 

 (e) Paramphistomum type 
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Figure 3.10 Median sagittal section of Terminal genitalium.8  

 (a) Elongatus type 

 (b) Microbothrium type 

 (c) Papillogenitalis type 

 (d) Leydeni type 

 (e) Bubalis type 

 (f) Brevisaccus type 

 (g) Gracile type 

 (h) Calicophoron type 

 

3.1.2.2 Egg stage 

  The off-white eggs are oval shaped with uniform thin shell 

at the anti-opercular end. The anterior end of the egg has a distinct operculum. The 

deposited egg contains a zygote of 8–16 cells stage. The average size of the egg is 

around 0.14×0.08 mm.8, 17, 18 

 

Figure 3.11 Egg stage of Fischoederius elongatus.19 
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3.1.2.3 Miracidia stage 

  The embryo is located in the middle of the egg and 

completes development in 7–8 days. The average size of the ovum is increasing from 

0.03×0.03 to 0.16×0.06 mm within seven days. The miracidium will hatch on the eighth 

day of development. It usually swims in straight lines and rotates the body along the 

long axis. The body cilia are pyriform in shape. Twenty epithelial cells are arranged in 

four transverse rows in the ratio 6:8:4:2. The anterior part contains a conical apical 

papilla. The gut is located at the base of an apical papilla. There are two pairs of 

penetration glands beside the gut. The nervous system is located at the posterior of the 

gut. The miracidium contain a pair of flame cells and ducts forming the excretory 

system. They also contain germinal cells and germinal balls in different sizes. The 

measured size is around 0.17–0.06 mm. The snail intermediate hosts were indicated as 

Lymnaea acuminate, Littoraria luteola, Gyraulus euphraticus.8, 17, 18  

3.1.2.4 Redia stage 

 The redia is elongate in shape. The body size is 0.80×0.10 

mm. The body contains a small oral opening, a well-developed pharynx, saccular 

cecum, a mass of pyriform granular cells, and three pairs of flame cells. The redia 

contains the developing cercariae.8, 18, 20, 21  

3.1.2.5 Cercaria stage 

 The cercaria of F. elongatus is identical with Cercaria 

indicae XXIX (Sewell, 1922) as shown in Figure 3.12.20 The body pigment develops 

in the snail tissue and the body measures 0.26–0.69×0.35–0.15 mm, and the tail length 

is 0.75 mm. The body surface is covered with rod-like cytogenous cells. Conical 

eyespots are located near to the anterior end. Acetabulum is broader than long with a 

size of 0.09–0.12 mm. The pharynx is 0.07 mm in diameter, followed by the esophagus 

with a quarter of body length, and the ceca that terminate at the edge to the posterior 

half of the body. Esophagus and ceca contain rectangular granules. Main excretory 

canal is formed by cross-connecting tubes with antero-median diverticulum. Primordia 

of genital organs are rounded masses of cells. The reproductive organs are ovary and 

tandem testes placed anterior and posterior to the ovary.8, 18, 20, 21 
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Figure 3.12 Cercaria indicae XXIX (Sewell, 1922) of Fischoederius elongatus.18  

 

3.1.2.6 Metacercaria stage 

 The metacercaria is hemispherical in shape. The body has a 

diameter of 0.30 mm and the cyst wall is 0.02 mm thick.8, 18, 20, 21 

3.1.3 Life cycle of the rumen fluke 

 Due to a lack of resolved details of the F. elongatus life cycle, a 

general life cycle of rumen flukes is shown in Figure 3.13. The rumen flukes develop 

into adult stage in the stomach of livestock and pass their immature eggs into the host 

feces. The next part of the life cycle occurs in freshwater and after completing 

embryogenesis the hatched miracidium infect an aquatic snail. The immature flukes 

develop through several stages in the aquatic snail. Then the cercariae shed in the water 

around the snail and form metacercarial cysts on water plants. Mammals acquire the 

infection by eating vegetation containing metacercariae. The metacercarial cyst wall is 

digested in the duodenum, releasing the larval fluke which attaches to the wall of the 

intestine and feeds on plugs bitten from the wall, causing severe fluid and blood loss. 

Then the larvae migrate to the rumen where they develop into adult flukes, and continue 

the life cycle.3, 22 

 In detail, Rao and Ayyar (1932) studied the development of 

F. elongatus in the definitive host. They have determined Cercariae indicae XXIX 

(Sewell, 1922) as F. elongatus larval stage, and the snail L. luteola (Lamarck, 1822) as 

an intermediate host. Eight weeks after the host were fed metacercaria cysts, some 

mature flukes were found in the rumen. The eggs were found in the host feces at 

eighteen weeks post-infection.21 Kishore and Shoeb (2017) supported Rao and Ayyar 

(1932) by their studies in the encystment of F. elongatus in experimental animals. 
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Cercariae indicae XXIX (Sewell, 1922) was collected and identified from L. luteola 

(Lamarck, 1822). An infective stage metacercaria was excysted on peepal leaves and 

fed to the experimental animals including guinea-pig, rabbit, albino rat, kitten, kid, and 

lamb. Juveniles identified as F. elongatus were collected from some experimental 

animals, guinea-pig, kid, and lamb at 126 days after infection. This study clearly 

identified the larval stage and its aquatic snail host in the F. elongatus life cycle.23 

However, other details of the fluke’s life-cycle are unresolved. 

 

 

Figure 3.13 Generalized life cycle of the rumen fluke.3 

 

3.1.4 Geographic distribution of Fischoederius elongatus 

 F. elongatus is widely distributed and common in Asia and Africa. 

The fluke infection in livestock has been reported in many countries, e.g. India,  

Sri Lanka, China, Taiwan, Indonesia, Japan, Korea, Philippines, Vietnam, Cambodia, 
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Borneo, Thailand, Java, Papua New Guinea, Nigeria, Senegal, Zambia, Egypt, 

Bulgaria, England, France, Poland, Hungary, Italy, Sardinia, Yugoslavia and  

Russia.19, 24-31  

 

 

Figure 3.14  Global distribution intestinal flukes studied by Chai et al., 2020.29 

 

 

Figure 3.15 Global distribution of amphistomes studied by Sey (1991).8 

 

 In Thailand, epidemiological surveys of Wongsawad (2000) Chiang 

Mai University, North-Thailand are supportive of this finding and indicate that ~90% 
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of cattle in Chiang Mai province suffer from infection with Paramphistomum and/or 

Fischoederius spp..31 An epidemiological survey in Suphanburi province, Thailand in 

2020 reported 60.5% of the cattle infected with rumen flukes including Fischoederius, 

Gastrothylax, Carmyerius, and Paramphistomum, and also the liver fluke F. gigantica. 

The co-infection had two case reports.19 

 

 

Figure 3.16 Geographic distribution of the rumen fluke and liver fluke in Suphanburi 

Province.19 

 

3.1.5 Pathogenesis of paramphistomiasis 

 F. elongatus is a food-borne gastrointestinal fluke that causes 

paramphistomiasis, a common disease in livestock. They inhabit the rumen of 

ruminants and induce mucosal inflammation with associated mucoid diarrhea. The 

disease affects young animals with significantly increased mortality during acute 

infection. Many clinical reports demonstrated paramphistomiasis which is produced by 

various species of rumen flukes. The pathological changes are closely related to the 

number of flukes and the development of the flukes in the definitive host. The intensity 

of damage is associated with the number of metacercariae ingested. Newly excysted 

juveniles induce pathology in the small intestine. Most of them are located in the 

proximal region of the intestine. A large number of the parasites attaches to the mucosa 

of the host and causes hyperemia, thickening and hemorrhage. As shown in Figure 

3.17a and Figure 3.17b, the immature flukes attach by their acetabulum at the villi of 

duodenum wall of the infected host. The flukes migrate through the submucosa of the 
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intestine which stimulates immune cells to surround and attack them and causes 

inflammation as shown in Figure 3.17d.32 Adult flukes cause damage to the rumen by 

fibrotic inflammation. The host villi are shortened and thickened and even are destroyed 

in some areas in the late phase of paramphistomiasis.33, 34 The clinical sign generally 

appears at 2–4 weeks postinfection with diarrhea in the host, mostly in 4–18 months 

old cattle infected with a massive number of immature flukes. The pathology of the 

disease stimulates a severe diarrhea in the host, and significantly increases mortality 

during acute infection.3, 5, 35, 36 Importantly, a Chinese woman from Guangdong Province 

was reported to be the first human infection case, but it is still unknown how she was 

infected.37 

 

 
 

Figure 3.17 Pathogenesis of paramphistomiasis in sheep. (a) Attachment of acetabulum 

of amphistome to the villi of duodenal wall of sheep; (b) Paramphistomum epiclitum 

attacked the duodenal wall; (c) Amphistome-sheep tissue section; (d) Amphistome 

surrounded by immune cells.32, 36 
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3.1.6 Diagnosis of the rumen fluke 

3.1.6.1 Microscopic examination 

  The most common diagnostic method of F. elongatus is the 

microscopic examination. The routine protocol is based on fecal egg count by using 

sedimentation techniques. Common amphistome eggs are particularly heavy eggs that 

are 160–180 μm in size. Clear identification of the eggs requires contrast stains such as 

methylene blue or methyl green. However, the morphology of the rumen fluke is similar 

to the liver fluke. Both of them have a large oval operculated egg with a thin shell. The 

Fasciola eggs showed a more yellowish color than the Fischoederius eggs.38-40 In 

research, Semichon’s carmine whole mount staining method is used to identify the adult 

stage of the flukes. However, with this method it is hard to distinguish F. elongatus 

from other paramphistomes and the liver fluke Fasciola gigantica. A histological 

examination is necessary for clear identification, but it requires a specialist and is time-

consuming. An alternative diagnostic method is requested.16 

 

Figure 3.18 Egg stage under microscopic examination (a) Fischoederius elongatus;  

(b) Fasciola gigantica.19 

 

3.1.6.2 Molecular Diagnostics 

(1) High annealing temperature-random amplification of 

polymorphic DNA (HAT-RAPD) method 

 Wongsawad et al., 2007 investigated the genetic diversity of 

trematodes by PCR-based HAT-RAPD method. Six arbitrary primers were designed 

and used to examine the polymorphic bands of DNA (OPA-02, OPA-05, OPA-7,  

a b 
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OPH-11, OPQ-14 and OPW-14). F. elongatus was one member of the investigated 

trematodes. The adult flukes were collected from the north of Thailand and thoroughly 

identified by their morphology. The agarose gel-determined DNA patterns of  

F. elongatus contained a total of 42 bands of DNA with sizes between 100–1,010 bp 

and were generated by using five primers (eight bands of 180–780 bp with OPA-02, six 

bands of 100–880 bp with OPA-07, thirteen bands of 190–1,010 bp with OPH-11, six 

bands of 200–900 bp with OPQ-14 and nine bands of 550–800 by with OPW-14). No 

band was observed in any investigated trematode by using OPA-05. The result showed 

that DNA bands of F. elongatus from different provinces were monomorphic bands 

that did not show variation between the samples.24, 41  

 Another six primers were designed to distinguish 

F. elongatus from other amphistomes including P. epiclitum and Orthocoelium 

streptocoelium (OPA-2, OPA-4, OPA-5, OPB-18, OPC-9 and OPH-11). DNA patterns 

of F. elongatus were generated using six primers, and the result showed following 

products, 760 bp with OPA-2, 670 and 1,159 bp with OPB-18, 670 and 950 with  

OPC-9, 260, 435 and 590 bp with OPH-11. No product was obtained with OPA-5. The 

similarity index based on HAT-RAPD patterns demonstrated that the index was 0.0645 

between P. epiclitum and F. elongatus, and 0.0500 between O. streptocoelium and  

F. elongatus. The study demonstrated that DNA patterns from each primer might 

distinguish F. elongatus from O. streptocoelium and P. epiclitum. However, DNA 

patterns of nearby species (e.g. Gastrothylax crumenifer, Carmyerius spatiosus and  

F. cobboldi) need to be investigated in further studies.41, 42  

(2) Ribosomal internal transcribed spacer (ITS2) sequence 

 Molecular phylogeny of rumen flukes was investigated by 

using the ribosomal internal transcribed spacer (ITS2) region. ITS2 is a molecular 

marker that showed variation among species. The phylogenetic resolution was 

improved with a secondary structure analysis using sequence-structure data 

combination. ITS2 region of F. elongatus was amplified using universal primers, 

designed on Schistosoma 5.8S and 28S sequences. The product size was 520 bp and the 

sequence could differentiate the fluke from other species (F. cobboldi, G. crumenifer, 

C. spatiosus and Velasquezotrema tripurensis). The sequence was submitted to NCBI 

databases with the accession number GU133062 and annotated as ITS2 sequence of  
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F. elongatus. However, ITS2 sequences are highly conserved among rumen flukes. The 

inferred ITS2 secondary structure of F. elongatus revealed a four-helix domain 

containing a UGGU motif and a U:U mismatch in the second helix with minimum free 

energy of –115.70 kcal/mol. Phylogenetic analysis based on rumen fluke ITS2 

secondary structures showed high resolution and could differentiate family 

Gastrothylacidae from family Paramphistomidae by high bootstrap value. However, the 

amphistome clade between genus Fischoederius and genus Carmyerius was not clearly 

resolved with ~70% bootstrap value. F. elongatus ITS2 showed no intraspecies 

variation but high interspecies variation ranging from 0.4 to 4.7% with G. crumenifer 

and F. cobboldi. Accordingly, ITS2 might be somewhat useful as a DNA marker in 

distinguishing the amphistomes.43-45  

(3) Mitochondrial cytochrome c subunit I (mtCOX1) 

sequence 

 Gastrothylacid species identification was investigated by 

using the sequence of mitochondrial cytochrome c subunit I (mtCOX1). The mtCOX1 

sequence was found highly conserved and useful for species-specific identification of 

G. crumenifer, F. cobboldi and F. elongatus. The rumen flukes were collected from 

different host species (Bos indicus, Bubalus bubalis and Capra hircus) and locations of 

Northeast India (Meghalaya, Tripura and Nagaland). The mtCOX1 sequences were 

submitted to NCBI databases with the accession numbers JQ806365, JX518952, and 

JX518953, respectively. Sequence analysis of a 394 bp mtCOX1 fragment showed no 

intraspecies variation of F. elongatus mtCOX1. Interspecies variation ranged from 5.6 

to 11.9%. All mtCOX1 motifs of F. elongatus were species-specific motifs. The 

mtCOX1 region showed higher variation between the three species than the ITS2 

region.45 

 The mtCOX1 region was used for discrimination of rumen 

fluke eggs from liver fluke eggs in Suphanburi Province, Thailand. The eggs of these 

flukes have slightly similar morphology and are difficult to distinguish from each other. 

Both of them have a large oval operculated egg with a thin shell.38-40 The Fasciola eggs 

showed a more yellowish color than the Fischoederius eggs. The mtCOX1 was 

investigated as a molecular marker using PCR amplification. A 989 bp mtCOX1 

fragment was used in this study. The positive rate of the method was about 72%. 
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Phylogenetic analysis of the 989 bp mtCOX1 sequences showed six clades 

Fischoederius, Gastrothylax, Carmyerius, Paramphistomum, Explanatum, and 

Fasciola spp.. The study showed that mtCOX1 was an effective marker for amphistome 

identification.19 

3.1.6.3 Immunodiagnostics 

 Immunological studies of F. elongatus in the host were not 

found, thus this review focuses on data from the amphistome P. epiclitum. Hassan and 

Juyal (2006) investigated the immunodiagnosis of paramphistomiasis in domestic 

ruminants using dot-ELISA and Western blot analysis. Rabbit antiserum against adult 

P. epiclitum showed high titer at 1:40,000 dilution. Western blot profile revealed seven 

immunogenic bands at molecular weight range 32.5–94.4 kDa (32.5, 37.5, 42.2, 44.6, 

53.08, 59.5 and 94.4 kDa). Cross-reactive band between P. epiclitum and Cotylophoron 

cotylophorum was 42.1 kDa, and the cross-reactive bands between C. cotylophorum 

and G. crumenifer were 50.1, 56.2 kDa.46  

 Salib et al., 2015 evaluated indirect ELISA and western 

blotting for diagnosis of Paramphistomum spp. and Carmyerius gergaerius infected 

cattle and buffaloes in Egypt. Indirect ELISA from 84 collected samples showed high 

sensitivity, specificity, and accuracy at 74.0%, 82.4%, and 79.6%, respectively. 

Western blot analysis of a somatic antigen immunized rabbit antiserum and an infected 

animal serum represented six immunogenic bands at molecular weight range 27–87 

kDa (27, 39, 58, 63, 71, and 87 kDa). The specific immunogenic band was found at 63 

kDa reacting with Paramphistomum spp. and at 71 kDa reacting with C. gergaerius.47  

 A recent study on the excretion/secretion (ES) antigens of  

F. elongatus showed prominent protein bands at 14 kDa, 20 kDa, and 66 kDa. These 

prominent ES proteins are potential target antigens for further analysis.48 These studies 

showed that there are immunodominant antigens of the fluke that can be developed as 

diagnosis tool.  

3.1.7 Control and treatment of the rumen fluke 

  The control program of the rumen fluke encourages the interruption 

of parasite life cycle which can be achieved through diagnosis, vaccine and drug 

treatment. The drug of choice for intestinal trematode treatment is praziquantel. The 

oral dose for human therapy is 25 mg/kg TID.49 Bithionol sulfoxide, niclosamide, 
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hexachlorophene, fenbendazole, and oxyclozanide are effective anthelmintics against 

amphistomes in ruminants.50, 51 Horak (1967) showed that the effective dose of 

bithionol sulfoxide against both immature and adult amphistomes in sheep is 25–100 

mg/kg, but not against immature flukes in cattle.52 Treatment with 40 mg/kg bithionol 

sulfoxide indicated 80–100% cure rate in ruminants.53 Rolfe et al., 1987 showed that a 

single dose (18.7 mg/kg) of oxyclozanide combination with levamisole had 94–98% 

effectivity against immature and adult amphistomes after 14 days treatment in cattle. 

Two doses three days apart of oxyclozanide showed 99–100% effectivity.51 This drug 

also had high effectivity against P. leydeni in sheep at 99%.54 However, Jeyathilakan  

et al., 2003 reported only at 84% effectivity of oxyclozanide in sheep in Tamil Nadu, 

India.55 Hexachlorophene also showed high effectivity against amphistome with a 

single dose of 20 mg/kg. However, the researcher found that some animals had 

neurological signs post-treatment.51 However, due to the limited number of available 

drugs, the parasites might develop resistance against these drugs and the search for 

alternative treatment was encouraged.3, 56  

  In Thailand, Prasitirat et al., 1996 studied chemotherapy of naturally 

rumen fluke infected cattle. The result showed that bithionol sulfoxide was the most 

effective drug against the flukes with drug dosage at 80–90 mg/kg with a cure rate of 

70% one week post treatment. The side effects of the drug were observed within 24 

hours after drug administration e.g. diarrhea and anorexia.57, 58  

  Furthermore, misdiagnosis may lead to incorrect drug treatment and 

development of resistance. Oxyclozanide has activity against immature and adult 

rumen flukes, but only effects adult liver flukes. Routine use of oxyclozanide against 

rumen flukes provides co-infecting immature liver flukes with an opportunity for 

development of resistance in adult worms.59 Nzalawahe et al., 2018 reported a case of 

reduced effectiveness of anthelminthic drug in F. gigantica and amphistomes. This 

study showed that all five treatments including Albendazole, Nitroxynil, Oxyclozanide, 

Closantel and Triclabendazole were effective against F. gigantica at 14 days post-

treatment in Iringa Rural and Arumeru Districts. However, Albendazole showed only 

89% fecal egg count reduction (FECR) in Iringa Rural District and 49% FECR in 

Arumeru District. Only Oxyclozanide showed high effectivity against amphistomes 

with 99% FECR in both districts at 14 days post-treatment. Partial albendazole 
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resistance in F. gigantica might have been due to a too low dose of the drug. Mixed 

infection between F. gigantica, amphistomes, nematodes is commonly found in both 

districts. The liver fluke might have been exposed to an Albendazole dose below the 

recommended dose of 10 mg/kg because the recommended dose for amphistomes, 

nematodes is 7.5 mg/kg. Over time this might lead to resistance in F. gigantica.60 

 

3.2 Mitochondrial genome sequence of Fischoederius elongatus 

 

3.2.1 Complete mitochondrial genome sequence from Tianmen, 

China 

  Yang et al., 2015 researched the mitochondrial genome sequences 

of F. elongatus providing basic knowledge for phylogenetic and epidemiological 

studies. The conserved regions of F. elongatus mitochondria were amplified by using 

12 oligonucleotide primers that were designed according to selected trematode 

mitochondrial sequences including cox3, cytb, nad4, cox1, rrnS and nad5. The 

mitochondrial fragments were manually assembled by comparison with other 

trematode mitochondrial genomes and then analyzed by bioinformatics. The results 

showed that the complete mitochondrial genome of F. elongatus is 14,120 bp in length 

(GenBank: KM_397348). The mitochondrial genome contains 12 protein-coding 

genes, 22 tRNA genes, 2 rRNA genes and 2 non-coding regions that are transcribed in 

the same direction. The twelve protein-coding genes are encoded by 10,107 

nucleotides. The most common initiation codon of the protein-coding genes is ATG, 

and the termination codons are TAG and TAA. Phenylalanine is the most frequently 

used amino acids of the protein-coding genes. The 22 tRNA genes range from 60–71 

bp. The two rRNA genes consist of rrnS and rrnL. The two non-coding regions consist 

of one long non-coding region (LNR) and one short non-coding region (SNR). The 

organization of the mitochondrial genome is shown in Figure 3.19. Phylogenetic 

analysis of mitochondrial genomes showed that F. elongatus was closely related to  

P. cervi.61 
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Figure 3.19  Arrangement of the mitochondrial genome of Fischoederius elongatus 

from Tianmen, China (GenBank: KM_397348). The mitochondrial genome is 14,120 

bp in length containing 12 protein-coding genes, 22 tRNA genes, 2 rRNA genes and  

2 non-coding regions, encoded in the same direction. The 12 protein-coding genes are 

arranged in the following order; cox3, cytb, nad4L, nad4, atp6, nad2, nad1, nad3, cox1, 

cox2, nad6 and nad5. rrnS rRNA gene is located between tRNA-Cys and cox2 and rrnL 

rRNA gene is located between tRNA-Thr and tRNA-Cys. Long non-coding region 

(LNR) is located between tRNA-Phe and cox3, and short non-coding region (SNR) is 

located between cytb and nad4L.61 
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3.2.2 Complete mitochondrial genome sequence from Shanghai, 

China 

  Han et al., 2020 reported the mitochondrial genome extracted from 

F. elongatus in Shanghai, China (GenBank: MN537973). The genome length is 14,288 

bp that contains 168 bp longer than the previously reported F. elongatus mitochondrial 

genome (GenBank: KM_397348) due to the high mutation rate of mitochondrial 

genome. Mitochondrial genome MN537973 was assembled and annotated by using the 

programs DOGMA and MITOS. Twelve protein-contig genes were predicted including 

cox1–3, nad1–6, nad4L, atp6, and cytb that encoded a total of 3,284 amino acids. Gene 

atp8 was not present. All genes in MN537973 were arranged as in KM_397348. Gene 

nad2 showed the highest level of nucleotide diversity, and gene nad6 showed the lowest 

level of nucleotide diversity using sliding window analysis. A total of 22 transfer RNAs 

and two noncoding regions were predicted in MN537973. The 22 tRNA genes ranged 

from 61–71 bp length. The two rRNAs were separated by tRNA-Thr and were located 

between cox1 and cox2. This genome also contained two AT-loops which were located 

between cytb and tRNA-Glu. The overall A+T content was 63.83%. The most frequent 

initiation codon was ATG, followed by GTG, and the most often present termination 

codon was TAA. The two F. elongatus mitochondrial genomes isolated from Tianmen 

and Shanghai China had 98.73% nucleotide identity. The organization of the 

mitochondrial genome is shown in Figure 3.20.62 
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Figure 3.20  Arrangement of the mitochondrial genome of Fischoederius elongatus 

from Shanghai, China (GenBank: MN537973). The mitochondrial genome is 14,288 

bp in length containing 12 protein-coding genes, 22 tRNA genes, 2 rRNA genes and  

2 non-coding regions, encoded. The 12 protein-coding genes are arranged in the 

following order; cox3, cytb, nad4L, nad4, atp6, nad2, nad1, nad3, cox1, cox2, nad6 and 

nad5. The two rRNAs are separated by tRNA-Thr and are located between cox1 and 

cox2. AT-loops are located between cytb and tRNA-Glu.62 
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3.3 Transcriptome study of trematode 

 

3.3.1 Definition of transcriptome 

 The transcriptome is defined as the complete set of all RNA 

molecules, including mRNA, rRNA, tRNA and other non-coding RNA transcribed in 

a cell or a population of cells. The quantity of each transcript can demonstrate the gene 

expression pattern in the analyzed tissue/cell and will show a wide range due to the 

required amounts for each product involved in various biological processes. It might 

also be indicative for healthy and disease state. Essential techniques for transcriptome 

analysis are real-time quantitative PCR (qPCR) and RNA-Seq.63-66 

3.3.2 Transcriptome Techniques 

3.3.2.1 Real-time quantitative polymerase chain reaction 

  Real-time quantitative polymerase chain reaction (qPCR) 

analyzes gene expression by visualizing the abundance of the transcript in real time 

progression. The technique is highly quantitative and sensitive and is mostly used to 

explore a relatively small number of transcripts in a large set of samples. The general 

principle of real-time qPCR is based on polymerase chain reaction. The process consists 

of a series of temperature changes including the denaturing stage at 95°C to allow the 

separation of the double chain nucleic acid into single chains, the annealing stage at 

between 50–60°C to allow the binding of the primers with the template, and the 

extension stage at between 68–72°C to facilitate synthesis by DNA polymerase. During 

the thermal cycle of PCR, the fluorescence intensity of each target transcript is detected 

according to its amount in the sample. There are two types of real-time qPCR for 

generating the fluorescence emission; using (1) the double-stranded DNA-binding dyes 

and (2) the hybridization probes.67-69 

(1) Double-stranded DNA-binding dyes 

  Real-time qPCR with non-specific double-stranded DNA-

binding dyes that act as reporters. The dyes bind at the minor groove of all double-

stranded DNA in extension stage, then the fluorescence is excited and emitted in 

denaturing stage. An increase of DNA product during PCR cycle leads to increase of 

the fluorescence intensity that is measured by a detector. The fluorescence level of 

target transcripts is usually normalized against a stable expressed gene to ensure 

Ref. code: 25625612330018TUB



31 

 

accuracy in the quantification.67, 68 

(2) Hybridization probes 

 A hybridization reporter probe significantly increases 

specificity of real-time qPCR. Fluorescent dyes detect only the DNA containing the 

specific probe sequence that allows the detection of several genes in the same reaction. 

DNA-based probe is designed with a fluorescent reporter at 5' end and a quencher of 

fluorescence at 3' end of the probe. During the polymerization, Taq polymerase, 

containing 5' to 3' exonuclease activity, breaks the reporter-quencher proximity and 

allows the emission of fluorescence. An increase of target product in each thermal cycle 

causes a proportional increase in fluorescence.67, 68 

 

 
 

Figure 3.21  TaqMan® hybridization probe method; (a) Denaturing stage: An intact 

reporter fluorescence is quenched; (b) Annealing stage: Probes hybridized to the 

template and reporter fluorescence is still quenched; (c) Extension stage: During PCR, 

the probe is degraded by the Taq polymerase and the fluorescent reporter released.70 
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3.3.2.2 RNA-Seq 

(1) Illumina® next-generation sequencing (NGS) platform 

 Next-generation sequencing (NGS) has been developed for 

massively parallel analysis allowing for increased base coverage. NGS provides ability 

to look at gene expression level, gene fusion, gene mutations, transcription processes, 

post-transcriptional modifications and biological pathway changing.71, 72 Illumina® dye 

sequencing is one technique of NGS, an invention of Solexa Company. This sequencing 

method is based on a clonal array formation and reversible dye-terminators enabling 

the identification of single bases that are introduced into DNA strands. The workflow 

of this techniques is in three basic steps: amplify, sequence and analyze as shown in 

Figure 3.22. The sequencing process begins with the ligation of DNA fragments to 

adapters at both ends. Then, the DNA templates are immobilized onto the flow cell 

surface and several million dense clusters of double-stranded DNA are generated by 

solid-phase bridge amplification. The sequencing is provided through sequencing by 

synthesis (SBS). During each sequencing cycle, four reversible dye-terminators bases 

are added and incorporated at the binding sites on the DNA template. After laser 

excitation, the fluorescent dye is captured to identify the base, and enzymatically 

cleaved out to allow competing of next nucleotide into the template. The sequencing 

cycles go on to determine the sequence, one base at a time. The sequence data are 

collected and aligned to references. This technique offers high accurate large-scale 

sequencing and gains actual sequencing data rapidly.72-76 Illumina® sequencing  

is widely used in trematode transcriptome study, e.g. Schistosoma mansoni,77  

S. turkestanicum78 and Fasciola gigantica.79 
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Figure 3.22  Illumina® sequencing; (a) Randomly fragmented DNA is ligated into 

adapters and bound to the flow cell surface; (b) Unlabeled nucleotides and enzyme are 

added to initiate solid-phase bridge amplification and generated double-stranded DNA 

templates; (c) The double-stranded DNA templates are denatured to form single-

stranded templates, and repeated amplification, resulting in several million dense 

clusters of double-stranded DNA on the flow cell surface; (d) Four labeled reversible 

terminators nucleotides are added and incorporated into DNA template, then the 

emitted fluorescent from each cluster is captured after laser excitation. The 

complementary base is identified, the sequence data is collected and aligned to a 

reference.74 
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(2) Transcriptome Assembly 

 Transcriptome is generated from raw sequence reads by 

using assembly methods. A reference-based assembly is operated by mapping raw 

sequences on to a reference genome. The genome alignment reconstructs and 

characterizes the order of transcript sequences. However, this method is incapable for 

incidents of structural alterations of mRNA transcripts e.g. alternative splicing. In case 

a genome sequence is not available then de novo assembly is used for creating the 

transcriptome. The assembly is calculated by computer algorithms that determine and 

compile the overlaps between each pair of reads. The quality of de novo assembly is 

verified by aligning the assembled sequences of conserved genes to the sequences from 

closely related species.80-82 

 For example, the program Trinity performs de novo 

assembly of transcriptome base on mapping-first approaches. Trinity has three steps 

including Inchworm, Chrysalis, and Butterfly. Inchworm reads the raw transcript data 

and tries to concatenate the single small reads. As a result a set of the longest paths 

possible for each k-mer appears. Then, Chrysalis merges all the paths in the set. In the 

end Butterfly cuts the unnecessary edges and extracts all possible sequences. The full-

length assembly in all steps using de Brujin graphs as shown in Figure 3.23.80 
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Figure 3.23 Trinity assembling overview (a) Inchworm; (b) Chrysalis; (c) Butterfly.80 

 

 

 

 

 

 

 

Ref. code: 25625612330018TUB



36 

 

3.3.3 Transcriptomes of trematodes 

 Some of the most neglected tropical diseases in mammals are caused 

by parasite flatworms including Schistosoma mansoni, Fasciola hepatica, F. gigantica, 

Opisthorchis viverrini, Clonorchis sinensis, Paramphistomum cervi, Calicophoron 

daubneyi, and Fasciolopsis buski. Currently, only a limited set of effective drugs and 

vaccines candidates are available. Hence, many researches focus on the investigation 

of the key targets for parasiticidal chemotherapy. By using next-generation sequencing 

(NGS) technologies such as 454-Roche and Illumina, the transcriptomes of the adult 

stage of trematodes were characterized and analyzed by bioinformatics platforms based 

on homology, gene ontology, and pathway mapping. The most abundant putative 

proteins might be the intervention targets that play regulatory roles in host-parasite 

interactions and pathogenesis. Understanding the present transcriptome data of 

trematodes provides fundamental knowledge for further investigation and development 

of novel treatment and control of these parasites. 

3.3.3.1 Schistosoma mansoni 

 Six stages of Schistosoma mansoni were used to obtain 

163,000 expressed-sequence tags (ESTs) from normalized cDNA libraries. ESTs were 

assembled and generated 31,000 sequences, representing 77% of putative new 

S. mansoni gene fragments. Fourteen thousand genes were predicted by using BLASTX 

searching against the Swiss-Prot dataset. Serial analysis of gene expression (SAGE) 

suggested that 50% of all genes were active in adult stage. Gene ontology classification 

of S. mansoni transcriptome showed that the most frequently identified biological 

process categories were protein metabolism, nucleic acid metabolism and transport. 

The metazoan-specific and eukarya-conserved sequences were characterized by 

comparison with known proteomes. The results showed that the metazoan-specific 

genes had essential role for eukaryotic cell function. S. mansoni transcriptome data also 

represented the alternative drug and vaccine targets. For example, L-type calcium 

channel alpha subunit gene that is a paralogous gene of calcium channel subunits, the 

target of praziquantel, might act as a new anthelminthic target; A group of homologs of 

Plasmodium circumsporozoite protein represented potential surface-exposed proteins 

of the parasite with potential as vaccine candidates.83, 84  
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3.3.3.2 Fasciola hepatica 

 The transcriptome of adult Fasciloa hepatica sampled from 

a sheep with naturally acquired infection was characterized by using 454-Roche next 

generation sequencing. More than 590,000 reads were generated and used for de novo 

assembly. A total of 135,645 unique sequences after assembly were searched against 

the present sequence database, including NCBI non-redundant sequence databases for 

both public nucleotide and protein sequences, SchistoDB for S. mansoni and the 

Shanghai Centre for Life Science & Biotechnology Information for S. japonicum. The 

result showed 82.4% of the sequences were novel sequences. ORFs were predicted 

from 73,180 of re‑clustered sequences with 15,423 ORF-enriched contigs. Comparative 

genome analysis between F. hepatica and other organism showed that F. hepatica had 

the highest similarity with Schistosoma spp. at 40.1%, E-value < 1E-05. All predicted 

proteins were classified for potential molecular function and biological pathway which 

might lead to discovery of potential targets for drug and vaccine development. 

Examples of those were the excretion/secretion proteins that are involved in host-

parasite interaction, e.g. protease, antioxidant, fatty acid-binding protein and 

prolylcarboxypeptidase-like proteins. Importantly, cysteine peptidases that are 

significant for trematode interventions were classified with similarity to known 

sequences, including cathepsin B, cathepsin L, and legumain, and novel sequences in 

the family Fasciolidae, including calpain and cathepsin F.85, 86 

3.3.3.3 Fasciola gigantica 

 The transcriptome of adult stage Fasciloa gigantica was 

characterized using Illumina high-throughput sequencing and bioinformatics platform. 

More than 20 million raw read sequences were generated and submitted to the NCBI 

databases with the accession number SRA024257. A total of 30,525 unique sequences 

was established after assembly. Sequence homology between F. gigantica and key 

eukaryotes were analyzed using BLASTX. The results showed that 91.0% of 

F. gigantica sequences matched with NCBI non-redundant sequence databases. The 

highest sequence similarity was found in F. hepatica. Comparative protein sequence 

analysis among the Trematoda showed that 38.3% of the sequences in family 

Fasciolidae (F. gigantica and F. hepatica) had highest conservation to sequences in the 

family Schistosomatidae followed by family Opisthorchiidae (26.8%). Only 253 
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protein sequences of F. gigantica were highest conserved in other trematodes but 

distinct in other eukaryotes, including proteases, membrane transporter protein and 

protein associated cellular signaling pathway. These proteins might represent key 

proteins in the host-parasite interaction. Based on gene ontology and KEGG pathway 

annotation, the most abundant transcripts of F. gigantica play important roles in the 

host immune modulation, including antioxidant molecules and proteases. For example, 

peroxiredoxin, thioredoxin and glutathione transferases interrupt the host-derived 

reactive oxygen species from the flukes. Cysteine proteases, catalytic enzymes, cleave 

host immunoglobulins. In conclusion, transcriptome study of F. gigantica provided 

biological knowledge of the flukes and essential information for development of novel 

trematode interventions.79 

3.3.3.4 Opisthorchis viverrini 

 The transcriptome of Opisthorchis viverrini was 

characterized by 454‑Roche sequencing. More than 600,000 sequences were generated 

and assembled by an automated in silico assembly pipeline. A total of 162,487 

sequences after assembly was collected, and 66.0% of those was predicted as ORF 

containing. Then the sequences with ORFs were re-assembled into supercontigs, 

resulting in 14,698 sequences of ORF-enriched supercontigs. Annotation of predicted 

proteins in transcriptome dataset revealed 33.3% of ORF-enriched sequences matched 

with available sequences in NCBI databases. About 70% of protein sequences from the 

transcriptome dataset were novel proteins. Predicted proteins of O. viverrini 

transcriptome shared greatest similarity to proteins of other trematodes (Clonorchis 

sinensis, S. mansoni, S. japonicum and F. hepatica) with 21.5% mean similarity. A total 

of 10,835 protein sequences showed high conservation with O. viverrini but no match 

with other trematodes. Protein functions were characterized based on gene ontology 

and KEGG pathway annotation. The results established 1,271 GO terms and 249 

biology pathway terms. The protein functions of putative excretion/secretion proteins, 

which were identified by presence of a signal peptide and absence of a transmembrane 

domain, were predicted. ES products involved in metabolic pathways and the immune 

system were identified. These proteins were implicated in the development of  

O. viverrini induced cholangiocarcinoma. Thus, ES products are potential candidates 

for drug and vaccine strategies.87  
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3.3.3.5 Clonorchis sinensis 

 The transcriptome of Clonorchis sinensis was characterized 

by using massive high-throughput sequencing. A total of 574,448 raw reads sequences 

were generated, assembled and searched for protein homology. 19,047 C. sinensis 

ORF‑enriched sequences matched with known proteins in the NCBI databases. 

C. sinensis had the highest similarity with other trematodes, including S. mansoni, 

S. japonicum, F. hepatica and O. viverrini. 9,527 proteins were uniquely found in 

C. sinensis. Comparative genome analysis among C. sinensis, selected nematodes and 

mammals showed C. sinensis predicted proteins had greater similarity to mammals than 

nematodes. Base on gene ontology and KEGG pathway, the protein functions profiles 

of C. sinensis were similar with O. viverrini. A significant proportion of predicted 

proteins was associated with metabolic processes and immune system. For example, 

the peptidases in the parasite excretion/secretion product play a role in immune 

modulation by cleaving host immunoglobulin. These proteins are a virulent factor in 

the pathogenesis of cholangiocarcinoma. Further study of those proteins will provide 

knowledge for novel drug and vaccine development.87 

3.3.3.6 Paramphistomum cervi 

 Transcriptome analysis of the rumen fluke Paramphistomum 

cervi from three different definitive hosts (sheep, goat and buffalo) provided a total of 

7,433,721 raw reads in pooled data by using Ion Torrent PGM platform. The raw reads 

were assembled and filtered to remove contaminating sequences from Bos taurus, 

resulting in 3,272,893 total reads (43,753 transcript contigs). The assembled transcripts 

included a total of 7,003 full-length and open reading frame complete sequences. 

Parasite species identification was done by using bi-directional BLASTN against the 

complete P. cervi mitochondrion genome. The result showed high identity of P. cervi 

contig sequence with cytochrome oxidase subunit I. BLASTN alignment matched with 

the complete P. cervi mitochondrion genome sequence at E-value = 3.00e-70. 

Transcriptome annotation showed that 53.6% of the predicted proteins from P. cervi 

had similarity to proteins in NCBI databases. The proteins that had the highest 

percentage of top-hits were C. sinensis proteins. Comparison of transcript abundance 

among three different definitive hosts revealed the highest expression of transcripts was 

established in sheep. Proteins that play important roles in parasite living or in host-
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parasite interaction were upregulated e.g. fatty acid binding proteins, cysteine 

proteases. T-cell epitope was predicted to serve as the potential targets for vaccine 

candidates. Cathepsin L was identified through the epitope GSISIAINA that was 

conserved in all transcriptome datasets of P. cervi isolated from three different 

definitive hosts. The presented data will provide the fundamental biological knowledge 

in this parasite and support identification of novel targets in vaccine development.88  

3.3.3.7 Calicophoron daubneyi 

 The transcriptome of adult Calicophoron daubneyi from an 

individual specimen collected from a bovine host was performed on an Illumina 

HiSeq2500 platform. A total of 226,188,786 raw reads sequences were generated and 

then, 54,617 unique genes components were identified from the raw assembled 

sequences while 69.51% of gene components were observed without BLASTX/P 

annotation. Thirty eight of the 50 most highly expressed gene sequences showed 

significant conservation with the SRA files for P. cervi (accession no. SRA091604, 

SRA039814, SRA091607). All of those are unidentified components. Most of the 

highly expressed genes are involved in reproduction e.g. eggshell and vitelline protease, 

respiratory process, tubulin, and ferritin. Only 1.8% of the peptides encoded in the  

C. dauvbneyi transcriptome were predicted to contain a signal peptide. Other 

trematodes showed higher numbers of peptides with a signal peptide, e.g. 4.1% in 

Fascioloides magna and 5.1% in F. gigantica. Gene Ontology (GO) analysis showed 

that most of biological process terms were related to organic substance, primary and 

cellular metabolic processes. Most molecular function terms were related to binding 

activities. The cellular component terms were identified as intracellular and membrane 

component terms. Transcriptome data showed that all of phase I, II and III 

detoxification genes were obtained in the C. dauvbneyi transcriptome which might be 

related to their survival in the extreme environment of the cattle including CYP450s, 

GSTs and FABPs, respectively. CYP450 genes were identified as cytochrome P450 

monooxygenase and NADPH-cytochrome P450 reductase with the key motifs. 

CYP450s are involved in parasite biology and xenobiotic detoxification. A total of 19 

GST genes in 4 GST classes were identified in the transcriptome data. These proteins 

play roles as antigens and immunomodulators. FABPs were also found in the highest 

abundant proteins in proteome study including CdFABP IL1 and CdFABP IL2. FABPs 
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might play an important role in survival in the rumen environment. The presence of 

FABPs and peptidase proteins in the C. dauvbneyi transcriptome is comparable to 

nearby trematodes, e.g. F. magna and F. hepatica. This study supports further analysis 

of host-parasite interaction at rumen stage.89 

3.3.3.8 Fasciolopsis buski 

 The Illumina HiSeq1000 platform was used for 

transcriptome analysis of Fasciolopsis buski. A total of 32.01 million paired end reads 

were generated with high quality raw reads. 12,380 annotated genes of 30,677 unigenes 

were found by searching against NCBI non-redundant (nr), Uniprot/Swissport, and 

Uniprot/trEMBL databases. 6,752 unigenes were detected in all three databases. NCBI 

BLAST analysis showed that F. buski sequences had significant matches with  

C. sinensis, S. mansoni, and S. japonicum, and less with Fasciola spp. A total of 1,406 

putative ES proteins were predicted based on the presence of signal peptides. Based on 

Clusters of Orthologous (COG) analysis most unigenes were mapped to General 

function partion. A total of 6,658 unigenes were matched with 36,433 gene ontology 

terms. Most of them were involved with cellular component organization and 

multicellular organism process. By comparison with other trematode transcriptome 

datasets including F. hepatica, F. gigantica, C. sinensis, O. viverrini, S. mansoni, and 

S. japonicum, 54% of the unigenes were found in any individual trematode and 19% of 

the unigenes were found in all trematodes. Venn diagram of homologous proteins 

showed that F. buski was related to Fasciolidae supported by strong bootstrap. Highly 

expressed genes of F. buski transcriptome were linked to translation process. A total of 

478 peptidase proteins were identified classified into six catalytic types and 138 

protease inhibitors by searching against MEROPS databases. Serine protease was the 

highest expressed protease, followed by protease inhibitor and cysteine protease. This 

expression pattern is different from other trematodes. Those proteases play important 

roles in host-parasite interaction, e.g. immune evasion. Moreover, the most highly 

expressed genes represented functions in metabolic process and reproductive process. 

For example, cytoskeleton protein plays a role in glycogen storage in adult parasite. 

FABP has functions in lipid transport and storage. Globin genes might be involved in 

oxygen transport and scavenger in parasite. F. buski transcriptome contained 

transposable elements and expressed genes involved in RNAi pathway. These 

Ref. code: 25625612330018TUB



42 

 

transcriptome data provided biological knowledge for parasite diagnosis and vaccine 

innovation.90 

 

3.4 Parasite excretion/secretion (ES) product 

 

3.4.1 Definition of parasite excretion/secretion product 

  Flukes release excretory/secretory products through the excretory 

system and cellular secretory pathways especially tegumental layer, digestive tract and 

reproductive tract epithelia. Parasites also adapt these secretory proteins for key roles 

in host-parasite interactions. Parasite excretory/secretory products act as antigens which 

induce inflammation processes and immunoregulation. The major proteins of parasite 

excretory/secretory product are proteases which for example show activity in parasite 

invasion and degradation of host chemokines, in addition they stimulate host immune 

responses.91 

3.4.2 Parasite protease 

  Proteolytic enzymes or proteases are enzymes which break down 

proteins into peptides or amino acids by hydrolysis of the peptide bonds. Proteases are 

categorized as exopeptidases and endopeptidases depending on their site of action. 

Exopeptidases catalyze the hydrolysis of the terminal amino acid of a peptide chain, 

while endopeptidases catalyze the cleavage of internal peptide bonds in polypeptides 

or proteins. Proteases are involved in a large number of regulatory processes,  

e.g. nutrient digestion, protein activation and inflammation.92 Parasites migrate through 

the host tissue by the release of proteolytic enzymes that degrade tissue barriers. This 

action stimulates host tissue inflammation. For example, parasite larvae secret serine 

proteases or metalloproteases into the ES product for migration through the intestinal 

wall or through skin or subcutaneous tissue. Parasite proteases also help parasites evade 

the immune response by host immunoglobulin degradation. Schistosoma mansoni 

releases an elastase-like serine protease activity that degrades IgE from both humans 

and rodents. Therefore, parasite proteases are major virulence factors in the 

pathogenesis of parasite diseases via parasite-host interactions. They are recruited as 

the key target for developing control programs for parasitic diseases.93  
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3.4.3 Excretion/secretion product of Fischoederius elongatus 

  Arunkumar and Krupakaran (2016) studied the polypeptide profile 

in the excretion/secretion product of F. elongatus collected from cattle. The ES product 

of the flukes was collected after 16 hours culture in RPMI-1640 medium. Protein 

concentration was 1.20 µg/µL and the proteins were separated by SDS-PAGE. Silver 

staining revealed bands ranging from 14 to 66 kDa molecular weight. Prominent protein 

bands were observed at 14, 20, and 66 kDa. Minor protein bands were observed at 35, 

40, and 95 kDa. The polyacrylamide gel of F. elongatus ES product is shown in Figure 

3.24. The prominent proteins might be suitable antigens for further studies in 

immunodiagnosis.48 

   

 

 

Figure 3.24 Silver-stained polyacrylamide gel of resolved Fischoederius elongatus ES 

product.48 

  Lane 1: Mid range protein marker 

  Lane 2: F. elongatus ES product (12 µg) 

  Lane 3: F. elongatus ES product (6 µg) 
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CHAPTER 4 

RESEARCH METHODOLOGY 

 

4.1 Morphology of Fischoederius elongatus 

 

4.1.1 Collection of Fischoederius elongatus 

    Fischoederius elongatus specimens were collected from the rumen 

of naturally infected cattle sacrificed at a local slaughterhouse. The flukes were washed 

several times in PBS pH 7.2, and then cultured in RPMI-1640 for 2 hours to allow the 

flukes to regurgitate cecal contents. The flukes were stored in liquid nitrogen until used 

in further experiments. 

4.1.2 Microscopic examination of whole fluke image 

    A single F. elongatus specimen was flattened between two glass 

slides to examine it morphology using a Nikon SMZ445 stereo microscope with a  

C-LEDS Hybrid LED Stand (Nikon Corporatation, Tokyo, Japan) at 0.8X objective 

magnification. Whole fluke image was taken using an iPhone 7 (Apple Inc., CA, USA) 

with an iDu LabCam microscope adapter for 80 iPhone 7/8 with multi-fit wide field 

10× ocular (iDu Optics LLC, NY, USA). Due to the large size of some specimens two 

overlapping images had to be merged to obtain a whole image.  

4.1.3 Semichon’s carmine whole mount staining 

    Single F. elongatus specimens were flattened between two glass 

slides and fixed in alcohol-formal acetic acid (AFA) fixative. The fixed flukes were 

dehydrated in 70% [v/v] ethanol for 30 minutes and immersed in Semichon’s carmine 

overnight at room temperature. The stained flukes were dehydrated in 80% to 95% [v/v] 

serial ethanol, each step for 30 minutes, and counter-stained with fast green for 2–3 

seconds. The stained flukes were dehydrated in absolute ethanol for 30 minutes and 

cleared with xylene for 1 hour. The flukes were mounted with Permount (Thermo 

Fisher Scientific, MA, USA) and examined under a light microscope. 

4.1.4 Hematoxylin and eosin staining of parasite tissue section 

4.1.4.1 Tissue embedding and tissue section 

      Freshly collected F. elongatus specimens were fixed in 
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Bouin’s fixative solution (Sigma, MO, USA) overnight at room temperature. The fixed 

flukes were gradually dehydrated in 70%, 80%, 95%, and 100% [v/v] ethanol with each 

step repeated 3 times, 20 minutes each step. Absolute ethanol was replaced with xylene 

three times, 10 minutes each to clear the parasites. The parasites were then incubated 

in xylene:paraplast mixed at ratios 2:1, 1:1, 1:2 at 60°C, 1 hour each step. Then the 

parasites were incubated in pure paraplast at 60°C, three times, 1 hour each step. 

Finally, the tissue was embedded in paraplast. The embedded tissue was cut into 8-μm 

cross serial-sections on a microtome. The sections were placed on gelatin coated 

microscopic glass slides and processed for further analysis. 

4.1.4.2 Hematoxylin and eosin staining 

      The serial-sections were dewaxed in xylene for 20 minutes 

and rehydrated in graded ethanol series from 100%, 95%, 80%, 70% [v/v], 5 minutes 

each step. The hydrated sections were washed with tap water. Basophilic substances of 

the tissue were stained with progressive hematoxylin. Nuclear coloration was converted 

from reddish purple to a crisp blue by bluing solution. The tissue was counter-stained 

with eosin which binds to acidophilic substances in a tissue. The stained tissue was 

dehydrated in graded ethanol series from 95% to 100% [v/v], 1 minute each step, and 

preserved in xylene, 10 minutes. The tissue was mounted in xylene based mounting 

medium and observed under a light microscope. 

4.1.4.3 Image capture of tissue sections 

      Tissue histology was examined using a Olympus BX51 

microscope (Olympus Corporation, Tokyo, Japan) at 4.0×, 10.0×, and 20.0× objective 

magnification. Images were recorded using a PixeLINK PL-B623 3MP microscopy 

digital camera (Aegis Electronic Group, Gilbert, AZ) and PixeLINK Capture Software. 

Merged images of whole specimens were created by using the function ‘Photomerge’ 

with setting ‘Reposition and Blend Images Together’ in the program Adobe Photoshop 

CS6 version 13.0 (Adobe Systems, CA, USA). 

 

4.2 Molecular identification of Fischoederius elongatus ribosomal ITS2 

 

4.2.1 Isolation of Fischoederius elongatus total RNA extraction 

    A single F. elongatus specimen from Section 4.1.1 was 
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homogenized in TRIzol® reagent (Ambion™ Life Technologies, MA, USA) using a 

tissue homogenizer (1 mL of TRIzol® reagent per 50–100 mg of tissue). The 

homogenate was centrifuged at 12,000×g for 10 minutes at 4°C. The clear supernatant 

was transferred into a new tube, and then incubated for 5 minutes at room temperature 

before 0.2 mL of chloroform per 1 mL of TRIzol® reagent was added. The tube was 

capped and shaken vigorously by hand for 15 seconds, and then incubated for 2–3 

minutes at room temperature. After that, the sample was centrifuged at 12,000×g for 15 

minutes at 4°C. The colorless upper aqueous phase was carefully transferred to a fresh 

tube. 0.5 mL of isopropyl alcohol per 1 mL of TRIzol® reagent was added, and then 

incubated for 10 minutes at room temperature. The sample was centrifuged at 12,000×g 

for 10 minutes at 4°C. The supernatant was removed. The pellet was washed with 75% 

ethanol, and then centrifuged at <7,500×g for 5 minutes at 4°C. The RNA pellet was 

dried and then redissolved in RNase-free water. The RNA quality was analyzed by 

1.2% denaturing agarose gel electrophoresis. The concentration of RNA was measured 

on a NanoDrop ND-2000 UV-Vis Spectrophotometer (Thermo Fisher Scientific, MA, 

USA). The ratio of absorbance at 260 nm and 280 nm was used to assess the purity of 

RNA. Total RNA was kept at –80°C. 

4.2.2 DNase treatment of total RNA Fischoederius elongatus 

    F. elongatus total RNA was treated with DNase I (PromegaTM, WI, 

USA). The reaction samples contained the following components; 

 

Components Volume (µL) 

Total RNA from each stage (1 µg) X 

DNase I (1U/µL) 1.0 

10× DNase reaction buffer 2.0 

Oligo(dT)20 primer (10 µM) 1.0 

DEPC-treated distilled water to 20.0 

Total volume 20.0 

     

   The reaction sample was incubated for 30 minutes at 37°C. The 

reaction was stopped by adding DNase stop solution (20 mM EGTA, pH 8.0) and by 

incubation at 65°C for 10 minutes. DNase-treated RNA was kept at –80°C. 

Ref. code: 25625612330018TUB



47 

 

4.2.3 Reverse Transcriptase Polymerase Chain Reaction (RT-PCR) 

    The F. elongatus ribosomal ITS2 cDNA was generated and 

amplified by reverse transcriptase polymerase chain reaction (RT-PCR) using 

RevertAid™ RT Reverse Transcription Kit (Thermo Fisher Scientific, MA, USA). 

F. elongatus total RNA was used as template to generate first standard cDNA by using 

the following components;  

 

Components Volume (µL) 

Total RNA (100 ng) X 

Oligo(dT)20 primer (10 µM) 1.0 

DEPC-treated distilled water to 12.5 

Total volume 12.5 

 

    The reaction mixture was gently mixed and incubated for 5 minutes 

at 65°C due to a GC-rich RNA template. Then, the following components were added 

into the reaction. 

 

Components Volume (µL) 

5× RevertAid™ reaction buffer 4.0 

RiboLock™ RNase Inhibitor (20U/µL) 1.0 

10 mM mixed dNTPs (2.5 mM each) 2.0 

RevertAid™ Transcriptase (200U/µL) 1.0 

Total volume 20.0 

 

    The reaction mixture was gently mixed and the cDNA was 

synthesized at 42°C for 60 minutes. The reaction was terminated by incubation at 70°C 

for 10 minutes. The first strand cDNA was stored at –20°C.  

    The F. elongatus ribosomal ITS2 cDNA was generated and 

amplified by reverse transcriptase polymerase chain reaction (RT-PCR) using;  

 

AG40 ribosomal ITS2 FW:  5'- GGTACCGGTGGATCACTCGGCTCGTG -3' 

AG41 ribosomal ITS2 RV:   5'- GGGATCCTGGTTAGTTTCTTTTCCTCCGC -3' 
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    The PCR reaction was prepared with the components below; 

 

Components Volume (µL) 

Template  2.0 

Forward primer (10µM) 1.0 

Reverse primer (10µM) 1.0 

10× KCl buffer 5.0 

MgCl2 (25mM) 3.0 

Mixed dNTPs (2.5 mM each) 1.0 

Taq DNA polymerase (5U/µL) 0.5 

Distilled water 37.5 

Total volume 50.0 

 

    The amplification of cDNA encoding ribosomal ITS2 was carried 

out on a thermocycler: pre-denaturation at 95°C for 5 minutes, 35 cycles of denaturation 

at 95°C for 1 minute, annealing at appropriate temperature for 1 minute, extension at 

72°C for 1 minute and final extension at 72°C for 10 minutes. The PCR product was 

resolved on a 0.7% [w/v] agarose gel. PCR amplicons with the expected size were used 

for sequencing and cloning. 

4.2.4 Agarose gel electrophoresis  

    F. elongatus DNA and RNA integrity were determined by non-

denaturing agarose gel electrophoresis in 0.7% [w/v] and 1.2% [w/v] agarose gels, 

respectively. Ultrapure™ agarose powder (Invitrogen, Carlsbad, CA, USA) was 

weighted to the final concentration requirement. The powder was dissolved in 0.5× 

TBE electrophoresis buffer (22.5 mM Tris-base, 22.5 mM boric acid, 1 mM EDTA,  

pH 8.0) in a microwave oven until fully homogeneous. The 10000× ViSafe Green Gel 

Stain (Vivantis Technologies Sdn. Bhd., Selangor Darul Ehsan, Malaysia) was added 

to a 1× final concentration and the solution was poured into a gasketed UV 

transmissible gel tray with an appropriate comb. The gel was left to harden for 60 

minutes. After the gel had set, it was submersed in 0.5× TBE electrophoresis buffer in 

a gel electrophoresis chamber (Horizon®, Gibco-BRL, USA). Each sample was mixed 

with 10× sample nucleic acid electrophoresis loading buffer (0.25% [w/v] bromophenol 
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blue, 0.25% [w/v] xylene cyanol FF, and 50% [v/v] glycerol) to a 1× final concentration 

and loaded into a well of the agarose gel. An appropriate DNA ladder (Thermo Fisher 

Scientific, MA, USA) was loaded as a marker to estimate the size of nucleic acid bands 

in a lane. Gel electrophoresis was performed at 80V (PowerPac Basic Power Supply, 

Biorad, CA, USA) for 1–2 hours or until the bromophenol blue dye front had migrated 

about 2/3 of the gel length. Nucleic acid bands were visualized and recorded on a UV 

transilluminator gel documentation system (Major Science, CA, USA). 

4.2.5 DNA Extraction from agarose gels using Thermo Scientific 

GeneJET Gel Extraction Kit  

    DNA fragments were extracted by using Thermo Scientific 

GeneJET Gel Extraction Kit (Thermo Fisher Scientific, MA, USA) according to the 

manufacturer protocol. An agarose block containing the DNA fragment was excised 

from the agarose gel using a clean scalpel and transferred into a microtube. The weight 

of the agarose block was measured and 1.0 vol of Binding buffer was added. The 

mixture was incubated at 50–60°C for 10 minutes and mixed by tube inversion every 

2–3 minutes to allow the agarose to fully dissolve. In a case that the DNA fragment was 

less than 500 bp in size, 1 vol absolute isopropanol was added. The solution was 

transferred into a GeneJET purification column and centrifuged at 10,000×g, room 

temperature for 1 minute. The flow-through was discarded. Additional 100 µL of 

Binding Buffer was added to the column, followed by centrifugation as above and the 

flow-through was discarded. 700 µL of Wash Buffer with ethanol was added to the 

column and centrifuged as above. The empty purification column was again centrifuged 

as above to allow complete removal of wash buffer. Then the column was put into a 

new microcentrifuge tube, 30–50 µL Elution buffer was added to the column and the 

column was again centrifuged as above. The eluted DNA was stored at –20°C for 

further analysis. 

4.2.6 Plasmid purification using Thermo Scientific GeneJET Plasmid 

Miniprep Kit  

Plasmid DNA was extracted by using Thermo Scientific GeneJET 

Plasmid Miniprep Kit (Thermo Fisher Scientific, MA, USA) according to the 

manufacturer protocol. A positive transformant colony of Escherichia coli XL1-Blue 

containing recombinant pGEM®-T Easy was inoculated in 5 ml LB broth supplemented 
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with 100 µg/ml ampicillin and incubated at 37°C, 240 rpm for 12–16 hours. Bacterial 

cells were harvested by centrifugation at 4000 rpm, room temperature for 5 minutes. 

The remaining medium was removed and the pelleted cells were resuspended in 250 

µL of resuspension solution and transferred into a microcentrifuge tube. 250 µL of lysis 

solution was added and mixed by tube inversion for a few times until the mixture 

became slightly clear. 350 µL of neutralization solution was added and mixed 

immediately by tube inversion for a few times. The neutralized bacterial lysate was 

cloudy with small white particles. The mixture was centrifuged at 10,000×g, room 

temperature for 5 minutes to pellet bacterial cell debris and chromosomal DNA. The 

cleared supernatant was transferred into a GeneJET spin column carefully avoiding 

transfer of white particles. The column was centrifuged at 10,000×g, room temperature 

for 1 minute and the flow-through was discarded. 500 µL of wash buffer with ethanol 

was added into the column and centrifuged at 10,000×g, room temperature for 1 minute 

and the flow-through was discarded. This step was repeated and the empty purification 

column was then centrifuged again as before to allow complete removal of wash buffer. 

The column was then put into a fresh microcentrifuge tube. 50 µL of distilled water was 

added onto the column membrane. The column was incubated at room temperature for 

2 minutes and centrifuged at 10,000×g, room temperature for 2 minutes. The purified 

plasmid DNA was stored at –20°C for further analysis. 

4.2.7 Ligation of PCR amplicon into the pGEM®-T Easy vector  

    Gel-extracts PCR amplicon was inserted into the pGEM®-T Easy 

vector (PromegaTM, WI, USA) according to the manufacturer protocol. Ligation 

reaction was set up with optimized insert:vector molar ratios at 3:1 using the standard 

reaction as described below; 

 

Reaction Component 
Standard 

Reaction (µL) 

2× Rapid Ligation Buffer, T4 DNA Ligase 5.0 

pGEM®-T Easy Vector (50ng) 1.0 

PCR product 3.0 

T4 DNA Ligase (3 Weiss units/µL) 1.0 

Total volume 10.0 
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The solution was gently mixed by pipetting and incubated at 4°C 

overnight for the maximum number of transformants. 

4.2.8 Preparation of competent E. coli XL1-Blue cells  

    Competent E. coli XL1-Blue cells were prepared for use in 

transformation reactions. Bacteria were grown on LB agar plate containing 15 µg/mL 

of tetracycline at 37°C for 16–18 hours. A single isolated colony was picked and 

inoculated in 5 mL LB broth. The culture was incubated at 37°C, 240 rpm overnight 

and used as starter in the next step. An amount of 1 µL of bacterial starter culture was 

added into 100 mL LB broth and incubated at 37°C, 240 rpm until its absorbance at 

OD600 had reached a value of 0.5. The bacterial culture was quickly cooled down to  

0°C in a salt-ice water bath. The cells were collected by centrifugation at 6,000×g, 4°C 

for 8 minutes. The bacterial cells were gently resuspended in 20 mL ice-cold 0.1 M 

MgCl2 by agitation and centrifuged at 6,000×g, 4°C for 8 minutes. The supernatant was 

discarded and the bacterial cells were gently resuspended in 20 mL ice-cold 0.1 M 

CaCl2. The suspension was kept on ice for 20 minutes and centrifuged at 6,000×g, 4°C 

for 8 minutes. The supernatant was discarded and the bacterial cell pellet was gently 

resuspended in 4.3 ml 0.1 M CaCl2 mixed with 0.7 ml glycerol. The competent E. coli 

XL1-Blue cells were aliquoted into 100 µL per microcentrifuge tube. The bacterial cells 

were shock frozen in liquid nitrogen for 5 minutes, and stored at –80°C until further 

use. 

4.2.9 Chemical transformation of competent E. coli XL1-Blue with 

the recombinant pGEM®-T Easy vector  

    Recombinant pGEM®-T Easy DNA was introduced into E. coli 

XL1-Blue competent cells using a chemical transformation method. The ligation 

reaction was added into a 100 µL suspension of on-ice thawed competent E. coli  

XL1-blue cells and gently mixed by pipetting. The transformation sample was 

incubated on ice for 20 minutes. The transformation reaction was stopped by heat-shock 

at 42°C for 45 seconds. The sample was immediately placed on ice and left for 2 

minutes. 900 µL of LB broth was added to the transformation reaction and incubated at 

37°C, 240 rpm for 1 hour. Volumes of 10 µL and 100 µL of the sample were spread on 

LB agar containing 100 µg/ml ampicillin and incubated at 37°C overnight. Positive 

transformants bacteria were identified by using colony PCR. 
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4.2.10 Screening for positive transformants by colony PCR 

    Colony PCR was used to identify positive clones that carried the 

recombinant plasmid. A single transformant bacterial colony was picked from LB agar 

and suspended in 100 µL distilled water. The suspension was heated for 5 minutes at 

95°C and was used as a template for PCR amplification. The inserted DNA fragment 

in the recombinant plasmid was amplified using specific primers. The PCR reaction 

mixture contained the following components; 

 

Components Volume (µL) 

Template  1.0 

Forward primer (10 µM) 1.0 

Reverse primer (10 µM) 1.0 

10× KCl buffer 5.0 

MgCl2 (25 mM) 3.0 

10 mM mixed dNTPs (2.5 mM each) 1.0 

Taq DNA polymerase (5U/µL) 0.5 

Distilled water 37.5 

Total volume 50.0 

 

    The PCR reaction was performed as follows: pre-denaturation at  

95°C for 5 minutes, 35 cycles of denaturation at 95°C for 1 minute, annealing at 

appropriate temperature for 1 minute, extension at 72°C for 1 minute and final 

extension at 72°C for 10 minutes. The PCR product was analyzed by 0.7% [w/v] 

agarose gel electrophoresis. Identified positive transformant bacteria were maintained 

as glycerol stocks. 

4.2.11 Restriction analysis of recombinant pGEM®-T Easy vector  

    Purified recombinant pGEM®-T Easy DNA was digested with a 

restriction endonuclease recognizing a restriction site next to the inserted DNA 

fragment. EcoRI restriction endonuclease (Thermo Fisher Scientific, MA, USA) with 

the recognition site G^AATTC sites was used in this reaction. The restriction reaction 

contained the following components as shown next page. 
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Components Volume (µL) 

Plasmid DNA 1.0 

EcoRI buffer (10×) 2.0 

EcoRI (10 U/µL) 1.0 

Distilled water 16.0 

Total volume 20.0 

 

    The reaction mixture was gently mixed and incubated at 37°C for 1 

hour. The restriction endonuclease was inactivated for 20 minutes at 65°C. The reaction 

product was analyzed by 0.7% [w/v] agarose gel electrophoresis. DNA sequencing of 

both strands was used to determine the sequence of the cloned region using pGEM®-T 

Easy vector specific SP6 and T7. 

4.2.12 DNA sequence analysis  

    Sanger dideoxy sequencing was performed using commercial 

services (SolGent, Daejeon, South Korea). The difficult template sequencing for an 

unusual structure DNA was performed using commercial services (Macrogen, Seoul, 

South Korea). The sequence quality was checked by using the program FinchTV 

version 1.4.0 (Geospiza, Inc.; Seattle, WA, USA; http://www.geospiza.com). Then, the 

sequence was analyzed by bioinformatics tools, e.g. EMBOSS version 1.5 

(http://emboss.open-bio.org).94 Plasmid sequences were removed from the insert 

sequence by using EMBOSS-CUTSEQ94 and EMBOSS-REVSEQ94 were used to 

obtain the reverse complementary sequence of the lagging-strand DNA for alignment 

with the leading-strand DNA sequence. Alignment and comparison of both DNA 

strands was done to confirm the full sequence of the DNA insert. Basic information of 

the full insert sequence, including sequence length and percent GC content, was 

determined using EMBOSS-INFOSEQ.94 Annotation of the insert sequence was 

determined by searching against non-redundant nucleotide database (nr/nt) using 

BLASTN (https://blast.ncbi.nlm.nih.gov/Blast.cgi).95 

4.2.13 Long time storage of transformants bacteria  

    A single colony of transformant bacteria that contained the 

sequenced plasmid was inoculated in 5 mL of LB broth containing 100 µg/ml ampicillin 

and incubated at 37°C overnight. The bacterial culture was thoroughly mixed with  
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½ vol of 60% [v/v] glycerol, frozen in liquid nitrogen and stored at –80°C for further 

application. 

 

4.3 Molecular characterization of Fischoederius elongatus mitochondrial 

genome 

 

4.3.1 Isolation of Fischoederius elongatus mitochondrial extracts 

    Fluke mitochondria were extracted by using a sucrose gradient 

separation protocol. Frozen worm was homogenized in cold isolation medium (0.25 M 

sucrose, 10 mM Tris-HCl pH 7.4, 2 mM EDTA, 0.5 [w/v] BSA) using a chilled Potter-

Elvehjem homogenizer. The homogenate was transferred into a new tube, and then 

centrifuged at 800×g at 4°C for 5 minutes to remove cellular debris. The supernatant 

was transferred into a new tube. The crude mitochondrial pellet was prepared by 

centrifugation at 18,000×g at 4°C for 10 minutes. The fluffy upper phase was removed 

by shaking gently with isolation medium. The mitochondrial extract was resuspended 

in isolation medium, and stored at –80°C 

4.3.2 Fischoederius elongatus mitochondrial DNA extraction 

    The mitochondrial pellet was dispersed in mitochondrial lysis buffer 

(150 mM NaCl, 50 mM Na2EDTA, 10 mM Tris-HCl, pH 8.0). Proteinase K (Fermentas, 

MA, USA) and RNase A (Thermo Fisher Scientific, MA, USA) were added and 

incubated at appropriate conditions. The mitochondria were lysed by adding 2% 

SDS/0.4 M NaOH and incubated on ice for 5 minutes. KOAc/acetic acid solution was 

added, and the contents of the tube gently mixed. After 5 minutes incubation on ice, the 

mixture was centrifuged at 12,000×g, 4°C for 5 minutes. The resulting supernatant was 

transferred into a new tube. The mitochondrial DNA was extracted by using 

phenol/chloroform extraction protocol. The mitochondrial DNA was stored at –20°C 

for further analysis.  

4.3.3 Fischoederius elongatus genomic DNA extraction 

    Single frozen F. elongatus specimens were thoroughly grinded in a 

cold tissue grinder. The tissue was resuspended in 500 µL of homogenization buffer 

(30 mM Tris-HCl pH 8.0, 0.1 M NaCl, 10 mM EDTA, 0.5% Triton X-100). The 

mixture was briefly centrifuged at 5000×g, room temperature for 5 minutes. The pellet 
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was resuspended in 500 µL extraction buffer (0.1 M Tris HCl pH 8.0, 0.1 M NaCl, 20 

mM EDTA). The mixture was briefly centrifuged at 5000×g at room temperature for 2 

minutes. The pellet was resuspended in 300 µL extraction buffer. Then, 3 µL of 10 

mg/mL proteinase K (Fermentas, MA, USA) and 15 µL of 20% SDS were added and 

incubated at 50°C for 1 hour to digest the proteins in the homogenate. Degraded 

proteins were removed by phenol/chloroform extraction. Then, 10 µL of 10 mg/mL 

RNase A (Thermo Fisher Scientific, MA, USA) was added and incubated at 40°C for 

1 hour. RNase A was removed by phenol/chloroform extraction and the genomic DNA 

was precipitated by 2.5 vol of absolute ethanol and 0.1 vol of 3 M sodium acetate pH 

5.3. The DNA pellet was washed with 70% ethanol, dried for 10 minutes and 

resuspended in 10 µL of distilled water. The DNA was stored at –20°C.  

4.3.4 Amplification of mitochondrial DNA fragments 

    The mitochondrial DNA (mtDNA) of the flukes was isolated and 

purified as described in Section 4.3.2. Then, specific mitochondrial genome regions 

were amplified by PCR using the following primers;   

 

Primers 
Annealing 

temperature 

1. HRG-565 FW     5'- ATGGTGTCTCTGGTACGT -3' 50°C 

 HRG-566 RV     5'- AAACACTTTCAACCTTCC -3'  

2. HRG-567 FW     5'- GTGAGAAAGGTGGTCGTT -3' 55°C 

 HRG-568 RV     5'- CACCGATTAGAACCACTCA -3'      or  

 
HRG-651 FW     5'- GTGAGAAAGGTGGTCGTTTG -3' 

HRG-568 RV     5'- CACCGATTAGAACCACTCA -3' 

55°C 

3. HRG-594 FW     5'- TGGCGTTTTTGAGGTTATCAC -3' 55°C 

 HRG-595 RV     5'- CGCAAAACCTTTCACACC -3'  

4. HRG-596 FW     5'- TATGTGGTGATGAGATGGTG -3' 50°C 

 HRG-623 RV     5'- CCAAGACAACCAACTACG -3'         or  

 HRG-625 FW     5'- GGTTAAGTTTGTAATAGGA -3' 42°C 

 HRG-623 RV     5'- CCAAGACAACCAACTACG -3'  

5. HRG-598 FW     5'- TTACTATGGTGCATGCTG -3' 55°C 

 HRG-599 RV     5'- AACCAACACGCTTGTGATC -3'  
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Primers 
Annealing 

temperature 

6. HRG-600 FW     5'- ATGTTGTTGTGGCTGCTTG -3' 50°C 

 HRG-601 RV     5'- GCAATCCTTTCGTACTAAC -3'  

7. HRG-602 FW     5’- TCGAGAGAGTATCTTTGTAG -3’ 50°C 

 HRG-603 RV     5’- GCCAACCAAACCTACACATC -3’  

8. HRG-604 FW     5’- GATGGTGTTGTGATGTGG -3’ 45°C 

 HRG-605 RV     5’- CCTAACAACTTCCATAAG -3’  

 

   The components of the PCR reaction mixture are shown below; 

 

Component Volume (μL) 

mtDNA (25 ng) 5.0 

Forward primer (10 μM) 1.0 

Reverse primer (10 μM) 1.0 

10× Taq buffer with KCl and without MgCl2 5.0 

MgCl2 (25 mM) 3.0 

Mixed dNTPs (2.5 mM each) 1.0 

Taq DNA polymerase (5U/μL) 0.5 

Distilled water 33.5 

Total volume 50.0 

   

   The amplification reaction was carried out in a thermocycler using 

following conditions; pre-denaturation at 95°C for 5 minutes, 35 cycles of denaturation 

at 95°C for 1 minute, annealing at appropriate temperature for 1 minute, and extension 

at 72°C for 1 minute, then final-extension at 72°C for 10 minutes, and hold at 4°C. The 

PCR products was resolved by 0.7% [w/v] denaturing agarose gel electrophoresis. 

   PCR products were purified by GeneJET Gel Extraction Kit (Thermo 

Fisher Scientific, MA, USA) and directly sequenced. The mitochondrial DNA 

fragments were manually assembled compared with other trematode mtDNA, and then 

analyzed by bioinformatics programs. 
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4.3.5 Amplification of mitochondrial DNA NAD1 and NAD2 

    The nad1 and nad2 genes were amplified by standard PCR as 

described in Section 4.3.4. using designed primers binding to internal and external 

regions of the genes at appropriate conditions.  

PCR primers for nad2-nad1 region are shown below; 

 

Primers 
Annealing 

temperature 

HRG-596 FW     5'- TATGTGGTGATGAGATGGTG -3'  50°C 

HRG-597 RV     5'- GACAACCAACTACGAACCTC -3'  

HRG-596 FW     5'- TATGTGGTGATGAGATGGTG -3'  50°C 

HRG-623 RV     5'- CCAAGACAACCAACTACG -3'  

HRG-625 FW     5'- GGTTAAGTTTGTAATAGGA -3'  42°C 

HRG-623 RV     5'- CCAAGACAACCAACTACG -3'  

HRG-669* FW     5'- TGCTCTGCAAGTACGAGGTGAGTGT -3'  45°C 

HRG-597 RV     5'- GACAACCAACTACGAACCTC -3'  

HRG-669* FW     5'- TGCTCTGCAAGTACGAGGTGAGTGT -3'  45°C 

HRG-623 RV     5'- CCAAGACAACCAACTACG -3'  

HRG-596 FW     5'- TATGTGGTGATGAGATGGTG -3'  60°C 

HRG-670* RV     5'- ACACTCACCTCGTACTTGCAGAGCA -3'  

HRG-625 FW     5'- GGTTAAGTTTGTAATAGGA -3'  45°C 

HRG-670* RV     5'- ACACTCACCTCGTACTTGCAGAGCA -3'  

*HRG669 and HRG670 are internal primers for repeat region. 

 

PCR primers for nad2-nad1 terminal region are shown below; 

 

Primers 
Annealing 

temperature 

nad2 HRG-671 FW 5'- GTGCGTGGTTATTTTGTTTCTTGGTTGAG -3'   60°C 

 HRG-670 RV 5'- ACACTCACCTCGTACTTGCAGAGCA -3'   

nad1 HRG-672 FW 5'- ATGTTGTTGACGGGAGTA -3'                              45°C 

 HRG-673 RV 5'- AACAGCATGCACCATAGT -3'   
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   PCR products were purified and directly sequenced. Sequencing 

quality was verified in FinchTV version 1.4.0. The obtained nad1 and nad2 sequences 

were used to design additional primers to amplify and sequence neigboring overlapping 

fragments of the mitochondrial genome. The obtained overlapping sequences were 

assembled to get the full mitochondrial genome sequence from the start of nad2 to the 

end of cox1. Repeated DNA sequences were detected in EMBOSS-EINVERTED.94 

 

 

 

Figure 4.1  nad2–1–3–cox1 primer diagram 

 

4.3.6 Fischoederius elongatus mitochondrial genome sequence 

analysis 

    DNA sequencing was performed using commercial services for 

standard Sanger dideoxy sequencing (SolGent, Daejeon, South Korea) and Macrogen 

(Macrogen, Seoul, South Korea) for difficult Sanger dideoxy sequencing in case of 

       HRG                                                                 HRG 
    596                                                                    623 

HRG     HRG             HRG HRG          HRG  HRG     HRG HRG                            HRG     HRG                                         HRG 

 671       625                670   669             672    597        598   673                               599  567 or 651                                     568 

HRG-596                                     HRG-597 

HRG-596                                             HRG-623 

HRG-625                                     HRG-623 

HRG-669      HRG-597 

HRG-596           HRG-623 

HRG-596   HRG-670 

HRG-625  HRG-670 

HRG-671           HRG-670 
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secondary structure problems caused by inverted repeats. The DNA sequences were 

analyzed by bioinformatics tools including EMBOSS,94 ClustalX version 2.1,96 

SeaView version 5.0.1,97 and BLAST.95 

4.3.6.1 Fischoederius elongatus mitochondrial genome sequence 

assembly 

      Mitochondrial genome sequences among the transcriptome 

data were identified by BLAST and aligned to the previously published mitochondrial 

genome sequence of F. elongatus (GenBank: NC_028001). Specific oligonucleotide 

primers were designed to obtain missing regions of the mitochondrial genome by 

standard PCR. The PCR products were sequenced using Sanger dideoxy sequencing by 

commercial services. Mitochondrial genome sequences were aligned to amphistome 

mitochondrial genomes including F. elongatus (GenBank: NC_028001), F. cobboldi 

(GenBank: NC_030529), and Paramphistomum cervi (GenBank: NC_023095) using 

the program Clustal X version 2.1.96 The aligned sequences were manually adjusted 

and edited by using the program SeaView version 5.0.1.97 The complete F. elongatus 

mitochondrial genome sequence of specimens with MseI pattern A was assembled.95 

4.3.6.2 Fischoederius elongatus mitochondrial genome sequence 

annotation 

      Mitochondrial genes were annotated based on the 

homologous genes in echinoderm and flatworm mitochondrial genomes (mitochondrial 

genetic code 9). The protein-coding genes were identified using MITOS 

(http://mitos2.bioinf.uni-leipzig.de/index.py)98 in RefSeq 63 and RefSeq 81 Metazoa of 

RefSeq NCBI database (http://www.ncbi.nlm.nih.gov/refseq). Open reading frames 

were identified by ORF Finder (http://www.ncbi.nlm.nih.gov/gorf/gorf.html).99 

Annotation of the protein-coding genes was validated by searching the non-redundant 

protein sequences (nr) database for the homologous proteins by BLASTX 

(https://blast.ncbi.nlm.nih.gov/Blast.cgi).95 Initiation and termination codons of the 

protein-coding genes were identified. Nucleotide codon usage of the protein-coding 

gene was analyzed using the program Codon Usage (http://www.bioinformatics.org/ 

sms2/codon usage.html).100 The tRNA gene of the mitochondrial genome were 

predicted in tRNAscan-SE version 2.0  (http://lowelab.ucsc.edu/tRNAscan-SE)101 and 

in ARWEN (http://130.235.244.92/ARWEN/index.html)102 with default parameters 
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searching for Metazoan mitochondrial tRNA genes. The large rRNA (rrnL) and small 

rRNA (rrnS) genes were predicted by comparison with F. elongatus (GenBank: 

NC_028001). A F. elongatus circular mitochondrial genome map was drawn using 

Organellar Genome DRAW (OGDRAW) version 1.3.1 (https://chlorobox.mpimp-

golm.mpg.de/OGDraw.html).103 

4.3.6.3 Multiple alignment of Fischoederius elongatus 

mitochondrial genome  

      ClustalX version 2.1 was used to compare amphistome 

mitochondrial genomes.96 Included in the multiple alignment were the mitochondrial 

genomes of F. elongatus (GenBank: NC_028001), F. cobboldi (GenBank: 

NC_030529), G. crumenifer (GenBank: NC_027833), Calicophoron microbothrioides 

(GenBank: NC_027271), and Paramphistomum cervi (GenBank: NC_023095). 

ClustalX was used with the default parameters.  

4.3.6.4 Phylogenetic analysis of Fischoederius elongatus 

mitochondrial genome 

      The phylogenetic relationship of F. elongatus and other 

trematode mitochondrial genomes was analyzed using the neighbor-joining method in 

MEGA X.104 The 12 protein-coding genes were conceptually translated using the 

echinoderm and flatworm mitochondrial genetic code. Clustal X was used with default 

parameters to align the homologous sequences obtained from the mitochondrial 

genomes of F. elongatus (GenBank: NC_028001), F. cobboldi (GenBank: 

NC_030529), G. crumenifer (GenBank: NC_027833), C. microbothrioides  (GenBank: 

NC_027271), P. cervi (GenBank: NC_023095), Explanatum explanatum (GenBank: 

NC_027958), Homalogaster paloniae (GenBank: NC_030530), Orthocoelium 

streptocoelium (GenBank: NC_028071), Clonorchis sinensis (GenBank: NC_012147), 

and Fasciola hepatica (GenBank: NC_002546). 

4.3.7 Polymerase chain reaction-restriction fragment length 

polymorphism (PCR-RFLP) of Fischoederius spp. mtCOX1 

    F. elongatus mitochondrial cytochrome c oxidase subunit I 

(mtCOX1) sequences were amplified by PCR using the primers described in Section 

4.3.4. PCR amplicon was resolved by 0.7% [w/v] agarose gel electrophoresis and 

purified by GeneJET Gel Extraction Kit (Thermo Fisher Scientific, MA, USA) as 
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described in Section 4.2.5. The purified fragment was cloned into pGEM-T Easy as 

described in Section 4.3.6 for later sequencing. mtCOX1 gene amplification products 

were digested with 10U MseI restriction enzyme (New England Biolabs, Ipswich, 

Massachusetts) according to the manufacturer’s procedure. The restriction reaction was 

performed using the components below; 

 

Components Volume (µL) 

mtCOX1 PCR product 10.0 

MseI 10U 0.5 

10× CutSmart® Buffer 2.5 

Distilled water 12.0 

Total Volume 25.0 

 

    The reaction was incubated at 37°C for 15 minutes and the enzyme 

inactivated at 65°C for 20 minutes. The digested fragments were separated by 3.0% 

agarose gel electrophoresis (80V for 3 hours). The PCR-RFLP patterns were recorded 

using a gel documentation system. 

 

4.4 Transcriptome sequencing of adult stage Fischoederius elongatus 

 

4.4.1 Total RNA extraction and purification for high-throughput 

sequencing  

    Total RNA of five frozen adult F. elongatus was isolated by using 

the TRIzol reagent extraction protocol as described in Section 4.2.1. The total RNA 

was purified with QIAgen RNeasy® Plus Mini Kit (QIAgen, Hilden, Germany) 

according to the optimized conditions to remove contaminated DNA. The flow-through 

containing purified RNA was collected. RNA was cleaned and reprecipitated by 

thefollowing steps. 0.1 vol of 2 M NaCl and 2.5 vol of ice-cold absolute ethanol was 

added to to the RNA solution and mixed by tube inverting. The sample was incubated 

for 1 hour at –20°C allowing it to precipitate. Then, the sample was centrifuged at 

12,000×g for 20 minutes at 4°C. The supernatant was removed. The pellet was washed 

with 75% ethanol, and then centrifuged at <7,500×g for 5 minutes at 4°C. This washing 
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step was repeated for 3 times. The RNA pellet was dried and then dissolved in RNase-

free water. 

4.4.2 Qualification and quantification measurement of total RNA 

    The total RNA was resolved by 1.2% non-denaturing agarose gel 

electrophoresis to check its quality and its concentration was measured using a 

NanoDrop ND-2000 UV-Vis Spectrophotometer (Thermo Fisher Scientific, MA, 

USA). RNA integrity was determined on an Agilent 2100 BioAnalyzer (Agilent 

Technologies, Santa Clara, CA, USA) to obtain the RNA integrity number (RIN). 

4.4.3 Ethanol precipitation of total RNA for shipment 

    The total RNA was kept precipitated in ethanol during dry ice 

shipment. The RNA was precipitated by the addition of 0.1 vol of 3.0 M NaOAc, pH 

5.5 and 2.0 vol of absolute ethanol to the RNA solution. The precipitated RNA was 

kept at –80°C until dry ice shipment to the sequencing company. 

4.4.4 Total RNA preparation for shipment at ambient temperature 

    The total RNA was was incubated and gently mixed with 

GenTegra® matrix in GenTegra®-RNA tube (GenTegra, Pleasanton, CA, USA), by 

pipetting. The RNA in the tube was dried with cap off using a vacuum desiccator for 4 

hours. Following drying, the RNA was stored at ambient temperature until 

transportation for sequencing. 

4.4.5 Illumina® Next generation sequencing 

4.4.5.1 cDNA library preparation for Illumina® Next generation 

sequencing 

      cDNA library preparation was performed according to the 

manufacturers’ instructions. The library was created by using NEBNext® Ultra RNA 

Library Prep Kit for Illumina® (New England Biolabs, Massachusetts, United States) 

to synthesize cDNA. Double-stranded cDNA was purified by AxyPrep Mag PCR 

Clean-up (Axygen Biosciences, CA, USA). End prep of the cDNA was performed and 

the cDNA processed immediately to T-A adaptor ligation at both ends. Following 

adaptor-ligation the cDNA was cleaned up by AxyPrep Mag PCR Clean-up (Axygen 

Biosciences, CA, USA) and then amplified for 11 cycles of PCR using P5 and P7 

random primers containing an adapter sequence to allow the cDNA to bind to the flow 

cell and generate multiplexing that a specific adapter was added into cDNA for sample 
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identification. The PCR product was cleaned up again and sequenced on an Illumina® 

Hiseq2500 150 pair-ends (40 GB) platform (Illumina®, San Diego, CA, USA), 

according to the manufacturers’ instructions. Demultiplexing of the obtained data was 

done in Illumina® bcl2fastq version 2.17. A quality score was calculated. The raw 

sequence data was used for bioinformatics analysis. 

 

P7 adapter (read 1): 5'- AGATCGGAAGAGCACACGTCTGAACTCCAGTCA -3' 

P5 adapter (read2): 5'- AGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT -3' 

 

4.4.5.2 High-throughput sequencing 

      Purified F. elongatus total RNA with a RIN score > 7 was 

processed for library construction and sequenced on an Illumina® Hiseq2500 and 

Novaseq6000 150 pair-ends platform (Illumina®, San Diego, CA, USA), according to 

the manufacturers’ instructions. First time sequencing was performed at 6 Gb using the 

commercial service of Theragen Etex (Theragen BioInstitute, Suwon-Si, South Korea) 

and second time sequencing was done at 40 Gb using the service of Vishuo Biomedical 

(Vishuo Biomedical, Bangkok, Thailand). The sequenced paired-end reads that were 

generated from the F. elongatus cDNA library were assembled and remapped using 

software based on a De Bruijn-graph. All nucleotide sequences of F. elongatus were 

aligned with BLASTN and BLASTX analyses searching the non-redundant 

databases.95 Contaminating sequences including from bacteria, virus, fungi, plants and 

the bovine host was excluded. Protein-coding sequences was classified according to 

their predicted function using the program InterProScan version 5.0,105 and used for 

further analysis. 

4.4.5.3 Quantification measurement of high-throughput sequencing 

      The quality of raw sequences from high-throughput 

sequencing was examined using FastQC.106 FastQC was performed by a series of 

analysis modules including basic statistics, per base sequence quality, per sequence 

quality scores, GC content, N content, sequence length distribution, duplicate 

sequences, and k-mers. 
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4.4.6 Bioinformatics analysis of adult Fischoederius elongatus 

transcriptome data 

4.4.6.1 Sequence assembly and annotation 

      Raw sequences of high quality were assembled in Trinity80 for 

the 6 Gb transcriptome data and in Bridger assembler107 for 40 Gb transcriptome data. 

The completeness of the assembled sequences was checked using the program 

BUSCO.108 The assembled transcript sequences from F. elongatus were used for 

BLASTX95 searches in UniProtKB and NCBI non-redundant protein database to 

identify known homologous sequences in other species. All open reading frames 

(ORFs) were predicted against the NCBI Conserved Domains Database (CDD).  

4.4.6.2 Contaminating sequences 

      The transcriptome data was searched for contaminating 

sequences including from bacteria, fungi, virus, plants, bovine host and human using 

BLASTN and BLASTX.95 The sequences were compared with Platyhelminthes (taxid: 

6157) and contaminating organisms, e.g. Bacteria (taxid: 2), Fungi (taxid: 4751), 

Viruses (taxid: 10239), Plants (taxid: 3193), Bovinae (taxid: 27592) and Homo sapiens 

(taxid: 9606). Then the % query cover, % identity and % similarity of aligned sequences 

were analyzed at cut-off = 95%. Sequences with higher similarity to contaminating 

microorganisms or mammalians sequences than the Platyhelminthes sequences were 

removed. 

4.4.6.3 Duplicated sequences 

      The transcriptome sequences were checked for duplicates 

using multiple alignment programs, e.g. ClustalX.96 Slightly different sequences might 

represent polymorphisms, close isoforms, or erroneous sequences. 

4.4.6.4 Complete sequences analysis 

      The top 100 abundant transcripts were further analyzed. 

Conceptual translations were generated in EMBOSS-TRANSEQ.94 Putative ORFs were 

identified in EMBOSS-SHOWORF and EMBOSS-PLOTORF,94 respectively. The 

selected ORFs were compared with alignment results from BLASTX,95 then the 

sequences were searched for protein motifs. Signal peptides were predicted using SignalP 

version 5.0 (http://www.cbs.dtu.dk/services/SignalP).109 Transmembrane domains were 

predicted using TMHMM version 2.0 (http://www.cbs.dtu.dk/services/TMHMM).110 
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4.4.6.5 Prediction of protein function using InterProScan 

      Protein-coding sequences were functional classified using 

InterProScan version 5.0.105 The selected sequences from transcriptome data were 

conceptually translated and searched against the protein database. Conserved protein 

domains were identified by signature predictive models and the obtained results were 

used to predict the protein function. 

4.4.6.6 Gene ontology 

      Gene ontology (GO) was used for further classification of the 

obtained protein-coding sequences. The sequences were classified into three related 

domains including cellular component, molecular function, and biological process. All 

F. elongatus sequences were searched with Blast2GO to obtain their ontologies and 

annotation data. F. elongatus proteins that can be identified as homologous to known 

proteins in other organisms which have potential as diagnostic tools were selected for 

further analysis. 

 

4.5 Antigenicity of Fischoederius elongatus 

 

4.5.1 Preparation of parasite antigen 

4.5.1.1 Crude worm extract of adult Fischoederius elongatus 

      Frozen adult F. elongatus was homogenized on ice in 

homogenization buffer (150 mM NaCl, 10 mM Tris-HCl, pH 7.2, 1 mM EDTA pH 8.0, 

1 mM PMSF, 0.5% [v/v] Triton-X 100) at a ratio 1 g tissue per 2 mL buffer by using a 

tissue homogenizer. The homogenate was rotated for 1 hour at 4°C, and then 

centrifuged at 12,000×g for 15 minutes at 4°C to remove insoluble material. The 

supernatant was collected as soluble crude worm extract. The concentration of protein 

was measured using a Bradford assay. The protein quality was analyzed by SDS-PAGE. 

Crude worm extract was aliquoted and stored at –20°C for further experiments. 

4.5.1.2 Excretion/secretion extract of adult Fischoederius 

elongatus 

      Adult F. elongatus was washed several times with 10 mM 

PBS pH 7.2. The worms were incubated in 10 mM PBS pH 6.0, 7.2, and 8.0 for 4 hours 

at 37°C. The medium was collected and centrifuged at 5000×g for 20 minutes at 4°C to 
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remove the insoluble materials and worm eggs. The supernatant was transferred into a 

new tube, and then concentrated using 3,000 MWCO centrifugal concentrator. The 

concentrated proteins were collected as excretion/secretion product. The concentration 

of protein was measured using a Bradford assay. The protein quality was analyzed by 

SDS-PAGE. Excretion/secretion product was aliquoted and stored at –20°C for further 

experiments. 

4.5.1.3 Measurement of protein concentration by Bradford assay 

      Protein concentration of all extracts were measured by a 

Bradford assay (Bio-Rad, Hercules, CA, USA). The dye solution reagent was prepared 

by diluting 1:4 with distilled de-ionized water. The protein standard curve was prepared 

using six concentrations of bovine serum albumin (BSA) at 0.05, 0.1, 0.2, 0.3, 0.4, 0.5 

mg/mL. The protein standards were assayed in duplicate. 10 μL of each protein sample 

was added into separate wells of a 96-well microtiter plate. 200 μL of diluted dye 

reagent was added into each well and mixed by pipetting thoroughly. The reaction 

mixtures were incubated for 5 minutes at room temperature. The absorbance was 

measured at 595 nm. 

4.5.1.4 Preparation of parasite antigens electrophoresis 

      Parasite protein extracts were mixed with an equal volume of 

2× sample protein electrophoresis loading buffer (0.125 M Tris-HCl, pH 6.8, 4% [w/v] 

SDS, 20% [v/v] glycerol, 0.2 M DTT, 0.02% [w/v] bromophenol blue). The samples 

were heated for 5 minutes at 95°C to denature the protein. The denatured protein 

samples were loaded into the wells of a polyacrylamide gel set up in a electrophoresis 

chamber (Amersham Biosciences, Little Chalfont, United State). Broad range 

molecular weight standard (Bio-Rad, CA, USA) was loaded in the first lane. Protein 

electrophoresis was performed at 20 mA per gel (Electrophoresis Power Supply EPS 

301, Amersham Biosciences, United State) for 1–2 hours or until the front dye marker 

had reached the bottom of the gel. After gel electrophoresis, the polyacrylamide gel was 

carefully removed from the two-glass plates. The gel was stained with 0.008% [w/v] 

Coommassie Blue G-250 (Brilliant Blue G-250, USB Corporation, OH, USA). 

4.5.1.5 Analysis of parasite proteins by sodium dodecyl sulphate 

polyacrylamide gel electrophoresis (SDS-PAGE) 

      SDS-PAGE was used for separation of proteins according to 
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their molecular masses. Polyacrylamide gel was prepared using a modified protocol 

from the Hoeffer manual (Amersham Biosciences, Little Chalfont, United State). Tris-

glycine polyacrylamide gel was used in this study. 12.5% separating gel was prepared 

from 6 mL mixture of 2.5 mL of 30% [w/v] acrylamide stock, 1.5 mL of 1.5 M Tris-

HCl, pH 8.8, 0.06 mL of 10% [w/v] SDS, and 1.88 mL of distilled de-ionized water. 

Polymerization was initiated by adding 60 μL of 10% [w/v] APS and 2.5 μL of TEMED 

to the mixture. 4% stacking gel was prepared from 2 mL mixture of 270 μL of 30% 

[w/v] acrylamide stock, 0.5 mL of 0.5 M Tris-HCl pH 6.8, 0.02 mL of 10% [w/v] SDS, 

and 1.18 mL of distilled de-ionized water. Polymerization was initiated by adding 20 

μL of 10% [w/v] APS and 2 μL of TEMED to the mixture. First the separating gel mix 

was added into a gel cassette followed by the stacking gel mix. The gel cassette was 

assembled into the gel apparatus and glycine electrophoresis buffer was filled into the 

buffer chambers. Protein samples were prepared and loaded into the wells. The 

electrophoresis proceeded at 20 mA per gel until the front dye has reached the bottom 

of the gel. The gel was removed from the cassette, and then stained in 0.008% [w/v] 

Coomassie blue G-250 dye solution for visualization of the protein bands or used for 

Western blotting. 

4.5.1.6 Detection of parasite antigens in the polyacrylamide gel 

using Coomassie Blue G-250 Staining 

      The polyacrylamide gel was rinsed with water to remove 

excess SDS. It was stained in Coomassie blue staining solution (0.008% [w/v] 

Coomassie Brilliant Blue G-250, 35 mM HCl) and heated in a microwave oven for 30 

seconds. Then, the gel was incubated at room temperature, 140 rpm for 1 hour or until 

the bands of the standard protein marker were observed. After staining, the gel was 

rinsed with water for destaining. Parasite antigens bands were visualized directly and 

the gel was scanned using a Canon scanner (Canon, Tokyo, Japan). 

4.5.2 Production of polyclonal mouse antibody 

4.5.2.1 Antibody production in mice 

      6–8 weeks old female BALB/c mice were separately 

immunized three times with F. elongatus excretion/secretion product. The pre-immune 

serum was collected one week before immunization and was used as negative control 

serum. The antigen was prepared by mixing equal volumes of parasite antigen and 
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Freund’s adjuvant. The mice were intraperitoneally injected with 25 μg/100 μL 

prepared antigen, three times in a 3-weeks interval. Then the mice were bled every two 

weeks after immunization. The collected blood was centrifuged at 10,000×g, room 

temperature for 5 minutes. The separated serum was kept at –20°C for further analysis. 

This animal experiment was ethically approved by Thammasat University Animal Care 

and Use Committee (Protocol Number: 012/2560). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2 Timeline diagram of Fischoederius spp. anti-ES antisera production in 

BALB/c mice.  

 

4.5.2.2 Determination of antibody titer by indirect enzyme-linked 

immunosorbent assay (ELISA)  

      Parasite antigens were prepared as described in Section 4.5.1. 

A 96-well microtiter plate was coated with parasite antigens in carbonate buffer, pH 

9.6, and then incubated overnight at 4°C. The coated antigens were washed several 

times with distilled de-ionized water. 0.25% [w/v] BSA blocking solution was added 

into the well and incubated for 30 minutes at room temperature, and then washed 

several times with distilled de-ionized water. Pre-immune serum, priming serum,  

1st boost serum, and 2nd boost serum was stepwise 2-fold diluted starting from 1:100, 

and all dilutions were assayed in duplicate. The plate was incubated at 37°C for 1 hour, 

and then washed several times. Horseradish peroxidase (HRP) conjugated Goat anti-
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mouse IgG (Invitrogen, Carlsbad, CA, USA) at dilution 1:3,000 with antibody diluent 

was added and incubated at 37°C for 1 hour. The well was washed and then 100 μL of 

OPD substrate solution (Sigma, MO, USA) was added and incubated for 30 minutes at 

room temperature in a dark place. The reaction was stopped by adding 25 μL of 3 M 

H2SO4. The absorbance was measured at 492 nm. 

4.5.2.3 Determination of serum circulating antigen using 

Western blot analysis 

      Parasite antigen was prepared as described in Section 4.5.1. 

The proteins were size-separated by Tris-Glycine SDS-PAGE and transferred onto a 

0.45 μm nitrocellulose membrane by semi-dry blotting. After blotting, the membrane 

was washed and equilibrated in Tris-buffered saline (TBS) for 5 minutes. Unspecific 

binding sites on the membrane were blocked by gentle shaking in 5% [w/v] skimmed 

milk in TBS for 1 hour at room temperature. Polyclonal mouse antiserum and 

pre‑immune serum was added at optimal dilutions with 1% [w/v] skimmed milk in TBS 

at 4°C overnight. The membrane was washed and immersed in 1:30,000 dilution 

alkaline phosphatase (AP) conjugated goat anti-mouse IgG (Sigma, MO, USA), and 

incubated for 1 hour at room temperature with shaking. Then the membrane was 

equilibrated in detection buffer (100 mM Tris-HCl, pH 9.5, 100 mM NaCl, 5 mM 

MgCl2). The immune complex was detected using chromogenic substrates BCIP/NBT 

(Ameresco, MA, USA) in a dark place. The reaction was stopped with distilled  

de-ionized water. 
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CHAPTER 5 

RESULTS 

 

5.1 Morphology of Fischoederius spp. 

 

5.1.1 Collection of Fischoederius specimens 

 Flukes were collected from the rumen of naturally infected cattle at 

local slaughterhouses, Pathumthani Province, Thailand during the years 2014–2019 as 

described in Section 4.1.1. The local origins of the cattle were not specified. The flukes 

attached to the rumen villi were gathered in several spots with each spot containing 

more than 100 worms as shown in Figure 5.1. The flukes were classified as members 

of the genus Fischoederius by their morphology (shape, color, and size) as described in 

Section 4.1.2 by observation under a stereomicroscope. 

 

 

Figure 5.1 Fischoederius spp. in the rumen of an infected cattle at a local 

slaughterhouse in 2019. 

 

The flukes had a sword-like shape with reddish body color. The alive 

flukes showed body contraction and extension in phosphate buffered saline and some 

specimens reached a body length of more than 2 cm. The body size was very different 
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between the specimens with a range from <1 cm to >2 cm. The reproductive organs, 

testes and ovary were also sometimes vary small suggesting immature flukes. The 

flukes had a pharynx at the anterior end of the body and a large sucker at the posterior 

end of the body. The ventral pouch, an inner cavity, was observed initiating from the 

pharynx extending to the region of the reproductive organs. The cecal bifurcation close 

to the esophagus extended to the middle of body length. Occasionally, the ceca still 

contained turbid artifacts even though the flukes had been incubated at 37˚C for 2 hours 

to allow them to regurgitate the cecal content. The lobed testes were located in the 

median and vertical orientation. The alive flukes were cultured in PBS are shown in 

Figure 5.2.  

 

 
 

Figure 5.2 Fischoederius spp. maintained in PBS in a culture plate (collected in 2016). 

 

5.1.2 Semichon’s carmine whole mount staining  

 Fixed Fischoederius specimens were subjected to carmine staining 

as described in Section 4.1.3. Fischoederius whole mounts had 15.5–16.2 mm body 

length and 2.0–4.2 mm body width (Figure 5.3). The flukes had a sword-like shape and 

were covered with a thick tegument without ciliated papilla. The anterior opening close 

to the pharynx was visible. The pharynx was small with a size of 0.2–0.5×0.5–0.7 mm. 

The esophagus without muscular bulb continued from pharynx and joined with the ceca 

in a Y-shape in the dorsal field of the body. The two ceca had a tubular structure with 

a diameter of 0.1–0.2 mm and extended to the middle length of the body. The fluke had 
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a large ventral pouch, an internal sac, with ovoid shape along the body overlapping the 

testes. Vitellaria were present in the lateral field of the body with 0.01–0.05 mm in 

diameter. The lobed testes positioned in the median and vertical orientation with  

1.0–1.1 mm in diameter. The ovary was located beside the testes with 0.3–0.4 in 

diameter. The uterus reached from the oviduct up to the genital pore located at the 

anterior end. Eggs were ovoid in shape with a size of 0.10–0.11×0.01–0.05 mm. The 

posterior sucker had ovoid shape with a size of 0.5–1.7×0.4–0.8 mm.  
    

Figure 5.3 Semichon’s carmine staining of Fischoederius spp. (A) large testes flukes 

(collected in 2015 and 2019); (B) small testes flukes (collected in 2016); Mo: Mouth; 

As: Anterior sucker; Ph: Pharynx; Es: Esophagus; Cb: Cecal bifurcation; Ca: Ceca; Ut: 

Uterus; Vp: Ventral pouch; Tg: Tegument; Te: Testes; Ov: Ovary; Vt: Vitellaria; Ps: 

Posterior sucker. 
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The reproductive organs were not always developed in the collected 

flukes. Mature flukes with developed reproductive organs are shown in Figure 5.3A 

and immature flukes with small testes (0.2–0.3 mm in diameter) are shown in Figure 

5.3B. The specimens with small testes were collected in 2016 and had a large body size, 

22.8–23.0 mm in length and 2.2–4.2 mm in width. The full reproductive system was 

poorly developed including uterus and vitellaria and eggs were not observed. 

5.1.3 Histological examination of Fischoederius spp.  

 A detailed histological study of Fischoederius spp. was performed 

using hematoxylin and eosin staining as described in Section 4.1.4. Serial cross-

sections of the fluke from the anterior to the posterior end are shown in Figure 5.4 

(small testes fluke) and Figures 5.5 I–IV (large testes flukes).  

All regions of the fluke were covered with a thick acidophilic 

tegument with nonciliated papillae. The two layers of circular muscles below the 

basement membrane of the tegument had a layer of longitudinal muscles batched 

between them. Tegumental cells were located deep in the muscle layers (Figure 5.6a). 

Parenchymal tissue filled the interior of the fluke. Vitellaria appeared in form of 

basophilic particle in the lateral field of the body. The anterior part of the fluke 

contained the digestive organs and genital pore, while the posterior part contained the 

reproductive organs. 

In the anterior part, anterior sucker had small circular structure 

covered with fine thick layer muscle. Below the thick layer was thin circular muscle 

and radial elongated layer. The inner surface of anterior sucker was circular muscle and 

then longitudinal muscle and arranged muscle fiber without papillae (Figures 5.4a, 

5.5a, 5.6b). The anterior part of the fluke contained the digestive tract, while the 

posterior part was reproductive system. The esophagus anteriorly extended from 

pharynx without muscular bulb. The tube was covered with dense basophilic glandular 

cells, the lumen was star-like shaped (Figures 5.4b, 5.5-Ic–e, 5.5-IIc–f, 5.5-IIId–f,  

5.5-IVd, 5.6c). The cecal bifurcation had a straight tubular structure and reached from 

the basal of esophagus to the mid-length of body in the dorsal field (Figures 5.4b–g, 

5.5-Ic–i, 5.5-IIc–l, 5.5-IIIc–k, 5.5-IVb–i, 5.6c). The ceca had two muscle layers, the 

outer longitudinal and inner circular muscles with numerous glandular cells around 

them (Figure 5.6c). A terminal genitalium opening to the ventral pouch and without 
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cirrus sac was present near the cecal bifurcation (Figures 5.4c–e, 5.5-Id–e, 5.5-IId–f, 

5.5-IIIc–f, 5.5-IVc–d, Figure 5.6c). The genital pore was surrounded by genital 

papillae with papillae in the outer surface. Enormously developed genital fold was 

present with poorly developed genital sphincter with radial fiber (Figure 5.6c). Ventral 

pouch laid behind the oral opening and reached to the posterior testes in the posterior 

end. The internal sac was along the ventral field with cross-triangular shape (Figures 

5.4a–l, 5.5-Ia–n, 5.5-IIb–p, 5.5-IIIb–q, 5.5-IVa–o). 

In the posterior region, the reproductive organs were poorly 

developed in the small testes flukes (Figure 5.4). Histology of cross-section presented 

only the basophilic organ behind the end of the ventral pouch that might be the two 

vertical arranged testes (Figures 5.4k, 5.4l, 5.4p, 5.6d). In flukes with large testes male 

and female reproductive organs were fully developed. The testes were tandem lobed 

with globular bodies. The anterior testis was located dorsal to the ventral pouch, and 

the posterior testis located at the end of ventral pouch ended close to the posterior 

sucker. Testes were surrounded with connective tissues (Figures 5.5-Ik–r, 5.5-IIn–q, 

5.5-IIIm–r, 5.5-IVm–q, 5.6e). The seminal receptacle with spermatozoa had an ovoid 

shape and was located in a lateral position to testes and ovary (Figures 5.6e, 5.6g). The 

ovary had ovoid shape and was located between anterior and posterior testis. Ovary 

contained various basophilic germ cells and was surrounded by connective tissue 

(Figures 5.5-Io–q, 5.5-IIp–q, 5.5-IIIs, 5.5-IVo–p, 5.6e). The ovoid ootype was located 

in the center of the Mehlis’ gland as a basophilic layer duct. The Mehlis’ gland consisted 

of cells with large nuclei and basophilic cytoplasm. Laurer’s canal was connected with 

the ootype and located in the dorsal field. Vitelline follicle contained basophilic 

granules (Figures 5.6f, 5.6g). The uterus was filled with eggs and extended from the 

ootype to the genital pore in the anterior end in the dorsal field (Figures 5.4f–j, 5.5-If–n, 

5.5-IIh–n, 5.5-IIIf–p, 5.5-IVe–q, 5.6h). Eggs had ovoid shape with thin shell (Figure 

5.6h). The posterior sucker had arranged strong muscle fibers covered with fine circular 

and thick longitudinal muscles, and then radial elongated layer which stretched below 

the posterior testis (Figures 5.4r–t, 5.5-Iq–t, 5.5-IIr–t, 5.5-IIIs–t, 5.5-IVr–t, 5.6i). 
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Figure 5.4 Hematoxylin and eosin staining of Fischoederius spp. small testes cross-

sections collected in 2016. (a–t) serial cross-sections of the fluke from the anterior to 

the posterior end. 

 

Ref. code: 25625612330018TUB



76 

 

 

Figure 5.5-I Hematoxylin and eosin staining of Fischoederius spp. large testes cross-

sections collected in 2015. (a–t) serial cross-sections of the fluke from the anterior to 

the posterior end. 
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Figure 5.5-II Hematoxylin and eosin staining of Fischoederius spp. large testes cross-

sections collected in 2016. (a–t) serial cross-sections of the fluke from the anterior to 

the posterior end. 
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Figure 5.5-III Hematoxylin and eosin staining of Fischoederius spp. large testes cross-

sections collected in 2015. (a–t) serial cross-sections of the fluke from the anterior to 

the posterior end. 
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Figure 5.5-IV Hematoxylin and eosin staining of Fischoederius spp. large testes cross-

sections collected in 2015. (a–t) serial cross-sections of the fluke from the anterior to 

the posterior end. 
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Figure 5.6 Hematoxylin and eosin staining of Fischoederius spp. cross-sections 

collected in the years 2014–2019. (a–c) Anterior parts of the fluke, (d) Posterior part 

of the small testes fluke, (e–i) Posterior parts of the large testes fluke. Tg: Tegument; 

Bm: Basement membrane; Tc: Tegumental cells; Pt: Parenchymal tissue; Vt: Vitellaria; 

Mo: Mouth; As: Anterior sucker; Es: Esophagus; Ut: Uterus; Eg: Eggs; Vp: Ventral 

pouch; Tge: Terminal genitalium; Gp: Genital pore; Gpi: Genital papilla;  Gf: Genital 

fold; Gs: Genital sphincter; Te: Testis; Sr: Seminal receptacle; Ov: Ovary; Ot: Ootype; 

Mg: Mehlis’ gland;  Lc: Laurer’s canal; Vg: Vitelline glands; Ps: Posterior sucker. 
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5.2 Molecular identification of Fischoederius spp. ribosomal ITS2 region 

 

  Following the study of Ghatani et al., 2011 on ribosomal ITS2 sequences 

in pouched amphistomes, the universal oligonucleotide primers were used to amplify 

the ribosomal ITS2 region of Fischoederius spp. using the standard RT-PCR protocol 

for total RNA of the flukes as described in Section 4.2.3. PCR amplicon was separated 

by its size on a 0.7% [w/v] agarose gel as described in Section 4.2.4. The PCR product 

was resolved at the expected 515 bp size as shown in Figure 5.7. The extracted cDNA 

fragment was ligated into the pGEM®-T Easy vector and introduced into Escherichia 

coli XL1‐Blue as described in Section 4.2.9. Positive transformants were identified by 

Colony PCR and NotI restriction analysis to confirm insert size as described in Section 

4.2.10. The inserted DNA of the recombinant plasmid was sequenced by a commercial 

service using the universal primer SP6. BLASTN searches of the obtained ITS2 

sequence against the GenBank nucleotide collection (nr/nt) database showed as top hits 

99% identity (E-value: 0.0) to F. elongatus sequences (GenBank: GU133062 and 

JQ688409). The next hits were with Gastrothylax crumenifer, F. cobboldi and 

Fischoederius spp. HR-2013 sequences (GenBank: KF564868, JQ688408 and 

KF564867) as shown in Table 5.1. 

 

Table 5.1 Top 5 hits BLASTN result of 460 bp Fischoederius spp. ribosomal ITS2 

search against nucleotide collection (nr/nt) database of limited to Platyhelminthes 

(taxid:6157). 

 

Species Accession 
Query 

cover 
E-value Identity 

F. elongatus  GU133062 99% 0.0 99% 

F. elongatus  JQ688409 93% 0.0 99% 

G. crumenifer KF564868 91% 0.0 99% 

F. cobboldi  JQ688408 92% 0.0 99% 

Fischoederius spp. HR-2013  KF564867 91% 0.0 99% 
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Figure 5.7 (A) Agarose gel electrophoresis of Fischoederius spp. ribosomal ITS2; lane 

1: RT-PCR amplified 515 bp Fischoederius spp. ribosomal ITS2 cDNA fragment 

(arrowhead); lane 2: Negative control (no template) of RT-PCR; lane M: GeneRuler™ 

1 kb DNA ladder (Thermo Fisher Scientific, MA, USA); (B) Restriction analysis of 

pGEM®-T Easy inserted Fischoederius spp. ribosomal ITS2 cDNA; lane 1 and 3: NotI 

digestion of recombinant plasmid, Fischoederius spp. ribosomal ITS2 cDNA shown by 

arrowhead: lane 2 and 4: Undigested recombinant plasmid; lane M: GeneRuler™ 1 kb 

DNA ladder (Thermo Fisher Scientific, MA, USA).  
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         10        20        30        40        50        60         

----:----|----:----|----:----|----:----|----:----|----:----| 

GGTACCGGTGGATCACTCGGCTCGTGTGTCGATGAAGAGCGCAGCCAACTGTGTGAATTA 

 

         70        80        90        100       110       120        

----:----|----:----|----:----|----:----|----:----|----:----|          

ATGTGAACTGCATACTGCTTTGAACATCGACATCTTGAACGCACATTGCGGCCACGGGTT 

 

         130       140       150       160       170       180        

----:----|----:----|----:----|----:----|----:----|----:----| 

TTCCTGTGGCCACGCCTGTCCGAGGGTCGGCTTATAAACTATCACGACGCCCAAAAAGTC 

 

         190       200       210       220       230       240        

----:----|----:----|----:----|----:----|----:----|----:----| 

GTGGCTTGGAATCTGCCAGCTGGCGTGATTTCCTCTGTGGTTCGCCACGTGAGGTGCCAG 

 

         250       260       270       280       290       300        

----:----|----:----|----:----|----:----|----:----|----:----| 

ATCTATGGCGTTTTCCTAATGTCTCCGGACACAACTGCGTCTTGCTGGTAGCGCAGACGA 

 

         310       320       330       340       350       360        

----:----|----:----|----:----|----:----|----:----|----:----| 

GGGTGTGGCGGTAGAGTCGTGGCTCAGTGAACTGTAATGGTAGCACGCTCTATTGTTGTG 

 

         370       380       390       400       410       420        

----:----|----:----|----:----|----:----|----:----|----:----| 

CCTTTGTTAGTGTAACTGGTTTGAGATGCTATTGCTGTTCGTCCAATAATGATCACCCAC 

 

         430       440       450       460       470       480        

----:----|----:----|----:----|----:----|----:----|----:----| 

TGTGGTGTTCAATTACCTGACCTCGGATCAGACGTGAATACCCGCTGAACTTAAGCATAT 

 

         490       500       510        

----:----|----:----|----:----|----: 

CACTAAGCGGAGGAAAAGAAACTAACCAGGATCCC 

 

Figure 5.8 Nucleotide sequences of the isolated Fischoederius spp. ribosomal ITS2 

cDNA (515 bp) using SHOWSEQ in EMBOSS. 
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5.3 Restriction analysis of Fischoederius spp. mtCOX1 

 

5.3.1 Fischoederius spp. mtCOX1 

 A 1,536 bp mtCOX1 fragment was amplified by standard PCR from 

gDNA of each of the 48 specimens shown in Section 5.3.3. The PCR primers were 

designed following the sequence of the previously published F. elongatus 

mitochondrial genome (GenBank: NC_028001). The PCR product from each specimen 

was resolved on a 0.7% [w/v] agarose gel (Figure 5.9) as described in Section 4.2.4 

and extracted from the gel as described in Section 4.2.5. The purified PCR product was 

used for restriction analysis with MseI as described in Section 4.4.2.  

 

 

Figure 5.9 Agarose gel showing the Fischoederius spp. 1,536 bp mtCOX1 PCR 

products (arrowhead) obtained from gDNA of four specimens (lanes 1–4); lane M: 

GeneRuler™ 100 bp Plus DNA ladder (Thermo Fisher Scientific, MA, USA). 

 

5.3.2 MseI restriction endonuclease analysis of Fischoederius spp. 

mtCOX1 

 The purified 1,536 bp mtCOX1 PCR products of the 48 
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analysis. MseI with the recognition site T^TAA was used for digestion as described in 

Section 4.4.2. This endonuclease was selected due to the high AT content in  

F. elongatus mtCOX1 in the previously published mitochondrial genome from China 

(GenBank: NC_028001). The MseI-digested PCR products were resolved by 3.0% 

agarose gel electrophoresis. Ten to twelve fragments with sizes from 20 to 500 bp were 

observed as shown in Figure 5.11. In the above-mentioned published F. elongatus 

sequence recognition sites were at positions 100, 118, 211, 277, 293, 343, 349, 433, 

472, 577, 775, 947, 973, 1210 and 1259 of the mtCOX1 gene. The 48 Fischoederius 

specimens in the present analysis did not show this pattern of recognition sites but 

showed nine different patterns (A–I). Pattern E was most often observed (19/48), 

followed by pattern D (8/48), C (7/48), H (7/48), A (2/48), F (2/48), B (1/48), G (1/48), 

and I (1/48). Based on sequence conservation and phylogenetic analysis the nine MseI 

pattern were assigned to five putative species (Pattern A, [BEG], [CFH], D, and I). 

Patterns [BEG] and [CFH] with highly conserved sequences are thought to represent 

polymorphic sequences within their respective species. MseI recognition sites were 

conserved at positions 100, 433, 947 and 1259 in all patterns. Nine mtCOX1 sequences 

representing the nine different restriction patterns were cloned into the pGEM®-T Easy 

and sequenced as described in Sections 4.2.7–4.2.12. Several nucleotide exchanges 

were observed in the patterns. The 435G>A transition was found in all patterns. The 

755T>C transition was only found in pattern B. The 973T>C transition was only found 

in pattern C. The 345G>A and 351A>G transitions were only found in pattern D. The 

483G>A and 1212A>G transitions were only found in pattern I. The T294A transversion 

was only found in pattern A and D. The 120G>A and 279G>A transitions were only 

found in pattern I. The 1192T>C transition was only found in pattern D and E. 
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Figure 5.10 Virtual MseI restriction map of mtCOX1 sequence Fischoederius MseI 

pattern A–I created in NEBcutter version 2.0. The blue vertical lines indicate the 

recognition site T^TAA in each sequence. 
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Figure 5.11 Restriction analysis of Fischoederius spp. mtCOX1 with MseI; lanes A–I: 

Nine different restriction patterns of Fischoederius spp. mtCOX1 could be 

discriminated on a 3.0% agarose gel; lane M: GeneRuler™ Low Range DNA ladder 

(Thermo Fisher Scientific, MA, USA). 
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5.3.3 Images of Fischoederius spp. 

 Fischoederius specimens were collected from slaughterhouses  

in the years 2014–2019. Images were taken from forty-eight flukes before extraction  

of genomic DNA as described in Section 4.1.2. The micrographs shown in Figures 

5.12–5.14 were sorted by the MseI restriction pattern of the mtCOX1 gene (Section 

5.3.3). Specimens A1, B, C1–7, D1–3, E1–9, F1–2, H1–7, I were collected in 2014, 

specimen A2 in 2016, and specimens D4–8, E10–19, G in 2019. Some flukes were 

maintained in PBS pH 7.2 at 4°C for six weeks to reduce their body opacity. This 

allowed to see the internal morphology including ceca, vitellaria, and reproductive 

system (C1–C4 and H1–H5). Some flukes were damaged because other flukes had 

attached to them (C3, C6, and H1). All of the flukes showed the morphology as 

described in Section 5.1.2. 

 

 
 

Figure 5.12 Micrographs of Fischoederius spp. mtCOX1 MseI pattern A, D, I. 

Specimens collected in 2014: A1, D1–3, and I; 2016: A2; 2019: D4–8. Black circles 

indicate the specimens for which the mtCOX1 restriction patterns are shown in Figure 

5.11 
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Figure 5.13 Micrographs of Fischoederius spp. mtCOX1 MseI pattern B, E, G. 

Specimens collected in 2014: B and E1–9; 2019: E10–19, and G. Black circles indicate 

the specimens for which the mtCOX1 restriction patterns are shown in Figure 5.11 
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Figure 5.14 Micrographs of Fischoederius spp. mtCOX1 MseI pattern C, F, H. 

Specimens collected in 2014: C1–7, F1–2, and H1–7. Black circles indicate the 

specimens for which the mtCOX1 restriction patterns are shown in Figure 5.11 
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5.3.4 Genetic variation of Fischoederius spp. mtCOX1 

 Sequence identity values between Fischoederius spp. mtCOX1 in 

this study and previously published sequences of F. elongatus from China (GenBank: 

NC_028001, GeneID: 26042463) and other trematodes including F. cobboldi 

(GenBank: NC_030529, GeneID: 28255127) and G. crumenifer (GenBank: 

NC_027833, GeneID: 25768118) supported that the nine different MseI pattern 

belonged to five distinct species (Pattern A, [BEG], [CFH], D, and I). Sequence identity 

values ranged from 88.3–99.3% (Table 5.2). The highest conserved mtCOX1 

sequences were Fischoederius spp. pattern C and H (99.3% identity), followed by 

pattern E and G (99.2%), and pattern F and H (99.2%). The most different sequences 

from each other were G. crumenifer and Fischoederius spp. pattern I (88.3%), 

Fischoederius spp. pattern B and C (88.5%), and pattern A, E, F and H (88.6%), 

respectively. The five suggested species of Fischoederius had 4.2–9.6% sequence 

difference between each other. Fischoederius spp. pattern [BEG] had intraspecies 

variation at 0.8–1.3%. Fischoederius spp. pattern [CFH] had intraspecies variation at 

0.7–1.0%. The sequence variation between Fischoederius spp. mtCOX1 pattern A–I in 

this study and F. elongatus from China (GenBank: NC_028001, GeneID: 26042463) 

ranged from 5.7–8.3%. Interspecies variations between Fischoederius spp. in this study 

and F. cobboldi (GenBank: NC_030529, GeneID: 28255127) and G. crumenifer 

(GenBank: NC_027833, GeneID: 25768118) were 6.9–8.9% and 10.8–11.7%, 

respectively. 

Phylogenetic analyses of the available partial sequences of  

F. elongatus mtCOX1 from China, India and other trematodes including F. cobboldi, 

G. crumenifer, E. explanatum, C. microbothrioides, O. streptocoelium, H. Paloniae, 

Ogmocotyle sikae, Ogmocotyle spp. JM-2015, P. cervi, and F. hepatica were done to 

evaluate the taxonomic relationship between these trematodes (Figure 5.15). 

Phylogenetic analysis based on the longest mtCOX1 fragment (1536 bp) demonstrated 

that all Fischoederius spp. mtCOX1 sequences obtained in this study were closely 

related to the sequences of Fischoederius spp. from China and India. Fischoederius 

spp. pattern I was the most distant sequence clustered next to G. crumenifer which was 

used as outgroup (Figure 5.15A). The phylogenetic tree clearly showed the close 

relationship of Fischoederius spp. pattern [BEG] and [CFH] which formed two highly 
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supported neighboring clades next to F. elongatus (China). Fischoederius spp. pattern 

A and D were clustered together next to F. cobboldi (China). Using published data from 

a study in India by Ghatani et al., 2014 that had analyzed a 364 bp mtCOX1 fragment 

it was found that Fischoederius spp. pattern A was identical to sequences designated  

F. elongatus (India, GeneBank: JX518952, JX518953, JX518954, JQ806365) with 

pattern D related (Figure 5.15B). F. cobboldi sequences from India (GeneBank: 

JX518950, JX518951, and JQ806364) were clustered between Fischoederius spp. 

pattern I and G. crumenifer which was used as outgroup. F. elongatus (China),  

F. cobboldi (China) were clustered together while Fischoederius spp. pattern [BEG] 

and [CFH] maintained the tree topology shown in Figure 5.15A. The third phylogenetic 

tree based on a 1521 bp mtCOX1 fragment included more distantly related trematode 

species and clearly showed that mtCOX1 can be used to separate the genus 

Fischoederius from trematodes in other genera (Figure 5.15C).  

 

Table 5.2 Sequence identity values of mtCOX1 region between Fischoederius spp. in 

this study (A–I) and other trematodes including Fe: F. elongatus (GenBank: 

NC_028001, GeneID: 26042463); Fc: F. cobboldi (GenBank: NC_030529, GeneID: 

28255127); Gc: G. crumenifer (GenBank: NC_027833, GeneID: 25768118). 

 

 Gc Fc Fe  A  B  C  D  E  F  G  H 

Fc 89.1           

Fe  88.9 92.5          

A  88.6  93.1 92.8         

B  88.5  91.9 94.3 93.3        

C  88.5  91.3 93.6 92.6 95.4       

D  89.2  92.1 91.7 92.8 91.6 91.1      

E  88.6  91.7 94.1 92.9 98.7 95.0 91.7     

F  88.6  91.7 93.8 93.0 95.8 99.0 91.1 95.4    

G  88.7  91.8 94.2 93.2 99.0 95.1 91.7 99.2 95.6   

H  88.6  91.5 93.6 92.9 95.5 99.3 91.3 95.1 99.2 95.2  

I  88.3  91.1 92.4 90.7 91.5 91.0 90.4 91.5 91.2 91.8 91.4 
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Figure 5.15 Phylogenetic analysis of Fischoederius spp. mtCOX1 pattern A–I and 

other trematodes including F. elongatus from China (GenBank: NC_028001, GeneID: 

26042463), F. elongatus from India (GeneBank: JX518952, JX518953, JX518954, 

JQ806365) and, F. cobboldi from China (GenBank: NC_030529, GeneID: 28255127), 

F. cobboldi from India (GeneBank: JX518950, JX518951, and JQ806364),  

G. crumenifer (GenBank: NC_027833, GeneID: 25768118), E. explanatum (GenBank: 

NC_027958, GeneID: 26038454), C. microbothrioides (GenBank: NC_027271, 

GeneID: 24570901), O. streptocoelium (GenBank: NC_028071, GeneID: 26047474), 

H. Paloniae (GenBank: NC_030530, GeneID: 28255164), Ogmocotyle sikae 

(GenBank: NC_027112, GeneID: 24286781), Ogmocotyle spp. JM-2015 (GenBank: 

KR006935, Base position: 6897–8441), P. cervi (GenBank: NC_023095, GeneID: 

17961305), and F. hepatica (GenBank: NC_002546, GeneID: 800038). A: 1536 bp 

mtCOX1 fragment, B: 364 bp mtCOX1 fragment, C: 1,521 bp mtCOX1 fragment. 
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5.4 Mitochondrial genome of Fischoederius spp. 

 

5.4.1 General features of Fischoederius spp. mitochondrial genome 

MseI pattern A 

 Following F. elongatus mitochondrial genome study by Yang et al., 

2015 in Tianmen and Han et al., 2020 in Shanghai, China, partial mitochondrial 

sequences were obtained from Fischoederius spp. MseI pattern A transcriptome data to 

assemble the complete mitochondrial genome of the Thailand isolate. Sequences still 

missing following transcriptome sequencing were obtained by PCR with 16 

oligonucleotide primers as described in Section 4.3.4. The PCR products had the 

expected sizes of 1100, 1536, 875, 1508, 989, 1159, 577, 898 bp as shown in Figure 

5.16. Standard Sanger dideoxy sequencing was performed using commercial services. 

The mtDNA fragment generated by primers HRG-596/623 was difficult to sequence 

and sequencing had to be repeated several times at different conditions by the 

commercial service providers as described in Section 4.2.12. The partial sequences of 

Thai-strain Fischoederius MseI pattern A were aligned and manually assembled by 

comparison with the previously published trematode mitochondrial genome sequences 

using the program SeaView version 5.0.1 as described in Section 4.3.6.1. 

The circular mitochondrial genome of Fischoederius MseI pattern A 

is 14,780 bp in length. Sequence analysis with MITOS and NCBI ORF finder revealed 

the features of the investigated genome by comparison with nearby trematode including 

F. elongatus China isolated (GenBank: NC_028001), F. cobboldi (GenBank: 

NC_030529), G. crumenifer (GenBank: NC_027833), C. microbothrioides (GenBank: 

NC_027271), and P. cervi (GenBank: NC_023095) as described in Sections 4.3.6.2–3. 

The mitochondrial genome comprises 12 protein-coding genes (cytb, cox1–3, nad1–6, 

nad4L, and atp6), 23 tRNA genes, 2 rRNA genes (rrnS and rrnL), and 2 non-coding 

regions (SNR and LNR). The protein-coding genes are arranged in the same orientation 

in the following order; cox3 > cytb > nad4L > nad4 > atp6 > nad2 > nad1 > nad3 > 

cox1 > cox2 > nad6 > nad5. The mitochondrial genome is lacking atp8. The intergenic 

spacers in the mitochondrial genome range from 1 to 301 bp. The overlapping 

nucleotides between each feature range from 2 to 39 bp. The features of the 

mitochondrial genome of Fischoederius MseI pattern A are listed in Table 5.3.  
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The nucleotide composition of the transcribed strand of the 

Fischoederius spp. MseI pattern A mitochondrial genome is 20.0% A, 43.8% T, 26.5% 

G, and 9.7% C. The A+T content of genes ranges from 63.1–68.8%. The overall A+T 

content is 63.8% as shown in Table 5.4. The overall G-C Skew is 0.463, and A-T Skew 

is –0.374. The GC content distribution in the full mitochondrial genome is shown in 

Figure 5.17. 

 

Figure 5.16 Agarose gel electrophoresis of Fischoederius MseI pattern A 

mitochondrial genome fragments amplified by PCR; lane 1: 1,100 bp cytb fragment; 

lane 2: 1,536 bp cox1 fragment; lane 3: 875 bp nad4/atp6 fragment; lane 4: 1,508 bp 

nad2/nad1 fragment; lane 5: 989 bp nad1/cox1 fragment; lane 6: 1,159 bp cox1/trnC 

fragment; lane 7: 577 bp nad6/nad5 fragment; lane 8: 898 bp nad5/cox3 fragment;  

lane M: (A) GeneRuler™ 1 kb DNA ladder; (B) GeneRuler™ 100 bp Plus DNA ladder 

(Thermo Fisher Scientific, MA, USA). 
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Figure 5.17 Diagrams of the mitochondrial genome of Fischoederius mtCOX1 MseI 

pattern A using Organellar Genome DRAW (OGDRAW). The mitochondrial genome 

is 14,780 bp in length containing 12 protein-coding genes, 23 tRNA genes, 2 rRNA 

genes and 2 non-coding regions, encoded in the same direction. The inner gray circle 

shows the GC content of the sequence. 
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Table 5.3 Features of the mitochondrial genome of Fischoederius mtCOX1 MseI A 
 

Gene/ 

Region 

Position Length 

(bp) 

Ini/Ter 

Codons 
Anticodons 

No. of  

Amino Acids 
In 

Start Stop 

cox3 1 645 645 ATG/TAG  215  0 

trnH 647 714 68  GTG  +2 

cytb 719 1831 1113 ATG/TAA  371 +5 

SNR 1832 1880 49    +1 

nad4L 1896 2159 264 ATG/TAG  88 +16 

nad4 2120 3400 1281 ATG/TAG  427 –39 

trnQ 3410 3472 63  TTG  +10 

trnF 3497 3563 67  GAA  +25 

trnM 3561 3626 66  CAT  –2 

atp6 3626 4141 516 ATG/TAG  172  0 

nad2 4146 5021 876 GTG/TAG  292 +5 

trnV 5044 5111 68  TAC  +23 

trnD 5412 5480 69  GTC  +301 

trnA 5680 5748 69  TGC  +200 

trnD 5976 6044 69  GTC  +228 

nad1 6048 6944 897 ATG/TAG  299 +4 

trnN 6966 7031 66  GTT  +22 

trnP 7036 7098 63  TGG  +5 

trnI 7099 7163 65  GAT  +1 

trnK 7169 7233 65  CTT  +6 

nad3 7238 7594 357 ATG/TAG  119 +5 

trnS 7604 7665 62  GCT  +10 

trnW 7680 7744 65  TCA  +15 

cox1 7748 9289 1542 GTG/TAA  514 +4 

trnT 9299 9362 64  TGT  +10 

rrnL 9363 10352 990    +1 

trnC 10353 10419 67  GCA  +1 

rrnS 10424 11170 747    +5 

cox2 11171 11752 582 ATG/TAG  194 +1 

nad6 11746 12198 453 GTG/TAG  151 –6 

trnY 12218 12285 68  GTA  +20 

trnL 12307 12370 64  TAG  +22 

trnS 12368 12438 71  TGA  –2 

trnL 12452 12518 67  TAA  +14 

trnR 12520 12586 67  TCG  +2 

nad5 12587 14167 1581 GTG/TAA  527 +1 

trnG 14171 14236 66  TCC  +4 

trnE 14248 14313 66  TTC  +12 

LNR 14320 14780 461    +7 
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Table 5.4 Nucleotide contents of each protein coding gene within the mitochondrial 

genome of Fischoederius mtCOX1 MseI pattern A 

 

Gene A (%) T (%) G (%) C (%) A+T (%) G+C (%) 

cox3 19.8 49.0 23.1 8.1 68.8 31.2 

cytb 19.2 45.9 26.0 8.9 65.1 34.9 

nad4L 21.6 45.1 25.8 7.6 66.7 33.3 

nad4 16.1 47.7 26.2 10.0 63.8 36.2 

atp6 17.8 47.7 24.6 9.9 65.5 34.5 

nad2 16.2 51.1 25.2 7.4 67.4 32.6 

nad1 17.8 46.6 27.4 8.1 64.4 35.6 

nad3 16.2 47.3 28.0 8.4 63.6 36.4 

cox1 18.5 45.6 24.8 11.1 64.1 35.9 

cox2 20.8 42.3 26.6 10.3 63.1 36.9 

nad6 17.2 47.7 26.9 8.2 64.9 35.1 

nad5 16.4 47.5 28.1 7.9 63.9 36.1 

 

5.4.1.1 Protein-coding genes of Fischoederius spp. 

mitochondrial genome MseI pattern A 

  Based on sequence comparison with other trematodes, 

Fischoederius spp. MseI pattern A mitochondrial genome contains 12 protein-coding 

genes including cytb, cox1–3, nad1–6, nad4L, and atp6. A total of 3,363 codons were 

conceptually translated into amino acid sequences using Echinoderm and flatworm 

mitochondrial code table 9 (Figures 5.18–5.41). The twelve proteins contain 264 to 

1581 amino acids. All 64 codons are present in the mitochondrial genome. The most 

common initiation codon is ATG (8/12) followed by GTG (4/12) and the most common 

termination codon is TAG (9/13) followed by TAA (3/12). The most frequently used 

codon is TTT (Phe) 9.49%, followed by TTG (Leu) 8.09%, TTA (Leu) 5.77%, GTT 

(Val) 5.59%, and TAT (Tyr) 5.03%. The less frequently used codons are CGC (Arg), 

CTC (Leu), and ACC (Thr) at 0.09%. The third base of the used codons is most often 

T (51.35%) followed by G (28.20%), A (16.74%), and C (3.71%). The high frequency 

of T as the third base is also due to the most frequently used TTT (Phe) codon. The 
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complete codon usage is shown in Table 5.5. The five most frequently used amino 

acids are leucine (16.12%) followed by valine (12.40%), phenylalanine (10.41%), 

serine (10.20%), and glycine (7.61%), which together make up 56.74% of the total 

number of amino acids. 

 

Table 5.5 Codon usage of 12 protein-coding genes of mitochondrial genome of 

Fischoederius MseI pattern A. 

 

Amino 

Acid 
Codon Number 

Frequency 

(%) 

 Amino 

Acid 
Codon Number 

Frequency 

(%) 

Ala GCG 30 0.89  Asn AAA 18 0.54 

Ala GCA 15 0.45  Asn AAT 56 1.67 

Ala GCT 96 2.85  Asn AAC 4 0.12 

Ala GCC 4 0.12  Pro CCG 14 0.42 

Cys TGT 107 3.18  Pro CCA 12 0.36 

Cys TGC 16 0.48  Pro CCT 52 1.55 

Asp GAT 58 1.72  Pro CCC 5 0.15 

Asp GAC 4 0.12  Arg CGG 10 0.30 

Glu GAG 59 1.75  Arg CGA 7 0.21 

Glu GAA 24 0.71  Arg CGT 42 1.25 

Phe TTT 319 9.49  Arg CGC 3 0.09 

Phe TTC 31 0.92  Ser AGG 38 1.13 

Gly GGG 45 1.34  Ser AGA 27 0.80 

Gly GGA 27 0.80  Ser AGT 104 3.09 

Gly GGT 167 4.97  Ser AGC 4 0.12 

Gly GGC 17 0.51  Ser TCG 26 0.77 

His CAT 44 1.31  Ser TCA 23 0.68 

His CAC 4 0.12  Ser TCT 114 3.39 

Ile ATA 68 2.02  Ser TCC 7 0.21 

Ile ATT 125 3.72  Thr ACG 21 0.62 

Ile ATC 4 0.12  Thr ACA 15 0.45 

Lys AAG 52 1.55  Thr ACT 52 1.55 

Leu TTG 272 8.09  Thr ACC 4 0.12 

Leu TTA 194 5.77  Val GTG 159 4.73 

Leu CTG 23 0.68  Val GTA 64 1.90 

Leu CTA 13 0.39  Val GTT 188 5.59 

Leu CTT 37 1.10  Val GTC 6 0.18 

Leu CTC 3 0.09  Trp TGG 72 2.14 

Met ATG 106 3.15  Trp TGA 41 1.22 

Gln CAG 14 0.42  Tyr TAT 169 5.03 

Gln CAA 13 0.39  Tyr TAC 9 0.27 
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                   10        20        30        40        50        60         

          ----:----|----:----|----:----|----:----|----:----|----:----| 

        1 ATGAGGTGATTGCCTTTGTATAAAGCTTGGATGATTTGTTTAGCTATTATTAGTTTTTTC 60 

        1 M  R  W  L  P  L  Y  K  A  W  M  I  C  L  A  I  I  S  F  F   19 

  

                   70        80        90        100       110       120        

          ----:----|----:----|----:----|----:----|----:----|----:----| 

       61 TTATGGAAGTTGTTAGGGGTTTTGATATTGATATTTGCTTTGTTTATGTCATTTTCTTTT 120 

       20 L  W  K  L  L  G  V  L  I  L  I  F  A  L  F  M  S  F  S  F   39 

  

                   130       140       150       160       170       180        

          ----:----|----:----|----:----|----:----|----:----|----:----| 

      121 TTATTGAAGGAATCTTTGGGTAATGTAACACATTATGTATATGCTTTTTGGTTATTTATT 180 

       40 L  L  K  E  S  L  G  N  V  T  H  Y  V  Y  A  F  W  L  F  I   59 

  

                   190       200       210       220       230       240        

          ----:----|----:----|----:----|----:----|----:----|----:----| 

      181 ATGACTGAGGTTTTGATTTTTGGTTGTCTGTTTTTGGCTGTTTTATGGAAAGAGACTTGT 240 

       60 M  T  E  V  L  I  F  G  C  L  F  L  A  V  L  W  K  E  T  C   79 

  

                   250       260       270       280       290       300        

          ----:----|----:----|----:----|----:----|----:----|----:----| 

      241 TATTCTGAGTCAATTTCGAGGTTTTTAGAATTGCCGTTTTTGGGCTGCTTTTTGTTGATT 300 

       80 Y  S  E  S  I  S  R  F  L  E  L  P  F  L  G  C  F  L  L  I   99 

  

                   310       320       330       340       350       360        

          ----:----|----:----|----:----|----:----|----:----|----:----| 

      301 GGTTCTTCGTTGACTGTGACTGCCTATCATCATAGTGTGGGTACTAAGTATGGTTCTTTG 360 

      100 G  S  S  L  T  V  T  A  Y  H  H  S  V  G  T  K  Y  G  S  L   119 

  

                   370       380       390       400       410       420        

          ----:----|----:----|----:----|----:----|----:----|----:----| 

      361 TTTTTGTTAGCTACTTTGTTATTAGGTTTAAGTTTTGTTATCTTGCAGATTTATGAGATG 420 

      120 F  L  L  A  T  L  L  L  G  L  S  F  V  I  L  Q  I  Y  E  M   139 

  

                   430       440       450       460       470       480        

          ----:----|----:----|----:----|----:----|----:----|----:----| 

      421 TACGATTGTGAGTGTGATTGAATTTATTCAGTATACTATGCTGCGTGTTTTAGTACTGTG 480  

      140 Y  D  C  E  C  D  W  I  Y  S  V  Y  Y  A  A  C  F  S  T  V   158 

  

                   490       500       510       520       530       540        

          ----:----|----:----|----:----|----:----|----:----|----:----| 

      481 GGATTGCATTTTTTACATGTTTTGATAGGTTTAGTGGGCTTGTCTGTTATTTTTTTTATA 540  

      159 G  L  H  F  L  H  V  L  I  G  L  V  G  L  S  V  I  F  F  I   178 

  

                   550       560       570       580       590       600        

          ----:----|----:----|----:----|----:----|----:----|----:----| 

      541 GGAGATGTTAATTTGAAAGTGTTTTATAAAGATGTAATTATATGGTATTGACATTTTGTG 600  

      179 G  D  V  N  L  K  V  F  Y  K  D  V  I  I  W  Y  W  H  F  V   197 

  

                   610       620       630       640        

          ----:----|----:----|----:----|----:----|----: 

      601 GATTATATTTGGTTGTTGGTTTACCTTGTTGTTTATCTGTCGTAG 645  

      198 D  Y  I  W  L  L  V  Y  L  V  V  Y  L  S  *   21 

 

Figure 5.18 Nucleotide and deduced amino acid sequences of the isolated 

Fischoederius spp. cytochrome c oxidase subunit III (645 bp) using SHOWSEQ in 

EMBOSS. 

 

 

 

 

 

 

 

Ref. code: 25625612330018TUB



102 

 

F-A   1    MSWLPLYNAWMICLAIISFFLWKLLGVLILIFALFMSFSFLLKESLGNVTHYVYAFWLFI  60 

Fe    1    ..........I.....V...........L.................V.............  60 

Fc    1    ................V...........L...............................  60 

Gc    1    ................V...........L..........Y.V......M...........  60 

Cm    1    ..........IV....V.L.........F.LV...L.V.Y......N..L..........  60 

Pc    1    ..........IV...LV.L........VV.LV...L.L.Y........AL..........  60 

  

F-A   61   MTEVLIFGCLFLAVLWNETCYSESISSFLELPFLGCFLLIGSSLTVTAYHHSVGTKYGSL  120 

Fe    61   ........S...........F.......................................  120 

Fc    61   ........S.................................................F.  120 

Gc    61   ...G....S...........F.......................................  120 

Cm    61   L......SS..V..F.S.S.S.................................LGSS..  120 

Pc    61   ........S..V..F...S.S..A..............................LASS..  120 

  

F-A   121  FLLATLLLGLSFVILQIYEMYDCECDWIYSVYYAACFSTVGLHFLHVLIGLVGLSVIFFI  180 

Fe    121  .........F.....................................V............  180 

Fc    121  .........F.................V....................V..I.......M  180 

Gc    121  ...S.....A...V...F.........V...................I...I......IF  180 

Cm    121  ...C..V..F.......F.........V...................VL..I..V...VF  180 

Pc    121  ...L..F..F...V..VF.V.......V...................V......A...VF  180 

  

F-A   181  GDVNLNVFYNDVIIWYWHFVDYIWLLVYLVVYLS  214 

Fe    181  ..................................  214 

Fc    181  ..................................  214 

Gc    181  ..................................  214 

Cm    181  ............V.....................  214 

Pc    181  ............V.....................  214 

 

Figure 5.19 Multiple alignment of cytochrome c oxidase subunit III; F-A: 

Fischoederius MseI pattern A; Fe: F. elongatus isolated from Tianmen, China; Fc:  

F. cobboldi; Gc: G. crumenifer; Cm: C. microbothrioides, and Pc: P. cervi. Black dots 

indicate conserved positions. 
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                   10        20        30        40        50        60         

          ----:----|----:----|----:----|----:----|----:----|----:----| 

        1 ATGGTGTCTCTGGTGCGTTCTAATGTTGTGGATTTGCCTACTAATTTATCTTTGAGGTAT 60 

        1 M  V  S  L  V  R  S  N  V  V  D  L  P  T  N  L  S  L  R  Y   20 

  

                   70        80        90        100       110       120        

          ----:----|----:----|----:----|----:----|----:----|----:----| 

       61 TTTTGGTGTGGTGGTTTTATGATTAGTGCTTTTTTAGTGTTGCAAATTGCTTCTGGTGTT 120 

       21 F  W  C  G  G  F  M  I  S  A  F  L  V  L  Q  I  A  S  G  V   40 

  

                   130       140       150       160       170       180        

          ----:----|----:----|----:----|----:----|----:----|----:----| 

      121 ATACTTTCATTATTATATGTAGCTGATTCTAATATGAGGTTTGGCTGTGTGTTGGCGTTA 180 

       41 I  L  S  L  L  Y  V  A  D  S  N  M  R  F  G  C  V  L  A  L   60 

  

                   190       200       210       220       230       240        

          ----:----|----:----|----:----|----:----|----:----|----:----| 

      181 AAAGATGAAAGTATTTTTATGTGGTTGGTTCGATATATGCATATTTGGGGTGTTACGTTT 240 

       61 K  D  E  S  I  F  M  W  L  V  R  Y  M  H  I  W  G  V  T  F   80 

  

                   250       260       270       280       290       300        

          ----:----|----:----|----:----|----:----|----:----|----:----| 

      241 ATTTTTGTGTTGTTTATAATACATATGGGTCGTGCTTTGTATTATACTAGTTATAGTAAG 300 

       81 I  F  V  L  F  I  I  H  M  G  R  A  L  Y  Y  T  S  Y  S  K   100 

  

                   310       320       330       340       350       360        

          ----:----|----:----|----:----|----:----|----:----|----:----| 

      301 GTGGGTGTATGGAATGTTGGTTTTATTTTGTATTTGGCGATGATGGTTGAAGCTTTTTTG 360 

      101 V  G  V  W  N  V  G  F  I  L  Y  L  A  M  M  V  E  A  F  L   120 

  

                   370       380       390       400       410       420        

          ----:----|----:----|----:----|----:----|----:----|----:----| 

      361 GGCTATATTTTGCCGTGGCATCAGATGTCTTATTGGGCTGCGACGGTATTAACATCAATT 420 

      121 G  Y  I  L  P  W  H  Q  M  S  Y  W  A  A  T  V  L  T  S  I   140 

  

                   430       440       450       460       470       480        

          ----:----|----:----|----:----|----:----|----:----|----:----| 

      421 TTGAATAGTGTGCCATTAGTTGGTGGAGTGTTGTATAAGTTTGTAGTTGGGGGTTTTTCT 480 

      141 L  N  S  V  P  L  V  G  G  V  L  Y  K  F  V  V  G  G  F  S   160 

  

                   490       500       510       520       530       540        

          ----:----|----:----|----:----|----:----|----:----|----:----| 

      481 GTGACAAATGTTACATTAGTTCGTGTGTTTCCGGCTCATGTGTGTTTAGCTTTTGTTATT 540 

      161 V  T  N  V  T  L  V  R  V  F  P  A  H  V  C  L  A  F  V  I   180 

  

                   550       560       570       580       590       600        

          ----:----|----:----|----:----|----:----|----:----|----:----| 

      541 CTTGGTTTGAGTGTTGTTCATTTATTTTATTTACATCTAAGGGGGTCTAATAATCCATTG 600 

      181 L  G  L  S  V  V  H  L  F  Y  L  H  L  R  G  S  N  N  P  L   200 

  

                   610       620       630       640       650       660        

          ----:----|----:----|----:----|----:----|----:----|----:----| 

      601 TTCGTTAGGGGGGGTTATAGTGACGTTGTTTTGTTTCATAGTCTTTTTACTAATAAGGAT 660 

      201 F  V  R  G  G  Y  S  D  V  V  L  F  H  S  L  F  T  N  K  D   220 

  

                   670       680       690       700       710       720        

          ----:----|----:----|----:----|----:----|----:----|----:----| 

      661 GGTTTTGTGTTGATGTGTTTGTTGTGATGTTGTTGCTTTTTTCTGATTTATTTTCCTGAT 720 

      221 G  F  V  L  M  C  L  L  W  C  C  C  F  F  L  I  Y  F  P  D   239 

  

                   730       740       750       760       770       780        

          ----:----|----:----|----:----|----:----|----:----|----:----| 

      721 TTTGTTTTAGATGTAGAGAGTTATATACAAGCTGATCCTTTGGTGACTCCGGTGTCTATA 780 

      240 F  V  L  D  V  E  S  Y  I  Q  A  D  P  L  V  T  P  V  S  I   259 

  

                   790       800       810       820       830       840        

          ----:----|----:----|----:----|----:----|----:----|----:----| 

      781 AAGCCTGAGTGGTATTTTTTGGCGTTTTATGCTATGTTACGTTCAATAGAGTCGAAGATT 840 

      260 K  P  E  W  Y  F  L  A  F  Y  A  M  L  R  S  I  E  S  K  I   279 

  

 

 
(Please continue on overleaf) 
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                   850       860       870       880       890       900        

          ----:----|----:----|----:----|----:----|----:----|----:----| 

      841 GGCGGGTTAGTTTTAGTTATATTATTTTTATTTGTTTTGTGGTTGCCTTCTTTTAATAAG 900 

      280 G  G  L  V  L  V  I  L  F  L  F  V  L  W  L  P  S  F  N  K   299 

  

                   910       920       930       940       950       960        

          ----:----|----:----|----:----|----:----|----:----|----:----| 

      901 TCTTGTAGTTATAGGGTGGTTCGTCAGTACGTTTTTTGGAGTATTTTTTCCATATTCTTG 960 

      300 S  C  S  Y  R  V  V  R  Q  Y  V  F  W  S  I  F  S  I  F  L   319 

  

                   970       980       990       1000      1010      1020       

          ----:----|----:----|----:----|----:----|----:----|----:----| 

      961 TTATTGAGTTATTTAGGGGCTTGTCATCCTGAATATCCTTATGTAATGGTGAGAAAGGTG 1020 

      320 L  L  S  Y  L  G  A  C  H  P  E  Y  P  Y  V  M  V  R  K  V   339 

  

                   1030      1040      1050      1060      1070      1080       

          ----:----|----:----|----:----|----:----|----:----|----:----| 

     1021 GCTAGTGTGATGATAGTTTTGTTGTTAACGTTGTTTAAGTGTTTTTGGGTGGTTGGAGGA 1080 

      340 A  S  V  M  I  V  L  L  L  T  L  F  K  C  F  W  V  V  G  G   359 

  

                   1090      1100      1110       

          ----:----|----:----|----:----|--- 

     1081 ATGGATGGTTGAAAGTGTTTATGGTTTAAGTAA 1113 

      360 M  D  G  W  K  C  L  W  F  K  *   368 

 

Figure 5.20 Nucleotide and deduced amino acid sequences of the isolated 

Fischoederius spp. cytochrome b (1,100 bp) using SHOWSEQ in EMBOSS. 
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F-A   1    MVSLVRSNVVDLPTNLSLSYFWCGGFMISAFLVLQIASGVILSLLYVADSNMSFGCVLAL  60 

Fe    1    ..................................................S.........  60 

Gc    1    .L...........................I................I............F  60 

Fc    1    ....M.............................................S.........  60 

Cm    1    .L..................................V...V.........G.........  60 

Pc    1    .L.................................VL...V.........GL........  60 

  

F-A   61   NDESIFMWLVRYMHIWGVTFIFVLFIIHMGRALYYTSYSKVGVWNVGFILYLAMMVEAFL  120 

Fe    61   ..........................V.................................  120 

Gc    61   ..........................V.....................V...........  120 

Fc    61   ............................................................  120 

Cm    61   ......V...................V.............I...........V.......  120 

Pc    61   ......V.................................L.......V.D.V.......  120 

  

F-A   121  GYILPWHQMSYWAATVLTSILNSVPLVGGVLYKFVVGGFSVTNVTLVRVFPAHVCLAFVI  180 

Fe    121  ..........................................................I.  180 

Gc    121  ..........................I.................................  180 

Fc    121  ............................................................  180 

Cm    121  ..........................I..I....................S.......I.  180 

Pc    121  ..........................I.......................S.........  180 

  

F-A   181  LGLSVVHLFYLHLSGSNNPLFVSGGYSDVVLFHSLFTNKDGFVLMCLLWCCCFFLIYFPD  240 

Fe    181  ............................................................  240 

Gc    181  ............................................................  240 

Fb    181  .....I......................................................  240 

Cm    181  .............W..............................V..M.........S..  240 

Pc    181  .............G..............................V..M....L..MLS..  240 

  

F-A   241  FVLDVESYIQADPLVTPVSIKPEWYFLAFYAMLRSIESKIGGLVLVILFLFVLWLPSFNK  300 

Fe    241  ............................................................  300 

Gc    241  ............................................................  300 

Fc    241  ............................................................  300 

Cm    241  .......................................V......L.......V....I  300 

Pc    241  .......................................V......L.......V.A...  300 

  

F-A   301  SCSYSVVRQYVFWSIFSIFLLLSYLGACHPEYPYVMVSKVASVMIVLLLTLFKCFWVVGG  360 

Fr    301  ..........I........................V........................  360 

Gc    301  ..........I............................I...V................  360 

Fc    301  ..........I...V............................V.....A..........  360 

Cm    301  ..G...S............................L...L...A..F..A..........  360 

Pc    301  ......G............................L...L...V..F..A..........  360 

  

F-A   361  MDGWKCLWFK  370 

Fe    361  AE........  370 

Gc    361  A.........  370 

Fc    361  V....Y....  370 

Cm    361  V....D..C.  370 

Pc    361  V....N..C.  370 

 

Figure 5.21 Multiple alignment of cytochrome b; F-A: Fischoederius MseI pattern A; 

Fe: F. elongatus isolated from Tianmen, China; Fc: F. cobboldi; Gc: G. crumenifer; 

Cm: C. microbothrioides, and Pc: P. cervi. Black dots indicate conserved positions. 
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                   10        20        30        40        50        60         

          ----:----|----:----|----:----|----:----|----:----|----:----| 

        1 ATGAATTTAGCTTTGTTGCTGTTAGGTGTGTTCATAATTTTGGTTAGTTTTGTGTTGTCT 60 

        1 M  N  L  A  L  L  L  L  G  V  F  I  I  L  V  S  F  V  L  S   20 

  

                   70        80        90        100       110       120        

          ----:----|----:----|----:----|----:----|----:----|----:----| 

       61 TTAGCTCGTTTAATGAATTGCTTGATAGTTGTTGAGAATTTAAAAGTTTTGTTATTATTT 120  

       21 L  A  R  L  M  N  C  L  I  V  V  E  N  L  K  V  L  L  L  F   40 

  

                   130       140       150       160       170       180        

          ----:----|----:----|----:----|----:----|----:----|----:----| 

      121 TCAGCATTAGTTAGACAAAGGGTTGAAGTTCGTATTTTATTTATAGCTTTGATGGTGATT 180 

       41 S  A  L  V  R  Q  R  V  E  V  R  I  L  F  I  A  L  M  V  I   60 

  

                   190       200       210       220       230       240        

          ----:----|----:----|----:----|----:----|----:----|----:----| 

      181 TTCGCTATTGAGGTTACTTTGGGTCTGGTTGCATTAGTGCGGTTATGAGATTTAGGAAGT 240  

       61 F  A  I  E  V  T  L  G  L  V  A  L  V  R  L  W  D  L  G  S   79 

  

                   250       260        

          ----:----|----:----|---- 

      241 TTGATTGATATACTGGGGGCGTAG 264 

       80 L  I  D  I  L  G  A  *   86 

 

Figure 5.22 Nucleotide and deduced amino acid sequences of the isolated 

Fischoederius spp. NADH dehydrogenase subunit 4L (264 bp) using SHOWSEQ in 

EMBOSS. 

 

F-A   1   MNLALLLLGVFIILVSFVLSLARLMNCLIVVENLNVLLLFSALVSQSVEVRILFIALMVI  60 

Fc    1   ...............................................A............  60 

Gc    1   .........I.................................I...A............  60 

Fe    1   .........................................S.....A............  60 

Cm    1   .S............A................................A............  60 

Pc    1   .........I.................................I...A............  60 

  

F-A   61  FAIEVTLGLVALVRLWDLGSLIDILG  86 

Fc    61  ..........................  86 

Gc    61  ..........................  86 

Fe    61  ..........................  86 

Cm    61  ..........................  86 

Pc    61  ..V.......................  86 

  

Figure 5.23 Multiple alignment of NADH dehydrogenase subunit 4L; F-A: 

Fischoederius MseI pattern A; Fe: F. elongatus isolated from Tianmen, China; Fc:  

F. cobboldi; Gc: G. crumenifer; Cm: C. microbothrioides, and Pc: P. cervi. Black dots 

indicate conserved positions. 
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                   10        20        30        40        50        60         

          ----:----|----:----|----:----|----:----|----:----|----:----| 

        1 ATGAGATTTAGGAAGTTTGATTGATATACTGGGGGCGTAGTTTATGTTTTTAGTCTTTTT 60 

        1 M  R  F  R  K  F  D  W  Y  T  G  G  V  V  Y  V  F  S  L  F   19 

  

                   70        80        90        100       110       120        

          ----:----|----:----|----:----|----:----|----:----|----:----| 

       61 GTGTTATTAGTTTGGGTTGCTGTGAGTGGTTTATGAGATTATTCTTTGATTGGTGGGTTA 120 

       20 V  L  L  V  W  V  A  V  S  G  L  W  D  Y  S  L  I  G  G  L   38 

  

                   130       140       150       160       170       180        

          ----:----|----:----|----:----|----:----|----:----|----:----| 

      121 GTGACATCGAGTTATTTCTGTTTTGATAGTGTGAGTTTGTATTTGGTGTTGTTATCTGTG 180 

       39 V  T  S  S  Y  F  C  F  D  S  V  S  L  Y  L  V  L  L  S  V   58 

  

                   190       200       210       220       230       240        

          ----:----|----:----|----:----|----:----|----:----|----:----| 

      181 TTTCTTTGGATGTCTTTGCTATTTTTATTTGGTGTTGTGTCTTTGTCCTCTAAGATTTTG 240 

       59 F  L  W  M  S  L  L  F  L  F  G  V  V  S  L  S  S  K  I  L   78 

  

                   250       260       270       280       290       300        

          ----:----|----:----|----:----|----:----|----:----|----:----| 

      241 ATTACTTTAAGGGTTGTGTGTTCGTTGGTAAGATATTGTTGTGTTCACTCTTTGGTATTT 300 

       79 I  T  L  R  V  V  C  S  L  V  R  Y  C  C  V  H  S  L  V  F   98 

  

                   310       320       330       340       350       360        

          ----:----|----:----|----:----|----:----|----:----|----:----| 

      301 TGGGTGTTTTATGAGATGTCTATACTTTCTTTGTTGTTGTTGTTAATATTGGAGTCTCCT 360 

       99 W  V  F  Y  E  M  S  I  L  S  L  L  L  L  L  I  L  E  S  P   118 

  

                   370       380       390       400       410       420        

          ----:----|----:----|----:----|----:----|----:----|----:----| 

      361 TATTCTGAGCGGTATATAGCTTCTTGGTATTTATTGGGTTATGTTGTATTAACTAGTTTA 420 

      119 Y  S  E  R  Y  I  A  S  W  Y  L  L  G  Y  V  V  L  T  S  L   138 

  

                   430       440       450       460       470       480        

          ----:----|----:----|----:----|----:----|----:----|----:----| 

      421 CCAATGTTGTTGTGTATATTTTATTTGTCTTTTAATTGGGGGAGGTTCAATTTACGTTTT 480 

      139 P  M  L  L  C  I  F  Y  L  S  F  N  W  G  R  F  N  L  R  F   158 

  

                   490       500       510       520       530       540        

          ----:----|----:----|----:----|----:----|----:----|----:----| 

      481 TGGTTTGACAGGTATGAGGGTTGTGTTAGATCTGGTGTTTTTGCTGTTTTGGCTGTGATG 540 

      159 W  F  D  R  Y  E  G  C  V  R  S  G  V  F  A  V  L  A  V  M   178 

  

                   550       560       570       580       590       600        

          ----:----|----:----|----:----|----:----|----:----|----:----| 

      541 TTTATTACTAAGGTGCCATTACCACCCTTTCATGTGTGGTTGCCTATAGTGCATGCAGAA 600 

      179 F  I  T  K  V  P  L  P  P  F  H  V  W  L  P  I  V  H  A  E   198 

  

                   610       620       630       640       650       660        

          ----:----|----:----|----:----|----:----|----:----|----:----| 

      601 GCTAGAAGTATTGTGTCCGTTTGTTTAAGGGGTTATATTATGAAGTTGGGTATTTTAGGT 660 

      199 A  R  S  I  V  S  V  C  L  R  G  Y  I  M  K  L  G  I  L  G   218 

  

                   670       680       690       700       710       720        

          ----:----|----:----|----:----|----:----|----:----|----:----| 

      661 GTTTGTCGCTTTTGTTCGCATCTTTTATCTGGGTTGATTTTGTCTAACTTGTACATGGTA 720 

      219 V  C  R  F  C  S  H  L  L  S  G  L  I  L  S  N  L  Y  M  V   238 

  

                   730       740       750       760       770       780        

          ----:----|----:----|----:----|----:----|----:----|----:----| 

      721 ATTGCTTTACTTTTAGCGGTTTTGTTCTTTTTTAGGGCCACTCGTGAGTTGGATGGTAAG 780 

      239 I  A  L  L  L  A  V  L  F  F  F  R  A  T  R  E  L  D  G  K   258 

  

                   790       800       810       820       830       840        

          ----:----|----:----|----:----|----:----|----:----|----:----| 

      781 CGCTGGTTGGCGTTTTTGAGGTTATCACATATAATTATAGCTGCGGTGTGTTTATGTGCT 840 

      259 R  W  L  A  F  L  R  L  S  H  I  I  I  A  A  V  C  L  C  A   278 
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                   850       860       870       880       890       900        

          ----:----|----:----|----:----|----:----|----:----|----:----| 

      841 GTTGGTTTTGAGGGTTCTAGATTGGCGTTCGTTTTTTCTTTGGGGCACGGTTTATCTGCT 900 

      279 V  G  F  E  G  S  R  L  A  F  V  F  S  L  G  H  G  L  S  A   298 

  

                   910       920       930       940       950       960        

          ----:----|----:----|----:----|----:----|----:----|----:----| 

      901 GGTGTGACTTTTATTTTTTTATGATTAGCATATGAGGTTTCTGGTTCTCGGAATTGAAAT 960 

      299 G  V  T  F  I  F  L  W  L  A  Y  E  V  S  G  S  R  N  W  N   316 

  

                   970       980       990       1000      1010      1020       

          ----:----|----:----|----:----|----:----|----:----|----:----| 

      961 ATTTTGAAGTATTGTTTGAGGAGGGGTCTGTTTATGCGTTGCTTAGCAGCTTCTTGCCTT 1020 

      317 I  L  K  Y  C  L  R  R  G  L  F  M  R  C  L  A  A  S  C  L   336 

  

                   1030      1040      1050      1060      1070      1080       

          ----:----|----:----|----:----|----:----|----:----|----:----| 

     1021 TGTACGGCAGCTTCTTTACCTCCAACTGTGCAGTTTTTTTCAGAGGTGTTTATTCTTAGT 1080 

      337 C  T  A  A  S  L  P  P  T  V  Q  F  F  S  E  V  F  I  L  S   356 

  

                   1090      1100      1110      1120      1130      1140       

          ----:----|----:----|----:----|----:----|----:----|----:----| 

     1081 GAGGCTGGCGTATTGAGTACGTTTTTTATTTGTGCTTTTTATTTTTATTTGTTTTGTAGT 1140 

      357 E  A  G  V  L  S  T  F  F  I  C  A  F  Y  F  Y  L  F  C  S   376 

  

                   1150      1160      1170      1180      1190      1200       

          ----:----|----:----|----:----|----:----|----:----|----:----| 

     1141 GGTTTGGTTCCGTTATTTTTGATAGGTAGCTTGTTGAGTCGGCATTATAGTATAAGTTTT 1200 

      377 G  L  V  P  L  F  L  I  G  S  L  L  S  R  H  Y  S  I  S  F   396 

  

                   1210      1220      1230      1240      1250      1260       

          ----:----|----:----|----:----|----:----|----:----|----:----| 

     1201 GCTGGGGGCGGTGTTTGATGCTATTTTAGTTCTATAGTGTTTTTAGTTGTTTGGAGTTTT 1260 

      397 A  G  G  G  V  W  C  Y  F  S  S  I  V  F  L  V  V  W  S  F   415 

  

                   1270      1280       

          ----:----|----:----|- 

     1261 GTTTGGTTTATTGTGGTTTAG 1281 

      416 V  W  F  I  V  V  *   421 

 

Figure 5.24 Nucleotide and deduced amino acid sequences of the isolated 

Fischoederius spp. NADH dehydrogenase subunit 4 (1,281 bp) using SHOWSEQ in 

EMBOSS. 
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F-A   1    MSFSKFDWYTGGVVYVFSLFVLLVWVAVSGLWDYSLIGGLVTSSYFCFDSVSLYLVLLSV  60 

Fe    1    ..........S............I.AV.G.......V.......................  60 

Gc    1    ............I..........I.GV..SF.....V....S........I.........  60 

Pc    1    .........S..L........F...SVI.SS.....M.......................  60 

Fc    1    ............I............AV..S......V.......................  60 

Cm    1    .G..........I......L.I...SVM.SS.....V....G..................  60 

  

F-A   61   FLWMSLLFLFGVVSLSSKILITLSVVCSLVSYCCVHSLVFWVFYEMSILSLLLLLILESP  120 

Fe    61   ..........SI.................I..............................  120 

Gc    61   ..........N.......L......................A..................  120 

Pc    61   ......I...NL.T....L......M.......................L.....V....  120 

Fc    61   ..........NI........V....M..................................  120 

Cm    61   ..........NI......V......M.......................L.....V....  120 

  

F-A   121  YSERYIASWYLLGYVVLTSLPMLLCIFYLSFNWGSFNLRFWFDSYEGCVSSGVFAVLAVM  180 

Fe    121  ............................................................  180 

Gc    121  .....V........................L............N................  180 

Pc    121  ...............................S...........G..........V.....  180 

Fc    121  ...........................................N......P.........  180 

Cm    121  ...........................................G................  180 

  

F-A   181  FITKVPLPPFHVWLPIVHAEASSIVSVCLSGYIMKLGILGVCRFCSHLLSGLILSNLYMV  240 

Fe    181  ........................................I...................  240 

Gc    181  ........................................I......F........F...  240 

Pc    181  ........................................................V..I  240 

Fc    181  ........................................I........P......F...  240 

Cm    181  .....................................V..I.....Y...N.....T..I  240 

  

F-A   241  IALLLAVLFFFSATRELDGKRWLAFLSLSHIIIAAVCLCAVGFEGSSLAFVFSLGHGLSA  300 

Fe    241  .......................................V....................  300 

Gc    241  V......................................V..........I.........  300 

Pc    241  V.....................................SV....................  300 

Fc    241  V...............................M......V....................  300 

Cm    241  V.....I................................V....................  300 

  

F-A   301  GVTFIFLWLAYEVSGSRNWNILKYCLSSGLFMRCLAASCLCTAASLPPTVQFFSEVFILS  360 

Fe    301  ...................................V........................  360 

Gc    301  ............................S...............................  360 

Pc    301  ...........................GS......V......V..............V..  360 

Fc    301  ............................S......V.......................G  360 

Cm    301  ....................V.......S......V......V......L..........  360 

  

F-A   361  EAGVLSTFFICAFYFYLFCSGLVPLFLIGSLLSRHYSISFAGGGVWCYFSSIVFLVVWSF  420 

Fe    361  ......S.....................................................  420 

Gc    361  ......S....................................S........L.......  420 

Pc    361  ......S............................................VL.......  420 

Fc    361  ......S....................V........................I..       415 

Cm    361  ......S.....................................I......ML..I....  420 

  

F-A   421  VWFIVV  426 

Fe    421  I.....  426 

Gc    421  I....I  426 

Pc    421  ......  426 

Cm    421  .C.V.I  426 

  

Figure 5.25 Multiple alignment of NADH dehydrogenase subunit 4; F-A: 

Fischoederius MseI pattern A; Fe: F. elongatus isolated from Tianmen, China; Fc:  

F. cobboldi; Gc: G. crumenifer; Cm: C. microbothrioides, and Pc: P. cervi. Black dots 

indicate conserved positions. 
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                   10        20        30        40        50        60         

          ----:----|----:----|----:----|----:----|----:----|----:----| 

        1 ATGTTTGTGTCTCGTTTAAGTGTTATTTTTAGTACTATTTGAGGTATTATCGAAGGGGGG 60 

        1 M  F  V  S  R  L  S  V  I  F  S  T  I  W  G  I  I  E  G  G   19 

  

                   70        80        90        100       110       120        

          ----:----|----:----|----:----|----:----|----:----|----:----| 

       61 TGGAATGATTATTTTTATCGTTTTGTTTTATTCGGTATGCTTTTTTGTTTTTTGTTATTG 120 

       20 W  N  D  Y  F  Y  R  F  V  L  F  G  M  L  F  C  F  L  L  L   39 

  

                   130       140       150       160       170       180        

          ----:----|----:----|----:----|----:----|----:----|----:----| 

      121 CGTGTTCCCAATATATATGGTGTGAAAGGTTTTGCGGTTTTTTTATTTGTAGTTATATTT 180 

       40 R  V  P  N  I  Y  G  V  K  G  F  A  V  F  L  F  V  V  I  F   59 

  

                   190       200       210       220       230       240        

          ----:----|----:----|----:----|----:----|----:----|----:----| 

      181 CCATTGTTTTTTGCTCTTTTTTTGAGACGTGTTATTGATGGTGGTGTGTCAGAGTTTTGT 240 

       60 P  L  F  F  A  L  F  L  R  R  V  I  D  G  G  V  S  E  F  C   79 

  

                   250       260       270       280       290       300        

          ----:----|----:----|----:----|----:----|----:----|----:----| 

      241 GCTAGTTTAATACCAGACGGGACTCCTATGTGGATAGCACCGTTTGTATGTTTATCTGAG 300 

       80 A  S  L  I  P  D  G  T  P  M  W  I  A  P  F  V  C  L  S  E   99 

  

                   310       320       330       340       350       360        

          ----:----|----:----|----:----|----:----|----:----|----:----| 

      301 ACTTTGAGTTATATAGTACGGCCGATTGTGTTAATGATTCGTCCGTTTGTCAAATTAACG 360 

      100 T  L  S  Y  I  V  R  P  I  V  L  M  I  R  P  F  V  K  L  T   119 

  

                   370       380       390       400       410       420        

          ----:----|----:----|----:----|----:----|----:----|----:----| 

      361 ATAGGATCGATGGGCGGTTATGTTTTGGGGTTGCTAACTTTAGGTACTTGGTGGGTTTTT 420 

      120 I  G  S  M  G  G  Y  V  L  G  L  L  T  L  G  T  W  W  V  F   139 

  

                   430       440       450       460       470       480        

          ----:----|----:----|----:----|----:----|----:----|----:----| 

      421 GTGTTTCTCTTTTTGTTATTTTTTTATGAAGTCTTTGTGGCGTGTGTACATTGATTTATA 480 

      140 V  F  L  F  L  L  F  F  Y  E  V  F  V  A  C  V  H  W  F  I   158 

  

                   490       500       510        

          ----:----|----:----|----:----|----:- 

      481 GTTTGTAGGATTTTGTCTTTTTCTGAGGATCATTAG 516 

      159 V  C  R  I  L  S  F  S  E  D  H  *   169 

 

Figure 5.26 Nucleotide and deduced amino acid sequences of the isolated 

Fischoederius spp. ATP synthase subunit 6 (516 bp) using SHOWSEQ in EMBOSS. 
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F-A   1    MFVSRLSVIFSTIWGIIEGGWNDYFYRFVLFGMLFCFLLLRVPNIYGVNGFAVFLFVVIF  60 

Fe    1    ........V................................................I..  60 

Fc    1    ........V...............................................II..  60 

Pc    1    ..I.....V......................A.............F......I.......  60 

Cm    1    ..I...N..S..V............................I...F..............  60 

Gc    1    ......GI..NAV................................F..............  60 

  

F-A   61   PLFFALFLSRVIDGGVSEFCASLIPDGTPMWIAPFVCLSETLSYIVRPIVLMIRPFVNLT  120 

Fe    61   ............................................................  120 

Fc    61   ............................................................  120 

Pc    61   ...............L............................................  120 

Cm    61   ...........V................................................  120 

Gc    61   .............................L..............................  120 

  

F-A   121  IGSMGGYVLGLLTLGTWWVFVFLFLLFFYEVFVACVHWFIVCSILSFSEDH  171 

Fe    121  ....................M..............................  171 

Fc    121  ....................A..............................  171 

Pc    121  ............S...........V........................N.  171 

Cm    121  ............S.S.....I...V........................N.  171 

Gc    121  ............S....................................N.  171 

 

Figure 5.27 Multiple alignment of ATP synthase subunit 6; F-A: Fischoederius MseI 

pattern A; Fe: F. elongatus isolated from Tianmen, China; Fc: F. cobboldi; Gc:  

G. crumenifer; Cm: C. microbothrioides, and Pc: P. cervi. Black dots indicate 

conserved positions. 
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                   10        20        30        40        50        60         

          ----:----|----:----|----:----|----:----|----:----|----:----| 

        1 GTGGTGCGTGGTTATTTTGTTTCTTGGTTGAGTTTGATTTTAATACTTTTTTTTACTTGG 60 

        1 M  V  R  G  Y  F  V  S  W  L  S  L  I  L  I  L  F  F  T  W   20 

  

                   70        80        90        100       110       120        

          ----:----|----:----|----:----|----:----|----:----|----:----| 

       61 TGTTTTTTTAGTTGCGAGAAAATTTCTTTTTTATGATTGTTTATTGAGTTAGCATCTTTG 120 

       21 C  F  F  S  C  E  K  I  S  F  L  W  L  F  I  E  L  A  S  L   39 

  

                   130       140       150       160       170       180        

          ----:----|----:----|----:----|----:----|----:----|----:----| 

      121 AGTTTGATACCTTCTTTTTTTATGTATGGTGGTTCGGATGGTTTGGGAGGTCTTTTTAGG 180  

       40 S  L  I  P  S  F  F  M  Y  G  G  S  D  G  L  G  G  L  F  R   59 

  

                   190       200       210       220       230       240        

          ----:----|----:----|----:----|----:----|----:----|----:----| 

      181 TATATAGTTGTTTCAAGGATAGCTTCTTCTTTTATGGTTTGTGCTTTAGTTTCAAGGGAT 240  

       60 Y  I  V  V  S  R  I  A  S  S  F  M  V  C  A  L  V  S  R  D   79 

  

                   250       260       270       280       290       300        

          ----:----|----:----|----:----|----:----|----:----|----:----| 

      241 TTGCTGGTTTTGTTTTATTTGGGGCTTTTGGTAAAGTTTGGAGTTTTCCCGTTTTTTGGT 300  

       80 L  L  V  L  F  Y  L  G  L  L  V  K  F  G  V  F  P  F  F  G   99 

  

                   310       320       330       340       350       360        

          ----:----|----:----|----:----|----:----|----:----|----:----| 

      301 TGGGTGTATAAGGTAGTGAGAGGTTCTAATTGGTTTGTAGTTTGATGTTTTTCTACCTTT 360  

      100 W  V  Y  K  V  V  R  G  S  N  W  F  V  V  W  C  F  S  T  F   118 

  

                   370       380       390       400       410       420        

          ----:----|----:----|----:----|----:----|----:----|----:----| 

      361 TTAAAGAGACCTTTTTTATTTTTTACTTTTTTTTTCTTATTAGGTGTTGGATGCAGCGTT 420  

      119 L  K  R  P  F  L  F  F  T  F  F  F  L  L  G  V  G  C  S  V   138 

  

                   430       440       450       460       470       480        

          ----:----|----:----|----:----|----:----|----:----|----:----| 

      421 GTTGAGTATATGTGTTGTTTGACGTTCATTTTATGTACTTTTTTGTTTTGGCTTTATAGT 480  

      139 V  E  Y  M  C  C  L  T  F  I  L  C  T  F  L  F  W  L  Y  S   158 

  

                   490       500       510       520       530       540        

          ----:----|----:----|----:----|----:----|----:----|----:----| 

      481 TTTAAATGGTATTATTGTTGATGCCATATGATGTTGGTTTCAAGAGCTTCGTTAGTGGCT 540 

      159 F  K  W  Y  Y  C  W  C  H  M  M  L  V  S  R  A  S  L  V  A   177 

  

                   550       560       570       580       590       600        

          ----:----|----:----|----:----|----:----|----:----|----:----| 

      541 ATGAGGTTGGTGTTGTCTGTTAATTCTTTGTTTTATTTATTTCTTGTATATGTTGGGTGA 600  

      178 M  R  L  V  L  S  V  N  S  L  F  Y  L  F  L  V  Y  V  G  W   196 

  

                   610       620       630       640       650       660        

          ----:----|----:----|----:----|----:----|----:----|----:----| 

      601 GCGAGGTTAGTTATAGGTTATTTTAGTTTATGTGGTGATGAGATGGTGTTAAGAGGTTTG 660 

      197 A  R  L  V  I  G  Y  F  S  L  C  G  D  E  M  V  L  R  G  L   216 

  

                   670       680       690       700       710       720        

          ----:----|----:----|----:----|----:----|----:----|----:----| 

      661 GGCTTATGCTTTTTATTTTGTTTTTTGCTTGTTTCTTTTCCTTTGTCATTGTCGGTGTTT 720 

      217 G  L  C  F  L  F  C  F  L  L  V  S  F  P  L  S  L  S  V  F   236 

  

                   730       740       750       760       770       780        

          ----:----|----:----|----:----|----:----|----:----|----:----| 

      721 TATAAGTTGTTGATGGGTAGTTGTATTTTTTCCTGTTCCTTTTTAGTGTTTTTGTGTTGG 780 

      237 Y  K  L  L  M  G  S  C  I  F  S  C  S  F  L  V  F  L  C  W   256 

  

                   790       800       810       820       830       840        

          ----:----|----:----|----:----|----:----|----:----|----:----| 

      781 GTGTTATATAGTTTGTCTGAGCAGTTTTATTTGGTTAAGTTTGTAATAGGAAGGGAGATT 840 

      257 V  L  Y  S  L  S  E  Q  F  Y  L  V  K  F  V  I  G  R  E  I   276 

  

                   850       860       870        

          ----:----|----:----|----:----|----:- 

      841 CCTAAGAGGTTGTTGAGTGTTGGCAGTATTGTGTAG 876  

      277 P  K  R  L  L  S  V  G  S  I  V  *   287 

 

Figure 5.28 Nucleotide and deduced amino acid sequences of the isolated 

Fischoederius spp. NADH dehydrogenase subunit 2 (876 bp) using SHOWSEQ in 

EMBOSS. 
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F-A   1    MVRGYFVSWLSLILILFFTWCFFSCENISFLWLFIELASLSLIPSFFMYGGSDGLGGLFS  60 

Fe    1    ...........................VA..........................S....  60 

Cm    2      ..........V..I.....L.....V...........................S....  59 

Fc    1     M..........V..........................................S....  59 

Pc    1     M..........V..V...........L............G...................  59 

Gc    1          M.....F.VV...........L...........................N....  54 

  

F-A   61   YIVVSSIASSFMVCALVSSDLLVLFYLGLLVKFGVFPFFGWVYKVVSGSNWFVVWCFSTF  120 

Fe    61   ...................G..........I...............V.............  120 

Cm    60   ..................K....F......................V.............  119 

Fc    60   ............................................................  119 

Fc    60   ..................G...IF...S...NI.I...........V......I......  119 

Gc    55   ......................I..F....I..............MVS...........L  114 

  

F-A   121  LKSPFLFFTFFFLLGVGCSVVEYMCCLTFILCTFLFWLYSFNWYYCWCHMMLVSSASLVA  180 

Fe    121  .....I..I.....D...G..........L..............................  180 

Cm    120  ........A..S.....S..I.C.........A.....F....................V  179 

Fc    120  .........L.....IE.DI..C....................................V  179 

Fc    120  ...............S.VG...G......V........F.....................  179 

Gc    115  ..............DIS.G...C......V..A.....F.....................  174 

  

F-A   181  MSLVLSVNSLFYLFLVYVGWASLVIGYFSLCGDEMVLSGLGLCFLFCFLLVSFPLSLSVF  240 

Fe    181  .......D..........I...................S..F..................  240 

Cm    180  .......D......I...V...M.V.F..V.S.....GS..F..............V...  239 

Fc    180  .......S......F..MI................M.GD..S..................  239 

Fc    180  .G.....D..L...F...V.S.M...F..V....VA.G..................V...  239 

Gc    175  .......S..L...I..IV...M......VS.......S..F..............V...  234 

  

F-A   241  YKLLMGSCIFSCSFLVFLCWVLYSLSEQFYLVKFVIGSEIPKSLLSVGSIV  291 

Fe    241  .....................................N.V....FG...V.  291 

Cm    240  ..............I......F.........I.....E.V.....G...V.  290 

Fc    240  .....................F.................V..G..G...V.  290 

Fc    240  ..............M......V.................L.....GI..V.  290 

Gc    235  ..............I......................N......MG.SGV.  285 

  

Figure 5.29 Multiple alignment of NADH dehydrogenase subunit 2; F-A: 

Fischoederius MseI pattern A; Fe: F. elongatus isolated from Tianmen, China; Fc:  

F. cobboldi; Gc: G. crumenifer; Cm: C. microbothrioides, and Pc: P. cervi. Black dots 

indicate conserved positions. 
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             10        20        30        40        50        60         

          ----:----|----:----|----:----|----:----|----:----|----:----| 

        1 ATGTTGTTGACGGGAGTGTATATTTTTTTGAATGGTTTGTTAGCGTTTTTATTAATAATG 60  

        1 M  L  L  T  G  V  Y  I  F  L  N  G  L  L  A  F  L  L  I  M   20 

  

                   70        80        90        100       110       120        

          ----:----|----:----|----:----|----:----|----:----|----:----| 

       61 TTGTTTGTGGCTTTTTTTATATTGGCTGAACGTAAGATTTTGGGCTATGTGCAAATTCGG 120  

       21 L  F  V  A  F  F  I  L  A  E  R  K  I  L  G  Y  V  Q  I  R   40 

  

                   130       140       150       160       170       180        

          ----:----|----:----|----:----|----:----|----:----|----:----| 

      121 AAGGGTCCTAACAAGGTTGGTATTTGGGGCTTGTTGCAGAGTTTTGCGGATTTGTTAAAG 180  

       41 K  G  P  N  K  V  G  I  W  G  L  L  Q  S  F  A  D  L  L  K   60 

  

                   190       200       210       220       230       240        

          ----:----|----:----|----:----|----:----|----:----|----:----| 

      181 TTAGTTATAAAGTTTAAGGTTTTTTCTTTTGAGGTTCGTAGTTGGTTGTCTTGGAGTGGT 240  

       61 L  V  I  K  F  K  V  F  S  F  E  V  R  S  W  L  S  W  S  G   80 

  

                   250       260       270       280       290       300        

          ----:----|----:----|----:----|----:----|----:----|----:----| 

      241 GTGTTTTTGTTAGTTTTTTTGAGGTGCTGTTATTGTGTATTCTATGCGTTTGGGAGTGGC 300  

       81 V  F  L  L  V  F  L  R  C  C  Y  C  V  F  Y  A  F  G  S  G   100 

  

                   310       320       330       340       350       360        

          ----:----|----:----|----:----|----:----|----:----|----:----| 

      301 GGTGTGTCGTGTGTAAAATTTATGCTTTGATTTCTGATTGTAACTAGGATGACTGGTTAT 360  

      101 G  V  S  C  V  K  F  M  L  W  F  L  I  V  T  R  M  T  G  Y   119 

  

                   370       380       390       400       410       420        

          ----:----|----:----|----:----|----:----|----:----|----:----| 

      361 AGGATGATTAGTGTGGGTTGAGGTTCTTTTAATAAGTATGCTTTGTTGAGGAGTATTCGT 420  

      120 R  M  I  S  V  G  W  G  S  F  N  K  Y  A  L  L  R  S  I  R   138 

  

                   430       440       450       460       470       480        

          ----:----|----:----|----:----|----:----|----:----|----:----| 

      421 TCTGCTTTGGGTTCTGTGACTTTTGAGGCATGTTTTATGTGTATTGTGATTATTTTGGCT 480  

      139 S  A  L  G  S  V  T  F  E  A  C  F  M  C  I  V  I  I  L  A   158 

  

                   490       500       510       520       530       540        

          ----:----|----:----|----:----|----:----|----:----|----:----| 

      481 TTAGTTTGTGGTACTTACGATTTGCTGAGTTTTGTGAATAAAAGTTGGTTATTGGTTGCT 540  

      159 L  V  C  G  T  Y  D  L  L  S  F  V  N  K  S  W  L  L  V  A   178 

  

                   550       560       570       580       590       600        

          ----:----|----:----|----:----|----:----|----:----|----:----| 

      541 GTAATACCAGCTTGTTATTTTTTGTGGTTATTAGGTATATTATGTGAGTGCAAACGTACC 600  

      179 V  I  P  A  C  Y  F  L  W  L  L  G  I  L  C  E  C  K  R  T   198 

  

                   610       620       630       640       650       660        

          ----:----|----:----|----:----|----:----|----:----|----:----| 

      601 CCTTTGGATTATTCTGAGGCTGAGAGGGAGTTGGTAAGTGGTTTAAGTGTTGAGTATAGT 660  

      199 P  L  D  Y  S  E  A  E  R  E  L  V  S  G  L  S  V  E  Y  S   218 

  

                   670       680       690       700       710       720        

          ----:----|----:----|----:----|----:----|----:----|----:----| 

      661 GGGGTACCATTTACTTGTTTGTTTGCTTGTGAGTATTTAATCATGTTTATTTTTTCATGG 720  

      219 G  V  P  F  T  C  L  F  A  C  E  Y  L  I  M  F  I  F  S  W   238 

  

                   730       740       750       760       770       780        

          ----:----|----:----|----:----|----:----|----:----|----:----| 

      721 TTGAGTGCAGTGATTTTTTTTGGTGGTGTGTTTGTTATGTTTTTTACTATGGTGCATGCT 780  

      239 L  S  A  V  I  F  F  G  G  V  F  V  M  F  F  T  M  V  H  A   258 

  

                   790       800       810       820       830       840        

          ----:----|----:----|----:----|----:----|----:----|----:----| 

      781 GTATTTTATATTTGGGCTCGTGCCACACTACCGCGTTTCCGTTATGATTATTTTGTAGGG 840  

      259 V  F  Y  I  W  A  R  A  T  L  P  R  F  R  Y  D  Y  F  V  G   278 

  

                   850       860       870       880       890        

          ----:----|----:----|----:----|----:----|----:----|----:-- 

      841 TTCATGTGGGAGTGAGTGTTGTTGTTGTTTATTTTTTCAGTTTTTTTTGTTTTATAG 897  

      279 F  M  W  E  W  V  L  L  L  F  I  F  S  V  F  F  V  L  *   295 

 

Figure 5.30 Nucleotide and deduced amino acid sequences of the isolated 

Fischoederius spp. NADH dehydrogenase subunit 1 (897 bp) using SHOWSEQ in 

EMBOSS. 
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F-A   1    MLLTGVYIFLNGLLAFLLIMLFVAFFILAERKILGYVQIRKGPNKVGIWGLLQSFADLLK  60 

Fe    1    ................I...........................................  60 

Fc    1    ............................................................  60 

Gc    3    ...S...V........V...............V...........................  62 

Pc    1    ...S......S.....................V...........................  60 

Cm    1    ...N.M.A..S.....................V...........................  60 

  

F-A   61   LVIKFKVFSFEVRSWLSWSGVFLLVFLSCCYCVFYAFGSGGVSCVNFMLWFLIVTSMTGY  120 

Fe    61   ..................C.........................................  120 

Fc    61   ..................C......................................S..  120 

Gc    63   ......AL..........C......................Q..E.......V.......  122 

Pc    61   .......V..........C...................A.......Y.....VI......  120 

Cm    61   .I.....V...I......C.............I......S............V.......  120 

  

F-A   121  SMISVGWGSFNKYALLSSIRSALGSVTFEACFMCIVIILALVCGTYDLLSFVNNSWLLVA  180 

Fe    121  .................................................G..........  180 

Fc    121  ...............F.................................G..D.....I.  180 

Gc    123  ..................................V...V..........G........IV  182 

Pc    121  C.................................V..V..........M...G......L  180 

Cm    121  .L................................V..V..........SG..SK.....T  180 

  

F-A   181  VIPACYFLWLLGILCECNRTPLDYSEAESELVSGLSVEYSGVPFTCLFACEYLIMFIFSW  240 

Fe    181  ............................................................  240 

Fc    181  ............................................................  240 

Gc    183  ...V........................................................  242 

Pc    181  .V.V........................................................  240 

Cm    181  .L.V........................................................  240 

  

F-A   241  LSAVIFFGGVFVMFFTMVHAVFYIWARATLPRFRYDYFVGFMWEWVLLLFIFSVFFVL  298 

Fe    241  .........I................................................  298 

Fc    241  ...................................................L......  298 

Gc    243  .T.......A...L............................................  300 

Pc    241  .........A...LL.......................I...................  298 

Cm    241  .........SI..LL..L....................I............L......  298 

 

Figure 5.31 Multiple alignment of NADH dehydrogenase subunit 1; F-A: 

Fischoederius MseI pattern A; Fe: F. elongatus isolated from Tianmen, China; Fc:  

F. cobboldi; Gc: G. crumenifer; Cm: C. microbothrioides, and Pc: P. cervi. Black dots 

indicate conserved positions. 
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                   10        20        30        40        50        60         

          ----:----|----:----|----:----|----:----|----:----|----:----| 

        1 ATGCTTGTTGTGTTGAGTTGTGTGGGTTTATTTTTACTGGTTTTTATCTTGGTAGGAGTG 60 

        1 M  L  V  V  L  S  C  V  G  L  F  L  L  V  F  I  L  V  G  V   20 

  

                   70        80        90        100       110       120        

          ----:----|----:----|----:----|----:----|----:----|----:----| 

       61 TTTCATGCTTTTTTATGGAATGTGGAGTGGTCTTCTGCGGGAGGACTGCGATGTTGGGTT 120 

       21 F  H  A  F  L  W  N  V  E  W  S  S  A  G  G  L  R  C  W  V   40 

  

                   130       140       150       160       170       180        

          ----:----|----:----|----:----|----:----|----:----|----:----| 

      121 AGATCTTATGAGTGTGGTTTTATGTCTCAGCAGTTGGTTGTGAATTACTTTAGTTATACG 180 

       41 R  S  Y  E  C  G  F  M  S  Q  Q  L  V  V  N  Y  F  S  Y  T   60 

  

                   190       200       210       220       230       240        

          ----:----|----:----|----:----|----:----|----:----|----:----| 

      181 TGTTTTGTTTTGTTGGTATTTTTTGTGGTGTTTGATCTGGAAATTTCTTTGCTTTTAAAT 240 

       61 C  F  V  L  L  V  F  F  V  V  F  D  L  E  I  S  L  L  L  N   80 

  

                   250       260       270       280       290       300        

          ----:----|----:----|----:----|----:----|----:----|----:----| 

      241 TTGCCGTTGCAAGGTTTGTTGTATAAGAATATGATGTGTTACCTTTTTTTCCTAGTGTTG 300 

       81 L  P  L  Q  G  L  L  Y  K  N  M  M  C  Y  L  F  F  L  V  L   100 

  

                   310       320       330       340       350        

          ----:----|----:----|----:----|----:----|----:----|----:-- 

      301 TTGTGCGTTGGTTATGCGATGGAAGTTTATAAGGGTTATGCCTTGTGGATTTATTAG 357 

      101 L  C  V  G  Y  A  M  E  V  Y  K  G  Y  A  L  W  I  Y  *   118 

 

Figure 5.32 Nucleotide and deduced amino acid sequences of the isolated 

Fischoederius spp. NADH dehydrogenase subunit 3 (357 bp) using SHOWSEQ in 

EMBOSS. 

 

F-A   1    MLVVLSCVGLFLLVFILVGV-----FHAFLWNVEWSSAGGLRCWVSSYECGFMSQQLVVN  55 

Fe    1    ...............V....-----............VE.....................  55 

Pc    1    .F.M...........V..S.-----.............V.......P.............  55 

Fc    1    ...............V..S.-----........D....E.....................  55 

Cm    1    ...L...AS......V..SI-----............V......................  55 

Gc    17                 .....SCISWNISC.........VE......M..............  62 

  

F-A   56   YFSYTCFVLLVFFVVFDLEISLLLNLPLQGLLYKNMMCYLFFLVLLCVGYAMEVYKGYAL  115 

Fe    56   ..............................M....L.Y......................  115 

Pc    56   ...................V..........M....L.Y.........F...V........  115 

Fc    56   ...................................L.Y............T.........  115 

Cm    56   ...................................L.Y.........F..SV........  115 

Gc    63   .......I.......R..............S....L.Y...L.....F....D.......  122 

  

F-A   116  WIY  118 

Fe    116  .V.  118 

Pc    116  .V.  118 

Fc    116  .V.  118 

Cm    116  .V.  118 

Gc    123  .A.  125 

  

Figure 5.33 Multiple alignment of NADH dehydrogenase subunit 3; F-A: 

Fischoederius MseI pattern A; Fe: F. elongatus isolated from Tianmen, China; Fc:  

F. cobboldi; Gc: G. crumenifer; Cm: C. microbothrioides, and Pc: P. cervi. Black dots 

indicate conserved positions. 
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                   10        20        30        40        50        60         

          ----:----|----:----|----:----|----:----|----:----|----:----| 

        1 GTGAGAAAGGTGGTCGTTTGGGCTTGTACCGTGGATCACAAGCGTGTTGGTTTTATTTAT 60 

        1 M  R  K  V  V  V  W  A  C  T  V  D  H  K  R  V  G  F  I  Y   20 

  

                   70        80        90        100       110       120        

          ----:----|----:----|----:----|----:----|----:----|----:----| 

       61 TTGGTTATTGGAATATGAGCTGGGTTTCTGGGTCTTGCGTTAAGAACGCTTATTCGTTTA 120 

       21 L  V  I  G  I  W  A  G  F  L  G  L  A  L  R  T  L  I  R  L   39 

  

                   130       140       150       160       170       180        

          ----:----|----:----|----:----|----:----|----:----|----:----| 

      121 AATTTTATGGAGCCTTATTATAATGTTATTTCTCCTGAAGTATATAATTATGTTGTAAGT 180 

       40 N  F  M  E  P  Y  Y  N  V  I  S  P  E  V  Y  N  Y  V  V  S   59 

  

                   190       200       210       220       230       240        

          ----:----|----:----|----:----|----:----|----:----|----:----| 

      181 ATTCATGGTATTGTGATGTTGTTATTCTTTTTAATGCCTATTTTAGTGGGGGGTTTTGGT 240 

       60 I  H  G  I  V  M  L  L  F  F  L  M  P  I  L  V  G  G  F  G   79 

  

                   250       260       270       280       290       300        

          ----:----|----:----|----:----|----:----|----:----|----:----| 

      241 AATTATCTTTTGCCTTTATTGTTAGGGTTGCCTGATTTGATTCTGCCTCGTATAAATGCT 300 

       80 N  Y  L  L  P  L  L  L  G  L  P  D  L  I  L  P  R  I  N  A   99 

  

                   310       320       330       340       350       360        

          ----:----|----:----|----:----|----:----|----:----|----:----| 

      301 TTAGGTGCTTGATTATTGTTGCCTTCTACAGTTTGTTTGTGTTTGAGTTTAGTGAAGGGA 360 

      100 L  G  A  W  L  L  L  P  S  T  V  C  L  C  L  S  L  V  K  G   118 

  

                   370       380       390       400       410       420        

          ----:----|----:----|----:----|----:----|----:----|----:----| 

      361 GCTGGTGTTGGTTGGACTTTTTATCCTCCGTTAGCTGGTGGAGAGTTTTCTACTGGTCAT 420 

      119 A  G  V  G  W  T  F  Y  P  P  L  A  G  G  E  F  S  T  G  H   138 

  

                   430       440       450       460       470       480        

          ----:----|----:----|----:----|----:----|----:----|----:----| 

      421 GGTGTTGATTTTTTAATGTTTAGTTTACATTTGTCTGGTGTGTCAAGTATATTAAGTTCG 480 

      139 G  V  D  F  L  M  F  S  L  H  L  S  G  V  S  S  I  L  S  S   158 

  

                   490       500       510       520       530       540        

          ----:----|----:----|----:----|----:----|----:----|----:----| 

      481 TTGAATTTTATAGCTACTATTTATAGTGCTGTGAATATTTATACATCGTCGCGACAGTCT 540 

      159 L  N  F  I  A  T  I  Y  S  A  V  N  I  Y  T  S  S  R  Q  S   178 

  

                   550       560       570       580       590       600        

          ----:----|----:----|----:----|----:----|----:----|----:----| 

      541 GTTTTAGTGTGGGCTTATTTATTTACATCTATTTTATTGATTTTGTCTTTGCCTGTGTTA 600 

      179 V  L  V  W  A  Y  L  F  T  S  I  L  L  I  L  S  L  P  V  L   198 

  

                   610       620       630       640       650       660        

          ----:----|----:----|----:----|----:----|----:----|----:----| 

      601 GCTGCTGGTATTACTATGTTACTTTTTGATCGGAATTTTGGTACATCTTTTTTCGATCCT 660 

      199 A  A  G  I  T  M  L  L  F  D  R  N  F  G  T  S  F  F  D  P   218 

  

                   670       680       690       700       710       720        

          ----:----|----:----|----:----|----:----|----:----|----:----| 

      661 TTAGGTGGTGGTGATCCTGTGCTATTTCAACATTTATTTTGATTTTTTGGGCATCCTGAG 720 

      219 L  G  G  G  D  P  V  L  F  Q  H  L  F  W  F  F  G  H  P  E   237 

  

                   730       740       750       760       770       780        

          ----:----|----:----|----:----|----:----|----:----|----:----| 

      721 GTTTATGTGCTGATTTTGCCTGGCTTTGGGGCTGTGAGACATATTTGTATGTGTTTAAGT 780 

      238 V  Y  V  L  I  L  P  G  F  G  A  V  R  H  I  C  M  C  L  S   257 

  

                   790       800       810       820       830       840        

          ----:----|----:----|----:----|----:----|----:----|----:----| 

      781 AATCAAGATTCGTTATTTGGTTATTATGGTATAGTGTTTGCTATGGCTTCTATTGTTTGT 840 

      258 N  Q  D  S  L  F  G  Y  Y  G  I  V  F  A  M  A  S  I  V  C   277 

 

 

  

(Please continue on overleaf) 
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                   850       860       870       880       890       900        

          ----:----|----:----|----:----|----:----|----:----|----:----| 

      841 TTGGGTAGTGTTGTTTGAGCTCATCACATGTTTATGGTAGGGCTGGATGTGAAGACATCT 900 

      278 L  G  S  V  V  W  A  H  H  M  F  M  V  G  L  D  V  K  T  S   296 

  

                   910       920       930       940       950       960        

          ----:----|----:----|----:----|----:----|----:----|----:----| 

      901 GTGTTTTTTAGTTCTGTGTCGATGGTTATTGGTATTCCAACTGGGATTAAGGTGTTTTCT 960 

      297 V  F  F  S  S  V  S  M  V  I  G  I  P  T  G  I  K  V  F  S   316 

  

                   970       980       990       1000      1010      1020       

          ----:----|----:----|----:----|----:----|----:----|----:----| 

      961 TGATTGTATATGTTAAGTGGTGTGGGTGTTCGTGCTTGAGATCCTGTAGTGTGATGAATT 1020 

      317 W  L  Y  M  L  S  G  V  G  V  R  A  W  D  P  V  V  W  W  I   332 

  

                   1030      1040      1050      1060      1070      1080       

          ----:----|----:----|----:----|----:----|----:----|----:----| 

     1021 ATGGGTTTTATTATTTTGTTCACTATGGGTGGTGTAACTGGTATAGTGTTATCTTCTTGT 1080 

      333 M  G  F  I  I  L  F  T  M  G  G  V  T  G  I  V  L  S  S  C   352 

  

                   1090      1100      1110      1120      1130      1140       

          ----:----|----:----|----:----|----:----|----:----|----:----| 

     1081 GTGTTGGATTCTATGGTACATGATACTTGATTTGTTGTTGCGCATTTTCATTATGTGTTG 1140 

      353 V  L  D  S  M  V  H  D  T  W  F  V  V  A  H  F  H  Y  V  L   371 

  

                   1150      1160      1170      1180      1190      1200       

          ----:----|----:----|----:----|----:----|----:----|----:----| 

     1141 TCATTAGGGTCTTATAGTGCTTTAGTTATTTCTATTATATGATGGTGGCCTCTAATTGTA 1200 

      372 S  L  G  S  Y  S  A  L  V  I  S  I  I  W  W  W  P  L  I  V   390 

  

                   1210      1220      1230      1240      1250      1260       

          ----:----|----:----|----:----|----:----|----:----|----:----| 

     1201 GGTTATAGTTTAAATAAGTATATGTTACAAGGGCATTGATTATGTTCTATGATAGGGGTT 1260 

      391 G  Y  S  L  N  K  Y  M  L  Q  G  H  W  L  C  S  M  I  G  V   409 

  

                   1270      1280      1290      1300      1310      1320       

          ----:----|----:----|----:----|----:----|----:----|----:----| 

     1261 AATTTGTGTTTTTTTCCTATGCATTATTTTGGTCTATGTGGTTTACCACGACGTGTTTGT 1320 

      410 N  L  C  F  F  P  M  H  Y  F  G  L  C  G  L  P  R  R  V  C   429 

  

                   1330      1340      1350      1360      1370      1380       

          ----:----|----:----|----:----|----:----|----:----|----:----| 

     1321 GTGTATAATCCTGATTTCTTTTGGTTAGAGAGTCTATCGTCTTTTGGTGCGTTTTTAGCA 1380 

      430 V  Y  N  P  D  F  F  W  L  E  S  L  S  S  F  G  A  F  L  A   449 

  

                   1390      1400      1410      1420      1430      1440       

          ----:----|----:----|----:----|----:----|----:----|----:----| 

     1381 ACGGTCAGTGCTTTCTTTTTAGTGTGTATTTTATGGGAATCATTGGTGGTAGGTAATGTT 1440 

      450 T  V  S  A  F  F  L  V  C  I  L  W  E  S  L  V  V  G  N  V   469 

  

                   1450      1460      1470      1480      1490      1500       

          ----:----|----:----|----:----|----:----|----:----|----:----| 

     1441 GTTGTGGCTGCTTGGGGTAGTTCAAATGTTTCTTTACATGTTGTTGCGTTGCCCGTACCT 1500 

      470 V  V  A  A  W  G  S  S  N  V  S  L  H  V  V  A  L  P  V  P   489 

  

                   1510      1520      1530      1540       

          ----:----|----:----|----:----|----:----|-- 

     1501 CAGCATGTTACGTATATGAGTGGTTCTAATCGATGGTTTTAA 1542 

      490 Q  H  V  T  Y  M  S  G  S  N  R  W  F  *   502 

  

Figure 5.34 Nucleotide and deduced amino acid sequences of the isolated 

Fischoederius spp. cytochrome c oxidase subunit I (1,542 bp) using SHOWSEQ in 

EMBOSS. 
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F-A   1    MSKVVVWACTVDHKRVGFIYLVIGIWAGFLGLALSTLIRLNFMEPYYNVISPEVYNYVVS  60 
Fe    1    .......F....................................................  60 

Fc    1    ..........M..........IV.....................................  60 

Cm    1    ..........M...........V...S.........I....Y.......V..........  60 

Gc    1    ..........M..............................Y..................  60 

Pc    2    VN........M...........V...S..............Y.......V..........  61 

  

F-A   61   IHGIVMLLFFLMPILVGGFGNYLLPLLLGLPDLILPRINALGAWLLLPSTVCLCLSLVKG  120 

Fe    61   ...............I.........................S..................  120 

Fc    61   .....................................V...S.......M.......I..  120 

Cm    61   .............V.I.....................L...S.......VI.........  120 

Gc    61   ....I........V.I.....................V...S...M...V...S...I..  120 

Pc    62   .............V.I.....................L...S.......V..........  121 

  

F-A   121  AGVGWTFYPPLAGGEFSTGHGVDFLMFSLHLSGVSSILSSLNFIATIYSAVNIYTSSRQS  180 

Fe    121  ...............................A............................  180 

Fc    121  ...............................T............................  180 

Cm    121  ...........SS....S.............T.I..L...............V.......  180 

Gc    121  .................S.............T..................L.V.......  180 

Pc    122  ...........S.....S.............T.I..................V.......  181 

  

F-A   181  VLVWAYLFTSILLILSLPVLAAGITMLLFDRNFGTSFFDPLGGGDPVLFQHLFWFFGHPE  240 

Fe    181  ............................................................  240 

Fc    181  ..........................................................H.  240 

Cm    181  .............V..............................................  240 

Gc    181  A.....................A.....................................  240 

Pc    182  .............V..............................................  241 

  

F-A   241  VYVLILPGFGAVSHICMCLSNQDSLFGYYGIVFAMASIVCLGSVVWAHHMFMVGLDVKTS  300 

Fe    241  ............................................................  300 

Fc    241  ............................................................  300 

Cm    241  .................S............L.............................  300 

Gc    241  .................S..........................................  300 

Pc    242  ..........V......S............L.............................  301 

  

F-A   301  VFFSSVSMVIGIPTGIKVFSWLYMLSGVGVRAWDPVVWWIMGFIILFTMGGVTGIVLSSC  360 

Fe    301  ............................................................  360 

Fc    301  ............................................................  360 

Cm    301  ...........................T...V............V...I...........  360 

Gc    301  ............................................................  360 

Pc    302  ......T....................TS..I............V...I...........  361 

  

F-A   361  VLDSMVHDTWFVVAHFHYVLSLGSYSALVISIIWWWPLIVGYSLNKYMLQGHWLCSMIGV  420 

Fe    361  .........................................................L..  420 

Fc    361  ...........................V.........I...................L..  420 

Cm    361  ...........................V...L.........V.....L.........L.F  420 

Gc    361  ...........................V...V.........................V.F  420 

Pc    362  ...........................V...LL.....V..V.....L.........V.F  421 

  

F-A   421  NLCFFPMHYFGLCGLPRRVCVYNPDFFWLESLSSFGAFLATVSAFFLVCILWESLVVGNV  480 

Fe    421  ..........................Y..............I......L...........  480 

Fc    421  .........................................I..................  480 

Cm    421  ................................A......SV.......F........R..  480 

Gc    421  ................................A...............L...........  480 

Pc    422  ................................A......SVI......F........SS.  481 

  

F-A   481  VVAAWGSSNVSLHVVALPVPQHVTYMSGSNRWF  513 

Fe    481  .................................  513 

Fc    481  .......................V.........  513 

Cm    481  ............N..V.......V.........  513 

Gc    481  ..G.........S..V.................  513 

Pc    482  ............N..V.......A.....S...  514 

 

Figure 5.35 Multiple alignment of cytochrome c oxidase subunit I; F-A: Fischoederius 

MseI pattern A; Fe: F. elongatus isolated from Tianmen, China; Fc: F. cobboldi; Gc: 

G. crumenifer; Cm: C. microbothrioides, and Pc: P. cervi. Black dots indicate 

conserved positions. 
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                   10        20        30        40        50        60         

          ----:----|----:----|----:----|----:----|----:----|----:----| 

        1 ATGCTCTATAATTTGTTGTATTTAGAGTTGGTTCGTTATATGTTTCTTATAGGTTCTTTT 60 

        1 M  L  Y  N  L  L  Y  L  E  L  V  R  Y  M  F  L  I  G  S  F   20 

  

                   70        80        90        100       110       120        

          ----:----|----:----|----:----|----:----|----:----|----:----| 

       61 ATACCTGCTTGGGTTTTTGTTGTGATGTTAGGTCAAGTGTTTATGTGTCGTGGTGTAATT 120 

       21 I  P  A  W  V  F  V  V  M  L  G  Q  V  F  M  C  R  G  V  I   40 

  

                   130       140       150       160       170       180        

          ----:----|----:----|----:----|----:----|----:----|----:----| 

      121 GCTTTGAGTAAAGAGGATCGTTTGATTGAATTTGTATGAACTTTTATACCTACGGTGTTG 180 

       41 A  L  S  K  E  D  R  L  I  E  F  V  W  T  F  I  P  T  V  L   59 

  

                   190       200       210       220       230       240        

          ----:----|----:----|----:----|----:----|----:----|----:----| 

      181 ACAGCTGTGCTGTGTTATTTAAATTTGCAGTATCTTACTTATGAGAGTGTGTTGCCTGAT 240 

       60 T  A  V  L  C  Y  L  N  L  Q  Y  L  T  Y  E  S  V  L  P  D   79 

  

                   250       260       270       280       290       300        

          ----:----|----:----|----:----|----:----|----:----|----:----| 

      241 TCTAAGGTAGTTAAGATTGTCGGTCGTCAATGGTATTGAACTTATGAGATACCTATGGAG 300 

       80 S  K  V  V  K  I  V  G  R  Q  W  Y  W  T  Y  E  I  P  M  E   98 

  

                   310       320       330       340       350       360        

          ----:----|----:----|----:----|----:----|----:----|----:----| 

      301 GGTGAGTGTTATGATTCTTGTATGAGTGATTTTGTGTATGGTGTTGATAAGCCTTTACGG 360 

       99 G  E  C  Y  D  S  C  M  S  D  F  V  Y  G  V  D  K  P  L  R   118 

  

                   370       380       390       400       410       420        

          ----:----|----:----|----:----|----:----|----:----|----:----| 

      361 TTGGTTGTGAAAACTCCTTATCGTTTGCTTGTTACGTCTGCGGATGTTATTCATAGTTTT 420 

      119 L  V  V  K  T  P  Y  R  L  L  V  T  S  A  D  V  I  H  S  F   138 

  

                   430       440       450       460       470       480        

          ----:----|----:----|----:----|----:----|----:----|----:----| 

      421 TCTGTGCCTGAATGTGGTATAAAGATTGATGGTATACCTGGACGTATAAATCAAGTTTAT 480 

      139 S  V  P  E  C  G  I  K  I  D  G  I  P  G  R  I  N  Q  V  Y   158 

  

                   490       500       510       520       530       540        

          ----:----|----:----|----:----|----:----|----:----|----:----| 

      481 TTTTGTCCTGAGCGGTTGGGTGTATTTGTTGGTTATTGTAGAGAGTTATGCGGGGCTGGT 540 

      159 F  C  P  E  R  L  G  V  F  V  G  Y  C  R  E  L  C  G  A  G   178 

  

                   550       560       570       580        

          ----:----|----:----|----:----|----:----|-- 

      541 CATGCATATATGCCTATTGTAATTGAAGTGGTTGGGTGTTAG 582 

      179 H  A  Y  M  P  I  V  I  E  V  V  G  C  *   191 

  

Figure 5.36 Nucleotide and deduced amino acid sequences of the isolated 

Fischoederius spp. cytochrome c oxidase subunit II (582 bp) using SHOWSEQ in 

EMBOSS. 
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F-A   1    MLYNLLYLELVRYMFLIGSFIPAWVFVVMLGQVFMCRGVIALSNEDRLIEFVWTFIPTVL  60 

Fc    1    ......................V.....................................  60 

Fe    1    ..................................A.........................  60 

Gc    1    ..................................S.......G.....L.........M.  60 

Pc    1    ...............F.C....V...I.......N....VV.................L.  60 

Cm    1    ...............F.C....V...........K....VT..S..............L.  60 

  

F-A   61   TAVLCYLNLQYLTYESVLPDSKVVKIVGRQWYWTYEIPMEGECYDSCMSDFVYGVDKPLR  120 

Fc    61   ....................................L..D....................  120 

Fe    61   ....................................L.......................  120 

Gc    61   ..I.................................L.G.......Y.....N.......  120 

Pc    61   ...........ISC...........V..H.......L.G.............G.......  120 

Cm    61   ...........MS...............H....S..L.V.D.S.........G.......  120 

  

F-A   121  LVVNTPYRLLVTSADVIHSFSVPECGIKIDGIPGRINQVYFCPERLGVFVGYCSELCGAG  180 

Fc    121  .T..........................................................  180 

Fe    121  .T................C.........................................  180 

Gc    121  .T......................Y...................................  180 

Pc    121  .S......................YSL.................................  180 

Cm    121  .C......................YSL...........I..............T......  180 

  

F-A   181  HAYMPIVIEVVGC  193 

Fc    181  .............  193 

Fe    181  .............  193 

Gc    181  .............  193 

Pc    181  .......V...    191 

Cm    181  .......V...    191 

  

Figure 5.37 Multiple alignment of cytochrome c oxidase subunit II; F-A: Fischoederius 

MseI pattern A; Fe: F. elongatus isolated from Tianmen, China; Fc: F. cobboldi; Gc: 

G. crumenifer; Cm: C. microbothrioides, and Pc: P. cervi. Black dots indicate 

conserved positions. 
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                   10        20        30        40        50        60         

          ----:----|----:----|----:----|----:----|----:----|----:----| 

        1 GTGTTAGGTTTAGGTTTTCTTAGTTTGTATTTTACAAGTCTTTTGATGTTTAGTTTTGTG 60 

        1 M  L  G  L  G  F  L  S  L  Y  F  T  S  L  L  M  F  S  F  V   20 

  

                   70        80        90        100       110       120        

          ----:----|----:----|----:----|----:----|----:----|----:----| 

       61 AGGCAACCGAGGGTGTATTGTATGTTATTGATAACTGGTGCTCTAAGTGTTACTGGTTAT 120 

       21 R  Q  P  R  V  Y  C  M  L  L  I  T  G  A  L  S  V  T  G  Y   40 

  

                   130       140       150       160       170       180        

          ----:----|----:----|----:----|----:----|----:----|----:----| 

      121 ATTTATAGTATTGTAGGGTTTTCTTGGTATTTGGCGTTGTTTTGTTTGGTTTATGTAGGT 180 

       41 I  Y  S  I  V  G  F  S  W  Y  L  A  L  F  C  L  V  Y  V  G   60 

  

                   190       200       210       220       230       240        

          ----:----|----:----|----:----|----:----|----:----|----:----| 

      181 GGTGTATATGTGCTTTTTGTTTTTGTATCGGTTTATGGACCTAATCCCTTCTCTTTGAGA 240 

       61 G  V  Y  V  L  F  V  F  V  S  V  Y  G  P  N  P  F  S  L  R   80 

  

                   250       260       270       280       290       300        

          ----:----|----:----|----:----|----:----|----:----|----:----| 

      241 GGTGGGAGATTACTGATTTTTGCTGGTTTTTTTTTAACCGTTTGGGGAGTTTTCAGTTAC 300 

       81 G  G  R  L  L  I  F  A  G  F  F  L  T  V  W  G  V  F  S  Y   100 

  

                   310       320       330       340       350       360        

          ----:----|----:----|----:----|----:----|----:----|----:----| 

      301 ATTGTGAAGGTTGTGCCTGTGGTGGTTGAATCGAGAGAGTATCTTTGTAGTTTTTATGAA 360 

      101 I  V  K  V  V  P  V  V  V  E  S  R  E  Y  L  C  S  F  Y  E   120 

  

                   370       380       390       400       410       420        

          ----:----|----:----|----:----|----:----|----:----|----:----| 

      361 GGTTTTTCTTATTGTATGTTTTGTCTGGTGTTGGTTGTGGGTTTTATGTGTGTAAGTATA 420 

      121 G  F  S  Y  C  M  F  C  L  V  L  V  V  G  F  M  C  V  S  I   140 

  

                   430       440       450        

          ----:----|----:----|----:----|--- 

      421 ATGATGAGAGAACGTAATTCCTTTTTTCGTTAG 453 

      141 M  M  R  E  R  N  S  F  F  R  *   150 

 

Figure 5.38 Nucleotide and deduced amino acid sequences of the isolated 

Fischoederius spp. NADH dehydrogenase subunit 6 (452 bp) using SHOWSEQ in 

EMBOSS. 
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F-A   1                    MLGLGFLSLYFTSLLMFSFVSQPSVYCMLLITGALSVTGYIYSI  44 

Fe    1    MWSWSCIHAHCDWGGGM...........................................  60 

Fc    1                    M.............................V......A......  44 

Cm    1                    M...................T................A......  44 

Gc    1                    M...S...............T.........MV............  44 

Pc    1                    M...C.......C.......T.L.......VVS....A.....V  44 

  

F-A   61   VGFSWYLALFCLVYVGGVYVLFVFVSVYGPNPFSLSGGSLLIFAGFFLTVWGVFSYIVKV  104 

Fe    61   L..........................................I............M...  120 

Fc    45   I..........................................I........I.N.MM.I  104 

Cm    45   L......V.............................S...V.L...I...S....MI.A  104 

Gc    45   L........................................A.I...V....I...LM..  104 

Pc    45   .........................................A.L...V....I.GS.M..  104 

  

F-A   121  VPVVVESSEYLCSFYEGFSYCMFCLVLVVGFMCVSIMMSERNSFFR  150 

Fe    121  L.............................................  166 

Fc    105  ...I...............................V..........  150 

Cm    105  ...II........Y...........................S....  150 

Gc    105  .....................V........................  150 

Pc    105  ..A.C................V...................S....  150 

 

Figure 5.39 Multiple alignment of NADH dehydrogenase subunit 6; F-A: 

Fischoederius MseI pattern A; Fe: F. elongatus isolated from Tianmen, China; Fc:  

F. cobboldi; Gc: G. crumenifer; Cm: C. microbothrioides, and Pc: P. cervi. Black dots 

indicate conserved positions. 
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                   10        20        30        40        50        60         

          ----:----|----:----|----:----|----:----|----:----|----:----| 

        1 GTGTTAGGATTGTCAGTGTTTTTGTTTTTTGGAGTGTTGTGTATATGATGTGTAGGTTTG 60 

        1 M  L  G  L  S  V L  F  F  G  V  L  C  I  W  C  V  G  L   19 

  

                   70        80        90        100       110       120        

          ----:----|----:----|----:----|----:----|----:----|----:----| 

       61 GTTGGCTGGTGGGGTTCTTTTACGTTTGTGGGGTATGTGTTAAAGGATTTAATGTTTTGC 120 

       20 V  G  W  W  G  S  F  T  F  V  G  Y  V  L  K  D  L  M  F  C   39 

  

                   130       140       150       160       170       180        

          ----:----|----:----|----:----|----:----|----:----|----:----| 

      121 TTTTTTATTGATGAGACTAGGTTGGTATGTGTTTTTATGTTGTTTTGTTGTGGTAGAATT 180 

       40 F  F  I  D  E  T  R  L  V  C  V  F  M  L  F  C  C  G  R  I   59 

  

                   190       200       210       220       230       240        

          ----:----|----:----|----:----|----:----|----:----|----:----| 

      181 GCTTTATATTATTGTTATCATTATTTTAGGGGTAGTAAGGACGGAGGGTTGCTATTTCCT 240 

       60 A  L  Y  Y  C  Y  H  Y  F  R  G  S  K  D  G  G  L  L  F  P   79 

  

                   250       260       270       280       290       300        

          ----:----|----:----|----:----|----:----|----:----|----:----| 

      241 TTAATTGTTTGGTTTTTAGGAGTGATGGGTATTTTGATTTTTACGTCTTCTATGGTTTTT 300  

       80 L  I  V  W  F  L  G  V  M  G  I  L  I  F  T  S  S  M  V  F   99 

  

                   310       320       330       340       350       360        

          ----:----|----:----|----:----|----:----|----:----|----:----| 

      301 TCTTTGGTTTTGTGGGAGTATTTGGGTCTTGTTAGTTTCTTTTTGATTTTATTTTATTCT 360 

      100 S  L  V  L  W  E  Y  L  G  L  V  S  F  F  L  I  L  F  Y  S   119 

  

                   370       380       390       400       410       420        

          ----:----|----:----|----:----|----:----|----:----|----:----| 

      361 AATATGAGGAGCATGCGTGCTTCTTTAATTACTGTGTTTGCTTCCCGATTTGGGGATGCA 420  

      120 N  M  R  S  M  R  A  S  L  I  T  V  F  A  S  R  F  G  D  A   139 

  

                   430       440       450       460       470       480        

          ----:----|----:----|----:----|----:----|----:----|----:----| 

      421 GCGTTATTCGTATTAATTATGTGGTTTGCGAACTGATTGGAGTTTTCTGGTTTTTTATTT 480  

      140 A  L  F  V  L  I  M  W  F  A  N  W  L  E  F  S  G  F  L  F   158 

  

                   490       500       510       520       530       540        

          ----:----|----:----|----:----|----:----|----:----|----:----| 

      481 GTTCTTTTGTATTTGTTGGTTGTGTTAAGAAAGAGTGCTGCTTATCCTTTTATTTCTTGG 540  

      159 V  L  L  Y  L  L  V  V  L  R  K  S  A  A  Y  P  F  I  S  W   178 

  

                   550       560       570       580       590       600        

          ----:----|----:----|----:----|----:----|----:----|----:----| 

      541 TTGTTAGAAGCTATGCGTGCTCCTACTCCCGTTAGTTCGTTGGTTCATTCTTCGACGTTG 600  

      179 L  L  E  A  M  R  A  P  T  P  V  S  S  L  V  H  S  S  T  L   198 

  

                   610       620       630       640       650       660        

          ----:----|----:----|----:----|----:----|----:----|----:----| 

      601 GTTGCGGCTGGTGCGTGGTTTGTTTATCGTTATAATTATTTTTGTACTCCGAGTTTGTTG 660  

      199 V  A  A  G  A  W  F  V  Y  R  Y  N  Y  F  C  T  P  S  L  L   218 

  

                   670       680       690       700       710       720        

          ----:----|----:----|----:----|----:----|----:----|----:----| 

      661 GAGGTTTTATTTTTCTTTAGCTTGGTGTCTGTTATTATAACGGGTTTGTGTGCGGTAGTG 720  

      219 E  V  L  F  F  F  S  L  V  S  V  I  I  T  G  L  C  A  V  V   238 

  

                   730       740       750       760       770       780        

          ----:----|----:----|----:----|----:----|----:----|----:----| 

      721 TTTATGGATTTGAAGAAGATTGTTGCTCTGTCAACGTGTAACAATGTAGCTTGATGTTTG 780  

      239 F  M  D  L  K  K  I  V  A  L  S  T  C  N  N  V  A  W  C  L   257 

  

                   790       800       810       820       830       840        

          ----:----|----:----|----:----|----:----|----:----|----:----| 

      781 ATTTTTTTTGTTTGTGGTGATTTGATGCTGGCTTTGTTGCAGTTGTTGACACATGGTGTG 840  

      258 I  F  F  V  C  G  D  L  M  L  A  L  L  Q  L  L  T  H  G  V   277 
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                   850       860       870       880       890       900        

          ----:----|----:----|----:----|----:----|----:----|----:----| 

      841 TGCAAGTGTTATTTATTTATGGCTGTTGGTGATTTGATGAGAAGTTCGGGTAGGAGACAA 900 

      278 C  K  C  Y  L  F  M  A  V  G  D  L  M  R  S  S  G  R  R  Q   297 

  

                   910       920       930       940       950       960        

          ----:----|----:----|----:----|----:----|----:----|----:----| 

      901 AGTGGTGTGGGTGTGTATTTGTCGCGTTATGCTGGCGTGTATGGTGTTGTTTTGCAGTTG 960 

      298 S  G  V  G  V  Y  L  S  R  Y  A  G  V  Y  G  V  V  L  Q  L   317 

  

                   970       980       990       1000      1010      1020       

          ----:----|----:----|----:----|----:----|----:----|----:----| 

      961 TTGTTGGTGTTTTCTTTGTGTGGTTTACCTTTCTTAGGTGTGTTTTTCAGAAAGCATGGT 1020 

      318 L  L  V  F  S  L  C  G  L  P  F  L  G  V  F  F  R  K  H  G   337 

  

                   1030      1040      1050      1060      1070      1080       

          ----:----|----:----|----:----|----:----|----:----|----:----| 

     1021 TTGTTTTGTGTTTTTTTGTATAATTATAGTTTTGTTACTTTAGTTAGATTGTTAGTTGGT 1080  

      338 L  F  C  V  F  L  Y  N  Y  S  F  V  T  L  V  R  L  L  V  G   357 

  

                   1090      1100      1110      1120      1130      1140       

          ----:----|----:----|----:----|----:----|----:----|----:----| 

     1081 TTTTTTATTTCTTATTTGTATTCTACGCGTCTAGCGTTGTTTTTATTTATGAGTGTTGGT 1140  

      358 F  F  I  S  Y  L  Y  S  T  R  L  A  L  F  L  F  M  S  V  G   377 

  

                   1150      1160      1170      1180      1190      1200       

          ----:----|----:----|----:----|----:----|----:----|----:----| 

     1141 GGTTTGAATTTTGGGTATTCTAGTAGTTTTGTGTTGATAGGGCTTATAAGTTTTTTTGGT 1200  

      378 G  L  N  F  G  Y  S  S  S  F  V  L  I  G  L  I  S  F  F  G   397 

  

                   1210      1220      1230      1240      1250      1260       

          ----:----|----:----|----:----|----:----|----:----|----:----| 

     1201 ACGATGGTGAAATATGGTGGTAGGTGTTTATTTATGGAGTTATGTGAATTGAGTGTAGTG 1260 

      398 T  M  V  K  Y  G  G  R  C  L  F  M  E  L  C  E  L  S  V  V   417 

  

                   1270      1280      1290      1300      1310      1320       

          ----:----|----:----|----:----|----:----|----:----|----:----| 

     1261 TGAGGTGTAGGTTTTAGGGTTTTGCAGTTAGTGGGGTGTTTAGCAGGGGCTTTGTTGTTT 1320  

      418 W  G  V  G  F  R  V  L  Q  L  V  G  C  L  A  G  A  L  L  F   436 

  

                   1330      1340      1350      1360      1370      1380       

          ----:----|----:----|----:----|----:----|----:----|----:----| 

     1321 GTTTATGATGTGTCATGAGGTAGTGGAGTTTGAGAATCGTTATTATGAGGTAAAGATGGT 1380  

      437 V  Y  D  V  S  W  G  S  G  V  W  E  S  L  L  W  G  K  D  G   453 

  

                   1390      1400      1410      1420      1430      1440       

          ----:----|----:----|----:----|----:----|----:----|----:----| 

     1381 GTTGTGATGTGGTTATATAATATTTATCTCCGCGTGACAGAGGTTTGTGTTTTTTCTTTC 1440  

      454 V  V  M  W  L  Y  N  I  Y  L  R  V  T  E  V  C  V  F  S  F   473 

  

                   1450      1460      1470      1480      1490      1500       

          ----:----|----:----|----:----|----:----|----:----|----:----| 

     1441 TATCGTTGAGAGGTGTATTTGTTGGGTCTATGGAGTGGTTATGATCGATTAGGGGTTGAA 1500  

      474 Y  R  W  E  V  Y  L  L  G  L  W  S  G  Y  D  R  L  G  V  E   492 

  

                   1510      1520      1530      1540      1550      1560       

          ----:----|----:----|----:----|----:----|----:----|----:----| 

     1501 TATCGGTCTTCGTTCTTTTCTTTAAAAGTCTTGGTAGCAGGGGCTTTGTTTGTAATGGTG 1560  

      493 Y  R  S  S  F  F  S  L  K  V  L  V  A  G  A  L  F  V  M  V   512 

  

                   1570      1580       

          ----:----|----:----|- 

     1561 TTGTTTTTTATAGTAGGATAA 1581  

      513 L  F  F  I  V  G  *   518 

  

Figure 5.40 Nucleotide and deduced amino acid sequences of the isolated 

Fischoederius spp. NADH dehydrogenase subunit 5 (1,581 bp) using SHOWSEQ in 

EMBOSS. 
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F-A   1    MLGLSVFLFFGVLCIWCVGLVGWWGSFTFVGYVLKDLMFCFFIDETSLVCVFMLFCCGSI  60 

Fe    1    ..........................................V.......A.........  60 

Fc    1    ..............V............M..S...................A.........  60 

Cm    14                .............................V......SA.......T.  60 

Gc    1    .....I...L.......I.........V..............V.....I.A.........  60 

Pc    14                .V............G....................IGA.........  60 

  

F-A   61   ALYYCYHYFSGSKDGGLLFPLIVWFLGVMGILIFTSSMVFSLVLWEYLGLVSFFLILFYS  120 

Fe    61   .............E........................I.....................  120 

Fc    61   .............E........................I.....................  120 

Cm    61   .........G............................L.....................  120 

Gc    61   ...........TQE..............................................  120 

Pc    61   ............SE................V.............................  120 

  

F-A   121  NMSSMRASLITVFASRFGDAALFVLIMWFANWLEFSGFLFVLLYLLVVLSKSAAYPFISW  180 

Fe    121  .................................D......I...................  180 

Fc    121  ....V..................I................I...................  180 

Cm    121  .S..................S...................I...................  180 

Gc    121  ....................S..I................I...................  180 

Pc    121  .S..................S.......................................  180 

  

F-A   181  LLEAMRAPTPVSSLVHSSTLVAAGAWFVYRYNYFCTPSLLEVLFFFSLVSVIITGLCAVV  240 

Fe    181  .....................................D...I.........V........  240 

Fc    181  .....................................D.............V........  240 

Cm    181  .....................................E............I.........  240 

Gc    181  ...................................A.E...A.........V........  240 

Pc    181  ................................W..A.E...A..................  240 

  

F-A   241  FMDLKKIVALSTCNNVAWCLIFFVCGDLMLALLQLLTHGVCKCYLFMAVGDLMSSSGSSQ  300 

Fe    241  ....NN...................................................GN.  300 

Fc    241  .........................................................G..  300 

Cm    241  ...............................................T......T..G..  300 

Gc    241  .........................................................G..  300 

Pc    241  .........................................................G..  300 

  

F-A   301  SGVGVYLSRYAGVYGVVLQLLLVFSLCGLPFLGVFFSKHGLFCVFLYNYSFVTLVSLLVG  360 

Fe    301  .................M.........................A...........G..I.  360 

Fc    301  .................M.........................A...........G....  360 

Cm    301  ..........M.I..............................A......L....G....  360 

Gc    301  ................A..........................A........A.IG....  360 

Pc    301  ............I.....................................V.A..G....  360 

  

F-A   361  FFISYLYSTRLALFLFMSVGGLNFGYSSSFVLIGLISFFGTMVNYGGSCLFMELCELSVV  420 

Fe    361  .........................................I............Y.....  420 

Fc    361  ...................................................V..N.....  420 

Cm    361  .........................................L............Y..G..  420 

Gc    361  .................G........T....................G...L..N....I  420 

Pc    361  .L.......................................L............S..GI.  420 

  

F-A   421  WGVGFSVLQLVGCLAGALLFVYDVSWGSGVWESLLWGNDGVVMWLYNIYLRVTEVCVFSF  480 

Fe    421  ......I................M......................D.............  480 

Fc    421  ......A...I...V.......N.T.....................A.............  480 

Cm    421  ..MC..I.......V........M......................S....ISD......  480 

Gc    421  ..........A.........IW........................D.............  480 

Pc    421  ......................N.......................S.....SD......  480 

  

F-A   481  YRWEVYLLGLWSGYDRLGVEYRSSFFSLNVLVAGALFVMVLFFIVG  526 

Fe    481  ...................S....L.............V....MI.  526 

Fc    481  ...........G.....S.N....L.............VM..      522 

Cm    481  ......I............S....L.........V..AVA...VI.  526 

Gc    481  .................S.G....L.........V...VL.L.MI.  526 

Pc    481  ....I......H...QSS.G....L............I...L..L.  526 

 

Figure 5.41 Multiple alignment of NADH dehydrogenase subunit 5; F-A: 

Fischoederius MseI pattern A; Fe: F. elongatus isolated from Tianmen, China; Fc:  

F. cobboldi; Gc: G. crumenifer; Cm: C. microbothrioides, and Pc: P. cervi. Black dots 

indicate conserved positions. 
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5.4.1.2 Transfer RNA genes, ribosomal RNA genes and non-

coding regions of Fischoederius spp. mitochondrial 

genome MseI pattern A 

  A total of 23 tRNA genes of Fischoederius spp. MseI pattern 

A mitochondrial genome were predicted with a size range from 62 to 71 nucleotides 

using MITOS, tRNAscan-SE, and ARWEN as described in Section 4.3.6.2. 

Overlapping nucleotides were detected between tRNA-Phe/tRNA-Met and tRNA-

Leu/tRNA-Ser. The tRNA-Asp (GTC) was found two times. These tRNAs have a 

typical cloverleaf secondary structure, except tRNA-Ser (GCT) which lacked the 

dihydrouridine (DHU) arm. Non-canonical U:U base pairs are present in the arms of 

tRNA-Asp, tRNA-Ala, tRNA-Asn, tRNA-Pro, tRNA-Trp, tRNA-Cys, and tRNA-Gly. 

Non-canonical G:A base pairs are present in the arms of tRNA-Trp and tRNA-Leu. The 

predicted tRNA secondary structures are shown in Figure 5.42. 

  Two ribosomal RNA genes were predicted in this 

Fischoederius mitochondrial genome. L-RNA was found between tRNA-Thr and 

tRNA-Cys with 990 nucleotides in length. S-RNA was found between tRNA-Cys and 

cox2 with 747 nucleotides in length. 

  Two non-coding regions were predicted by comparison with 

the previously published F. elongatus mitochondrial genome (China). A short non-

coding regions (SNR) was found between cytb and nad4L with 49 bp in length. A long 

non-coding region (LNR) was found between tRNA-Glu and cox3 with 461 bp in 

length. 
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1.  

 

               a 

             u-a 

             c-g 

             u-a 

             u-a 

             u-a 

             u-a 

             a-u   u 

            u   gag g 

    gaa    a    +!!  u 

   g   uugg     uuc  a 

   u   +!!!     u  uu 

   u   gacc     g 

    uua    g    g 

            u+ga 

            u-a 

            a-u 

            g+u 

            u-a 

           u   u 

           u   g 

            gug 

   

    mtRNA-His(gtg) 

    68 bases, %GC = 30.9 

    Sequence [647,714] 

 

 

2. 

               u 

             u-a 

             g-c 

             u-a 

             a-u 

             a-u 

             u-a 

             g-c   u 

            u   ucg u 

      a    g    !!+ g 

     g ugug     agu u 

     g +!!+     a  u 

     u gcau     g 

      u    g    g 

            a.gu 

            u-a 

            a-u 

            u-a 

            g-c 

           u   u 

           u   g 

            uug 

  

    mtRNA-Gln(ttg) 

    63 bases, %GC = 36.5 

    Sequence [3410,3472] 

  

3. 

               g 

             u-a 

             u-a 

             u+g 

             c-g 

             u-a 

             c-g 

             u+g 

             c-g   a 

            u   ugu 

     ua    a    !!+ u 

    u  uucg     acg u 

   g   +!!+     u  g 

   g   gagu     g 

    aua    g    g 

            u-aa 

            u+g 

            a-u 

            g-c 

            u+g 

           u   a 

           u   g 

            gaa 

  

    mtRNA-Phe(gaa) 

    67 bases, %GC = 41.8 

    Sequence [3497,3563] 

    Overlap with 4. 

 

 

4. 

               a 

             a-u 

             a-u 

             g-c 

             a-u 

             a-u 

             a-u 

             g-c 

             a-u    u 

            u   uguu 

      a    a    !!!! u 
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     u aacu     a 
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            u-aa 

            u+g 

            u-a 

            g-c 

            g-c 

           u   c 

           u   g 

            cau 

 

    mtRNA-Met(cat) 

    66 bases, %GC = 25.8 

    Sequence [3561,3626] 

    Overlap with 3. 

 

5.             u 

             u-a 

             g+u 

             a-u 
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             a-u 

             g.a 
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            u   cuga a 

     aa    a    !+!! g 

    u  uuug     ggcu g 
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            a-u 

            u+g 

           u   c 

           u   a 

            uac 

 

    mtRNA-Val(tac) 

    68 bases, %GC = 29.4 

    Sequence [5044,5111] 

  

6. 

 

               g 
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             u-a 

             u-a 

             u-a 

             c-g    g 

            u   ccaa u 
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            c-ga 
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            a-u 

            a-u 

            u-a 

           u   u 

           u   g 

            guc 

  

    mtRNA-Asp(gtc) 

    69 bases, %GC = 33.3 

    Sequence [5412,5480] 

  

 

 

7.  
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             a-u 
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             g-c 

             a-u 

             u+g 

             g+u   uga 

            u   cuc   g 
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           gc-ga 

            g-c 

            u-a 

            g+u 

            c-g 

           u   a 

           c   a 

            ugc 

 

    mtRNA-Ala(tgc) 

    69 bases, %GC = 43.5 

    Sequence [5680,5748] 

 

 

8. 

               g 

             a-u 
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             u-a 

             u-a 
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            c-ga 

            u-a 

            a-u 

            a-u 

            u-a 

           u   u 

           u   g 

            guc 

  

    mtRNA-Asp(gtc) 

    69 bases, %GC = 33.3 

    Sequence [5976,6044] 

  

9. 

 

               g 

             g-c 

             u-a 
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             u-a 

             a-u 

             u.u 

             g-c   u 

            u   cua a 

     ua    a    !!! u 

    u  uuag     gau u 

   a   !!!!     a  u 

   u   aauc     a 

    uua    g    g 

            u+ga 

            a-u 

            a-u 

            g+u 

            g-c 

           c   a 

           u   a 

            guu 

 

    mtRNA-Asn(gtt) 

    66 bases, %GC = 25.8 

    Sequence [6966,7031] 

 

 

 

10. 
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             c-g 
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             u-a 

             u-a 

            aa-u   g 

            u   gag 
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     a gaau     g 

      a    a    g 

            c-ga 

            u.u 

            g-c 

            g-c 

            u-a 

           u   g 

           u   g 

            ugg 

  

    mtRNA-Pro(tgg) 

    63 bases, %GC = 34.9 

    Sequence [7036,7098] 

 

 

11.  

               a 

             g+u 
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            ag-c     u 
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            u-au 

            u-a 

            a-u 

            c-g 

            u-a 

           g   u 

           u   a 

            gau 

 

    mtRNA-Ile(gat) 

    65 bases, %GC = 40.0 

    Sequence [7099,7163] 

  

12. 

 

               g 
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            u   caca u 
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            g-c 

            a-u 

           u   c 

           u   a 

            cuu 

  

    mtRNA-Lys(ctt) 

    65 bases, %GC = 32.3 

    Sequence [7169,7233] 

  

 

 
Figure 5.42A Prediction of mitochondrial tRNA of F. elongatus MseI pattern A 
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13.  
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            g-c 
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            gcu 

  

    D-loop mtRNA-Ser(gct) 

    62 bases, %GC = 48.4 

    Sequence [7604,7665] 

 

 

 14. 
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             a-u 

             a-u 

             u.u 

             u-a    u 

            u   ccaa 
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    u  gacu     g 

     ua    g    a 

            u-aa 

            u-a 

            u-a 

            g-c 

            u-a 

           u   a 

           u   a 

            uca 

  

    mtRNA-(Stop|Trp)(tca) 

    65 bases, %GC = 29.2 

    Sequence [7680,7744] 
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             g+u 

             a-u 

             g-c 

             g+u    a 

            u   uagu 
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            g-c 

            u-a 

            u-a 

           u   a 

           u   a 

            ugu 

  

    mtRNA-Thr(tgt) 

    64 bases, %GC = 31.2 

    Sequence [9299,9362] 

 

 

 

16. 
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            g-c 
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            u+g 

            c-g 

           u   a 

           u   a 

            gca 

   

    mtRNA-Cys(gca) 

    67 bases, %GC = 32.8 

    Sequence [10353,10419] 
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            g+u 

            a-u 

           u   a 

           u   a 

            gua 

   

    mtRNA-Tyr(gta) 

    68 bases, %GC = 33.8 

    Sequence [12218,12285] 
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            u-a 

            g-c 

            g-c 

           u   a 

           u   g 

            uag 

  

    mtRNA-Leu(tag) 

    64 bases, %GC = 45.3 

    Sequence [12307,12370] 

    Overlap with 19. 
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            g-c 

            a-u 

           u   a 

           u   a 

            uga 

  

    mtRNA-Ser(tga) 

    71 bases, %GC = 36.6 

    Sequence [12368,12438] 

    Overlap with 18. 
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            u-aa 

            u-a 

            g-c 

            g+u 

            u-a 

           u   c 

           u   g 

            uaa 

   

    mtRNA-Leu(taa) 

    67 bases, %GC = 43.3 

    Sequence [12452,12518] 
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            g   cuucu a 
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            u-a 

            u-a 

            g-c 

            c-g 

            g-c 

           u   c 

           u   g 

            ucg 

   

    mtRNA-Arg(tcg) 

    67 bases, %GC = 47.8 

    Sequence [12520,12586] 

 

 

  

22.  
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            ucc 

 

    mtRNA-Gly(tcc) 

    66 bases, %GC = 42.4 

    Sequence [14171,14236] 
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   mtRNA-Glu(ttc) 
    66 bases, %GC = 31.8 

    Sequence [14248,14313] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.42B Prediction of mitochondrial tRNA of F. elongatus MseI pattern A 
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5.4.2 Genetic variation of 12 protein-coding genes of Fischoederius 

spp. mitochondrial genome MseI pattern A 

The mitochondrial genomes of Fischoederius MseI pattern A carries 

twelve protein-coding genes in the same arrangement as found in F. elongatus Tianmen, 

China, F. elongatus Shanghai, China, F. cobboldi, and G. crumenifer. The overall 

sequence identity for these genes between Fischoederius MseI pattern A and the above-

mentioned genomes were 87.2–90.9% nt identity and 92.2–96.6% aa identity as shown 

in Table 5.6. At the nucleotide level, the difference of these sequences between 

Fischoederius MseI pattern A and the other trematodes ranged from 6.5–12.3% with  

F. elongatus Tianmen, 6.0–14.0% with F. elongatus Shanghai, 6.1–13.3% with F. cobboldi, 

and 9.7–16.5% with G. crumenifer. At the amino acid level the differences between 

Fischoederius MseI pattern A and the other trematodes ranged from 1.6–6.9% with F. 

elongatus Tianmen, 1.6–6.9% with F. elongatus Shanghai, 2.3–7.9% with F. cobboldi, 

and 3.0–19.2% with G. crumenifer. The most conserved genes in the Fischoederius spp. 

mitochondrial genome were atp6, nad1, and cox1 in intraspecies variation and cytb in 

interspecies variation, while the least conserved genes were nad2 and nad3. 

 

Table 5.6 Comparsion of sequence identity value between Fischoederius MseI pattern 

A (FeA) and F. elongatus isolated from Tianmen, China (FeT), F. elongatus isolated 

from Shanghai, China (FeS), F. cobboldi (Fc), and G. crumenifer (Gc) 

 

Gene 

nt sequence length nt identity (%) aa identity (%) 

FeA FeT FeS Fc Gc 
FeA/ 

FeT 

FeA/ 

FeS 

FeA/ 

Fc 

FeA/ 

Gc 

FeA/ 

FeT 

FeA/ 

FeS 

FeA/ 

Fc 

FeA/ 

Gc 

cox3 645 645 645 645 645 90.1 90.4 90.1 86.5 96.3 96.3 95.8 92.1 

cytb 1,113 1,113 1,116 1,113 1,113 92.9 92.3 92.1 88.3 98.1 98.1 97.6 97.0 

nad4L 264 264 264 264 264 90.9 91.1 92.7 90.4 96.6 96.6 97.7 95.4 

nad4 1,281 1,281 1,281 1,281 1,281 90.9 90.5 89.2 87.2 96.7 96.2 94.5 93.7 

atp6 516 516 516 516 516 91.9 91.9 90.3 88.2 98.3 98.3 97.7 94.7 

nad2 876 876 876 873 858 89.9 89.3 89.8 85.5 93.1 93.1 92.1 86.3 

nad1 897 897 870 897 903 91.4 90.5 91.1 87.1 98.0 98.7 97.7 93.6 

nad3 357 357 348 357 378 87.7 86.0 88.8 83.5 94.1 93.2 93.2 80.7 

cox1 1,542 1,542 1,542 1,542 1,542 92.9 93.3 93.1 88.7 98.4 98.4 97.3 94.7 

cox2 582 582 582 582 582 93.5 94.0 93.8 88.0 97.9 97.9 97.3 94.3 

nad6 453 501 408 453 453 89.8 90.3 88.1 86.3 97.3 97.3 92.7 91.3 

nad5 1,581 1,581 1,581 1,578 1,581 89.4 89.8 86.7 86.3 94.9 95.3 94.4 92.0 

Overall      90.9 90.8 90.5 87.2 96.6 96.6 95.7 92.2 
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5.4.3 Genetic relationship of Fischoederius mitochondrial genome 

MseI pattern A to other trematodes 

  Diagrams of the mitochondria of Fischoederius MseI pattern A and 

F. elongatus from Tianmen and Shanghai, China, F. cobboldi, G. crumenifer,  

E. explanatum, P. cervi, C. microbothrioides, O. streptocoelium, H. paloniae,  

F. hepatica, and C. sinensis are shown in Figure 5.43. The mitochondrial genomes 

ranged from 13,800 to 15,987 bp in length. The diagrams show that all genomes had 

the same arrangement of protein-coding genes, tRNA, and rRNA except Fischoederius 

MseI pattern A in which an additional tRNA-Asp was located between tRNA-Val and 

tRNA-Ala and F. hepatica in which tRNA-Gly and tRNA-Glu had switched their 

positions. The non-coding regions were predicted in all trematode mitochondrial 

genomes except C. microbothrioides and C. sinensis. 

  A phylogenetic analysis of the concatenated amino acid sequences 

of the twelve protein-coding genes of Fischoederius spp. mitochondrial genome MseI 

pattern A with other trematodes was performed by using neighbor-joining method as 

described in Section 4.3.6.4 (Figure 5.44). The resulting tree clearly demonstrated the 

taxonomic relationship between these trematodes. Members of the genus Fischoederius 

are next to G. crumenifer that belongs in the same family Gastrothylacidae, next are 

members of the family Paramphistomidae including E. explanatum, P. cervi,  

C. microbothrioides, and O. streptocoelium.  
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Figure 5.43 Mitochondrial diagrams of Fischoederius spp. mitochondrial genome MseI pattern A and other trematodes using OGDRAW. 
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Figure 5.44 Phylogenetic analysis of concatenated amino acid sequences of twelve 

protein-coding genes of Fischoederius spp. mitochondrial genome MseI pattern A with 

other trematodes including F. elongatus, Tianmen, China (GenBank: NC_028001), 

F. elongatus, Shanghai, China (GenBank: MN537973), F. cobboldi (GenBank: 

NC_030529), G. crumenifer (GenBank: NC_027833), E. explanatum (GenBank: 

NC_027958), P. cervi (GenBank: NC_023095), C. microbothrioides (GenBank: 

NC_027271), O. streptocoelium (GenBank: NC_028071), H. paloniae (GenBank: 

NC_030530), F. hepatica (GenBank: NC_002546), and C. sinensis (GenBank: 

NC_012147) using Neighbor-joining method.  
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5.4.4 Secondary structure in nad2–1–3–cox1 region of Fischoederius 

spp. mitochondrial genome MseI pattern A, B, C, D and I 

  At first, standard PCR was used to amplify the nad2–1–3–cox1 

region of Fischoederius spp. mitochondrial genome MseI pattern A to fill in gaps in the 

NGS transcriptome data. Low-quality Sanger dideoxy sequencing results were 

observed for the nad2–nad1 region of the Fischoederius spp. mitochondrial genome 

MseI pattern A and it was speculated that these were caused by an unusual secondary 

structure (Figure 5.46). New primers were designed to amplify the problematic region 

between nad2 and nad1 for subsequent sequencing as described in Section 4.3.5. 

Interestingly, PCR with these primers showed differently sized PCR products for 

Fischoederius spp. mitochondrial genome MseI pattern A, B, C, D, and I (Figure 5.45). 

PCR amplicons were purified, ligated into pGEM®-T Easy and introduced into E. coli 

XL1‐Blue as described in Sections 4.2.7–4.2.11. Positive clones were selected for 

sequencing using conditions appropriate for DNA with unusual structure as described 

in Section 4.2.12. Each base in the resulting sequence chromatograms was manually 

approved. The length of the PCR products and the used primer pairs are shown in  

Table 5.7. 

 

Table 5.7 Length of PCR amplicons by using the indicated primer sets for the nad2–

1–3–cox1 region of Fischoederius spp. mitochondrial genome MseI pattern A, B, C, D, 

and I. 

 

F-spp Length of PCR amplicons (bp) 

Region nad2–nad1 nad2–IE IE–nad1 nad2–IE nad1  nad1–nad3  cox1 

Primer 

set 

HRG-

625/623 

HRG-

596/597 

HRG-

596/623 

HRG-

625/670 

HRG-

596/670 

HRG-

669/623 

HRG-

669/597 

HRG-

671/670 

HRG-

672/673 

HRG-

598/599 

HRG-

651/568 

A 1,324 – – 775 – 574 – – – 989 1,536 

B – 881 – – 394 – 512 1,019 783 979 1,536 

C – – 953 – 404 574 – 1,029 783 978 1,536 

D – – 1823 – 350 1,498 – 975 1,388 991 1,536 

I – – 978 – 397 606 – 1,022 783 1,000 1,536 
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Figure 5.45 Images of 0.7% [w/v] agarose gels of resolved PCR products of nad2–1–

3–cox1 region in Fischoederius spp. (F-spp) mitochondrial genome. The red 

arrowheads indicate the relevant fragments in each gel. (A) F-spp A; lane 1: HRG-

669/623 (574 bp); lane 2: HRG-625/670 (775 bp); (B) F-spp B and F-spp C; lane 1:  

F-spp B with HRG596/670 (394 bp); lane 2: F-spp B with HRG669/597 (512 bp); lane 

3: F-spp C with HRG596/670 (404 bp); lane 4: F-spp C with HRG669/623 (574 bp); 

lane 5: F-spp B with HRG-672/673 (783 bp); lane 6: F-spp C with HRG-672/673 (783 

bp); lane 7: F-spp B with HRG-671/670 (1,019 bp); lane 8: F-spp C with HRG-671/670 

(1,029 bp); (C) F-spp D and F-spp I; lane 1: F-spp D with HRG669/623 (1,498 bp); 

lane 2: F-spp D with HRG596/670 (350 bp); lane 3: F-spp I with HRG669/623 (606 

bp); lane 4: F-spp I with HRG596/670 (397 bp); lane 5: F-spp D with HRG-672/673 

(1,388 bp); lane 6: F-spp I with HRG-672/673 (783 bp); lane M: GeneRuler™ 100 bp 

Plus DNA ladder (Thermo Fisher Scientific, MA, USA). 
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A: Sanger dideoxy sequencing with standard condition 

 

 

B: Sanger dideoxy sequencing for difficult template 

 

 

Figure 5.46 Example of substandard sequencing quality in the nad2/nad1 problem area 

that had the secondary structure formation. (A) Sanger dideoxy sequencing with 

standard conditions resulted in overlapping base signals; (B) Sanger dideoxy 

sequencing with conditions for difficult templates provided readable results. 
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    Problems caused by the secondary structure formation of the nad2–1 

region were confirmed by re-amplification of the nad2–1 region. The insert was 

released from the vector by digestion with EcoRI, purified using GeneJET Gel 

Extraction Kit (Thermo Fisher Scientific, MA, USA) as described in Section 4.2.5 and 

used as PCR template as described in Section 4.3.5. In addition to the expected 

fragment of 1,324 bp size several other PCR products were observed (Figure 5.47).  

 

 

 

Figure 5.47 Image of 0.7% [w/v] agarose gel showing the re-amplification products of 

the nad2–nad1 fragment with primers HRG-625/623. Size standard: GeneRuler™ 100 

bp Plus DNA ladder. The arrowhead indicates the expected 1,324 bp fragment. 

 

    Sequence analysis of the nad2–1–3–cox1 region included analysis 

for repeats which are known to cause structural abnormalities. Using EMBOSS 

EINVERTED revealed large inverted repeat units located in the nad2–nad1 region. 

Fischoederius MseI pattern A and D had two inverted repeat units. In Fischoederius 

MseI pattern A, one of inverted repeat units was located between tRNA-Val and the 

first tRNA-Asp, the other inverted repeat unit was located between the first tRNA-Asp 

and tRNA-Ala. In Fischoederius MseI pattern D, one of inverted repeat units was 

located between the first tRNA-Val and tRNA-Tyr, the other inverted repeat unit was 

located between the second tRNA-Val and the nad1 region. Only one inverted repeat 
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unit was found in Fischoederius MseI pattern B, C, and I located between tRNA-Ala 

and tRNA-Asp. Diagrams of the nad2–1–3–cox1 region of Fischoederius MseI pattern 

A–I with the positions of the inverted repeats are shown in Figure 5.48. All inverted 

repeats showed high sequence conservation of the repeat sequence on both strands at 

93–100% identity suggesting formation of a 100 bp stem loop structure in these regions. 

The inverted repeat sequences are shown in Figure 5.49. 

 

 

Figure 5.48 Diagrams of the nad2–1–3–cox1 region of Fischoederius MseI pattern A, 

B, C, D and I. The red arrows indicate the protein coding genes (nad2–1–3–cox1). The 

green arrows indicate predicted non-coding regions. The blue dots indicate tRNA 

regions. The stem loops indicate the inverted repeat positions. 
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A: Score 153: 51/51 (100%) matches, 0 gaps 
                     1087 ccctccctcccgtgacgaggctgttctgctggaactacaggataagatcct 1137     
         ||||||||||||||||||||||||||||||||||||||||||||||||||| 

                     1263 gggagggagggcactgctccgacaagacgaccttgatgtcctattctagga 1213     
 

A: Score 165: 55/55 (100%) matches, 0 gaps 
                     1648 agtgtccctccctcttgggatgagaatatcctacttgaactacaggataggatct 1702     
         ||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

                     1832 tcacagggagggagaaccctactcttataggatgaacttgatgtcctatcctaga 1778     
 

B: Score 83: 29/30 ( 96%) matches, 0 gaps 
                     1118 cctccccagaaggttctcatcacgttggaa 1147     
         ||||||||||||||||||||||||||| || 

                     1206 ggaggggtcttccaagagtagtgcaacgtt 1177     
 

C: Score 141: 47/47 (100%) matches, 0 gaps 
                     1102 cccccgtgatcctcatcacgttgaagccgacgctcctgttttgccac 1148     
         ||||||||||||||||||||||||||||||||||||||||||||||| 

                     1269 gggggcactaggagtagtgcaacttcggctgcgaggacaaaacggtg 1223     
 

D: Score 105: 43/46 ( 93%) matches, 1 gaps 
                     1364 ctccctcctgggatgagaatctcttccttgagctgcagg-tgggatc 1409     
         ||||| |||| |||||||||||||||||||||||||||| | ||||| 

                     1535 gaggggggactctactcttagagaaggaactcgacgtcctatcctag 1489     
 

D: Score 121: 47/49 ( 95%) matches, 1 gaps 
                     1966 ctccctcctaggatgagaatcttttgcttgaactccaag-tgggatctta 2014     
         ||||||||||||||||||||||||||||||||||||||| | ||||| || 

                     2137 gagggaggatcctactcttagaaaacgaacttgaggttctatcctaggat 2088     
 

I: Score 109: 39/41 ( 95%) matches, 0 gaps 
                     1124 tcccaacctgggacttgccacgttgcagccgaaactccagc 1164     
         ||| | ||||||||||||||||||||||||||||||||||| 

                     1297 aggttgggaccctgaacggtgcaacgtcggctttgaggtcg 1257     
  

Figure 5.49 Inverted repeat sequences in the nad2–1–3–cox1 region of the 

mitochondrial genomes of Fischoederius MseI pattern A, B, C, D and I detected by 

using EMBOSS EINVERTED. 
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5.4.5 Investigation of trematode genetic relationship based on 

mitochondrial nad1, nad2, nad3 sequences 

  Phylogenetic analyses of the deduced amino acid sequences of 

Fischoederius spp. genes nad1, nad2, nad3 were performed to evaluate the 

evolutionary relationship between Fischoederius MseI pattern A–I, Thailand,  

F. elongatus, China and other trematodes including F. cobboldi, G. crumenifer,  

E. explanatum, C. microbothrioides, O. streptocoelium, H. Paloniae, P. cervi,  

C. sinensis, and F. hepatica (outgroup) (Figure 5.50) by using neighbor-joining as 

described in Section 4.3.6.4. The three phylogenetic trees show that the Fischoederius 

sequences are clustered in a separate clade from the sequences of other trematodes. 

These Fischoederius-specific clades for NAD1, NAD2, NAD3 proteins were due to the 

lower sequence differences within the genus compared to more distant trematodes. The 

sequence differences in the genus Fischoederius for NAD1, NAD2, NAD3 were 

between 1.3–6.4%, 4.9–9.9%, and 0.8–6.8%, respectively (Table 5.8). The two  

F. elongatus isolates from Tianmen and Shanghai, China showed high identity in all 

three sequences with an intraspecies variation of 0.0–0.8%. The five putative species 

of Fischoederius isolated from Thailand had higher variation to each other. 

Fischoederius MseI pattern B and C were found closely related in all trees. 

Fischoederius MseI pattern A and D are closely related to each other while 

Fischoederius MseI pattern I might be closer related to F. cobboldi (China, remember 

that F. cobboldi mtCOX1 China was very different from F. cobboldi mtCOX1 India). 

Among the amphistomes Fischoederius has a closer genetic relationship to other 

members in the family Gastrothylacidae followed by family Paramphistomidae. 
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Table 5.8 Intraspecies and interspecies variation of NAD1, NAD2, NAD3 proteins of 

F. elongatus, F. cobboldi, and G. crumenifer. F-A, F-B, F-C, F-D, F-I: Fischoederius 

MseI pattern A, B, C, D, and I, respectively; FeT: F. elongatus isolated from Tianmen, 

China (GenBank: NC_028001, ProteinID: YP_009169428, YP_009169427, 

YP_009169429); FeS: F. elongatus isolated from Shanghai, China (GenBank: 

MN537973, ProteinID: QIJ60107, QIJ60106, QIJ60108); Fc: F. cobboldi (GenBank: 

NC_030529, ProteinID: YP_009262375, YP_009262374, YP_009262376); Gc:  

G. crumenifer (GenBank: NC_027833, ProteinID: YP_009164291, YP_009164290, 

YP_009164292). 

 

NAD1 NAD2 NAD3 

 
A B C D I FeT FeS Fc A B C D I FeT FeS Fc A B C D I FeT FeS Fc 

B 3.4 
       

7.1 
       

6.8 
       

C 3.7 3.4 
      

9.5 2.5 
      

5.9 0.8 
      

D 4.0 4.7 5.7 
     

4.9 8.1 9.5 
     

5.9 6.8 5.9 
     

I 5.4 5.0 4.4 6.4 
    

6.7 8.1 9.9 7.4 
    

5.9 5.9 5.9 6.8 
    

FeT 2.0 4.0 4.4 4.4 6.0 
   

7.1 6.4 7.1 7.1 8.5 
   

5.9 4.2 3.4 5.9 5.9 
   

FeS 1.3 3.4 3.7 3.7 5.4 0.7 
  

7.1 6.4 7.1 7.1 8.5 0.0 
  

6.8 5.1 4.2 6.8 6.8 0.8 
  

Fc 2.3 4.7 4.4 4.4 5.7 3.0 2.3 
 

7.8 9.9 11.0 8.1 7.1 9.9 9.9 
 

6.8 5.1 4.2 5.1 6.8 4.2 5.1 
 

Gc 6.4 6.7 7.4 7.4 7.7 6.4 5.7 6.7 13.8 13.4 14.1 12.7 13.1 12.4 12.4 14.8 22.0 22.0 21.2 24.6 21.2 19.5 20.3 22.9 
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Figure 5.50 Phylogenetic analysis of NAD1, NAD2, NAD3 deduced amino acid 

sequences of Fischoederius MseI pattern A, B, C, D, I and other trematodes;  

F. elongatus isolated from Tianmen, China (GenBank: NC_028001, ProteinID: 

YP_009169428, YP_009169427, YP_009169429); F. elongatus isolated from 

Shanghai, China (GenBank: MN537973, ProteinID: QIJ60107, QIJ60106, QIJ60108); 

F. cobboldi (GenBank: NC_030529, ProteinID: YP_009262375, YP_009262374, 

YP_009262376); G. crumenifer (GenBank: NC_027833, ProteinID: YP_009164291, 

YP_009164290, YP_009164292); C. microbothrioides (GenBank: NC_027271, 

ProteinID: YP_009144952, YP_009144951, YP_009144953); P. cervi (GenBank: 

NC_023095, ProteinID: YP_008963801, YP_008963800, YP_008963802);  

E. explanatum, (GenBank: NC_027958, ProteinID: YP_009166783, YP_009166782, 

YP_009166784); H. paloniae (GenBank: NC_030530, ProteinID: YP_009262387, 

YP_009262386, YP_009262388); O. streptocoelium (GenBank: NC_028071, 

ProteinID: YP_009171939, YP_009171938, YP_009171940); C. sinensis (GenBank: 

NC_012147, ProteinID: YP_002640629, YP_002640628, YP_002640630);  

F. hepatica (GenBank: NC_002546, ProteinID: NP_066223, NP_066222, 

NP_066224). 
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5.5 Transcriptome analysis of Fischoederius spp. 

 

5.5.1 Fischoederius total RNA 

 Total RNA of immature and mature stage Fischoederius spp. was 

isolated, purified and cleaned from contaminating DNA as described in Section 4.5.1. 

The Fischoederius total RNA samples were classified by the PCR-RFLP of mtCOX1 

using MseI (Pattern A, [BEG], [CFH], D, and I) as described in Section 4.2. The 18S 

rRNA and 5.8S rRNA were clearly identified following separation by 1.2% [w/v] non-

denaturing agarose gel electrophoresis. As has been found in other trematodes there 

was no 28S RNA. This rRNA contains an internal nick and migrates as two smaller 

fragments together with 18S rRNA. Several faint distinct bands were observed 

migrating between 18S rRNA and 5.8S rRNA that might be comprised of abundant 

mRNAs and other RNAs. RNA quantity was about 3–10 µg per specimen and RNA 

quality analysis showed the following values, OD260/280 = 1.80–1.99, OD 260/230 = 

1.30–1.50, RIN = 7.7–9.4. 

  

Figure 5.51 Total RNA isolated from Fischoederius spp. (lane 1–2). 

1      2 

28S and 18S rRNA 

5.8S RNA and tRNAs 

mRNAs and other RNAs 
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Figure 5.52 Electropherograms of Fischoederius spp. total RNA. (F-spp A) 

Fischoederius MseI pattern A, RIN = 7.7. (F-spp C) Fischoederius MseI pattern C, 

RIN = 9.4. (F-spp E) Fischoederius MseI pattern E, RIN = 8.0.  

 

5.5.2 Characterization of Fischoederius spp. transcriptome 

 Transcriptome data of Fischoederius MseI pattern A was generated 

using paired-end Illumina® sequencing as described in Section 4.5.5. In a preliminary 

study at 6 Gb scale, a total of 102,703,888 raw reads were produced with 93.97% at 

Q30 base quality. The data was assembled into 55,912 unique contigs with an average 

contig length of 633 bp and 44% GC content. Transcriptome sequencing was repeated 

at 40 Gb scale and generated 151,216,380 raw reads. The Q30 base quality was at 

87.51%. Assembly of the raw reads generated 65,052 contigs with an average length of 

870.5 bp and 45.95% GC content. For Fischoederius MseI pattern C and E the 

sequencing scale was set to 10 Gb and resulted in 78,707,520 raw reads with 95.65% 

Q30 base quality and 67,164,370 raw reads with 95.46% Q30 base quality, respectively 

(Table 5.9). 

 

F-spp A 

F-spp C F-spp E 
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Table 5.9 Summary of de novo transcriptome assembly for Fischoederius MseI pattern 

A, C, and E. 

 

Category 
F-spp A F-spp C F-spp E 

6 Gb 40 Gb 10 Gb 10 Gb 

Total raw reads 102,703,888 151,216,380 78,707,520 67,164,370 

Total read bases (bp) 9,831,815,713 ~45,364,900,000 11,884,835,520 10,141,819,870 

Q30 bases 93.97% 87.51% 95.65% 95.46% 

GC percentage 44% 45.95% 48.07% 51.27% 

Total assembled contigs (bp) 35,404,733 136,883,510 115,224,264 123,298,896 

Contigs mapped to raw reads 55,912 65,052 286,223 308,374 

Annotation (NCBI NR database) 18,361 – 27,720 30,462 

Annotation (SWISS-Prot database) 10,048 – 11,711 12,483 

Annotation (UniProtKB database) – 23,897 29,918 32,948 

Average contig length (bp) 633 871 403 400 

 

 
Figure 5.53 Distribution of the contigs by length for Fischoederius MseI pattern A. 

 

5.5.3 Annotation of Fischoederius spp. transcriptome 

   The assembled transcriptome data of Fischoederius spp. was 

annotated by BLASTX searches against the full NCBI non-redundant and UniProtKB 

databases as described in Section 4.5.6.1. About 70% of the unique contigs had no 

annotation (no hit) in the databases. In the 6 Gb transcriptome data of Fischoederius 

MseI pattern A, most of the matching unique contigs showed highest sequence 

conservation with invertebrates (49.20%). The remaining contigs showed highest 

conservation with sequences from rodents (15.70%), primates (16.26%), mammals 

(4.69%), plant (2.19%), bacteria (1.11%) and virus (0.28%) as shown in Figure 5.54.  
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Figure 5.54 Distribution of database hits obtained by BLASTX with Fischoederius 

MseI pattern A transcriptome data (6 Gb). 

 

   Based on the database data from 2017 Fischoederius MseI pattern 

A (40 Gb) BLASTX showed the following first hit distribution: Opisthorchis viverrini 

(32.36%), C. sinensis (21.99%), Echinostoma caproni (11.40%), Schistosoma mansoni 

(5.48%), and S. japonicum (4.20%) as shown in Figure 5.55A. Fischoederius MseI 

pattern C and E were analyzed using UniProtKB release 2020_2 (22 April 2020). 

Therefore, species distribution cannot be compared to Fischoederius MseI pattern A. 

BLASTX searches with Fischoederius MseI pattern C data showed the following first 

hit distribution: C. sinensis (15.57%), Paragonimus westermani (13.79%), F. hepatica 

(9.49%), O. viverrini (8.69%), and Opisthorchis felineus (7.50%) as shown in Figure 

5.55B. In case of Fischoederius MseI pattern E data the distribution was: C. sinensis 

(15.46%), P. westermani (12.70%), F. hepatica (9.54%), O. viverrini (8.34%), and  

O. felineus (7.16%) as shown in Figure 5.55C. It should be understood that this first 

hit species distribution depends on the data in the databases, i.e. it will change over time 

depending on the availability of additional sequence data. Data from amphistomes is 

very sparse at the present time and thus there are very few first hit matches to 

amphistomes.  
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Figure 5.55 BLASTX first hit species distribution in searches with Fischoederius MseI 

pattern A, C, and E transcriptome data. (A) Fischoederius MseI pattern A (2017);  

(B) Fischoederius MseI pattern C (2020); (C) Fischoederius MseI pattern E (2020). 
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5.5.4 Development stage verification of Fischoederius spp. 

   As described in the morphology analysis Fischoederius MseI 

pattern A specimens collected in 2016 were immature and lacked a developed 

reproductive system. To investigate the developmental stage at the molecular level, the 

transcriptome data from immature Fischoederius MseI pattern A and mature 

Fischoederius MseI pattern C and E were compared with a focus on transcripts involved 

in reproductive function. Four trematode proteins, vitelline protein, egg protein, major 

sperm protein, and sperm surface protein Sp17 were selected and used in TBLASTN 

against the Fischoederius transcriptome data (Table 5.10). The female-specific 

vitelline B precursor protein (GenBank: AAL23712) was predicted in Fischoederius 

MseI pattern A, C, and E at about 43–45% identity in the respective first hit transcript. 

Also, matches to female-specific egg antigen protein (GenBank: AAS19361) were 

detected in the transcriptome data of three Fischoederius spp. at 51–58% identity. Male 

reproductive proteins, major sperm protein (GenBank: OON16516) and Sperm surface 

protein Sp17 (GenBank: THD25339), were identified in the Fischoederius spp. 

transcriptomes at 63% and 75–83% identity, respectively for the first hit transcripts. 

However, transcripts encoding these four proteins in Fischoederius MseI pattern A had 

low abundance supporting that Fischoederius MseI pattern A specimens were immature 

flukes. Fischoederius MseI pattern C and E showed very high expression of vitelline 

protein which should be a valuable indicator of an active reproductive system.
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Table 5.10 TBLASTN results of four proteins active in the reproductive system against transcriptome data of Fischoederius MseI pattern 

A, C, and E 

 

Protein 
Fischoederius MseI A Fischoederius MseI C Fischoederius MseI E 

Transcript Identity TPM Transcript Identity TPM Transcript Identity TPM 
 

Vitelline B precursor protein 

[Opisthorchis viverrini] 

GenBank: AAL23712 

comp51464_seq0 44.9 0.0 c181168_g1_i1 42.9 25564.3 c214952_g1_i1 42.9 3045.9 

comp6613_seq0 41.0 1.6 c218068_g1_i1 42.5 2.1 c44433_g1_i1 42.4 0.5 

comp18663_seq0 38.8 0.0 c182213_g1_i1 38.9 6964.0 c223997_g1_i1 40.0 554.8 
 

Egg antigen 

[Paragonimus westermani] 

GenBank: AAS19361 

comp491_seq0 51.3 0.0 c180268_g1_i2 57.6 1.1 c225934_g3_i2 51.2 95.3 

comp1319_seq0 44.3 30.6 c186713_g1_i2 44.6 26.1 c281472_g1_i1 48.1 3.9 

comp1370_seq0 43.5 30.7 c189932_g1_i1 43.5 68.5 c225583_g1_i2 43.9 16.3 
 

MSP domain protein 

[Opisthorchis viverrini] 

GenBank: OON16516 

comp1301_seq0 63.0 31.0 c184983_g1_i1 63.0 115.8 c226293_g1_i1 63.0 34.6 

comp40441_seq0 38.1 0.4 c20023_g1_i2 42.9 0.6 c276444_g1_i1 43.5 1.4 

comp8493_seq0 35.6 2.3 c183712_g2_i2 41.3 0.5 c195184_g1_i1 38.5 4.0 
 

Sperm surface protein Sp17 

[Fasciola hepatica] 

GenBank: THD25339 

comp8254_seq0 75.0 0.9 c191008_g2_i3 82.9 38.1 c231615_g1_i1 82.9 11.7 

comp36942_seq0 56.5 1.6 c136425_g1_i1 52.2 0.0 c215200_g1_i1 48.6 0.5 

comp45374_seq0 54.1 0.0 c92486_g1_i1 48.3 1.2 c224644_g1_i2 48.3 46.7 
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5.5.5 Gene ontology of Fischoederius spp. transcriptome 

   Following annotation, the transcripts were classified by their gene 

ontology (GO) category using Blast2GO as described in Section 4.5.6.6. The term 

categories of GO assignment were identified related to biological process, molecular 

function, and cellular components. 26,405 GO terms, most of them in the molecular 

process category, were assigned to transcripts in the Fischoederius MseI pattern A 

transcriptome. The majority of GO terms under biological process category (7,433: 

28.15%) represented biosynthesis processes involved in protein translation, DNA 

integration, DNA transcription and its regulation and were followed by biological 

pathways and metabolic processes (Figure 5.56A). For GO terms under molecular 

function category (11,282: 42.73%), the found sub-majority categories included 

binding function, structural constituent of ribosome, GTPase activity, protein kinase 

activity and catalytic activity (Figure 5.56B). For GO terms of cellular components 

(7,609: 28.82%) most sub-majority categories were associated with membrane 

component, nucleus, cytoplasm, intracellular, and ribosome (Figure 5.56C). 

   71,299 GO terms were assigned to transcripts in the Fischoederius 

MseI pattern C transcriptome. The majority of GO terms were in the biological process 

category (28,783: 40.37%) with sub-majority categories including cellular process, 

metabolic process, biological regulation, biogenesis, and localization (Figure 5.57A). 

GO terms under molecular function category (14,901: 20.90%) included terms catalytic 

activity, binding function, transporter activity, and molecular function regulator 

(Figure 5.57B). GO terms in the cellular component category (27,615: 38.73%) were 

associated with cell, membrane, and organelle component (Figure 5.57C). 

   77,855 GO terms were assigned to transcripts in the Fischoederius 

MseI pattern E transcriptome. Again, the majority of GO terms were in the biological 

process category (31,324: 40.23%) with sub-majority categories including cellular 

process, metabolic process, biological regulation, biogenesis, and localization (Figure 

5.58A). GO terms under molecular function category (16,343: 21.00%) included 

catalytic activity, binding function, transporter activity, and molecular function 

regulator (Figure 5.58B). GO terms in the cellular component category (30,188: 

38.77%) were associated with cell, membrane, and organelle component (Figure 

5.58C). 
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Figure 5.56 Top 20 of gene ontology of Fischoederius MseI pattern A transcriptome 

in each major category (2017); (A) Biological process; (B) Molecular function;  

(C) Cellular component. 
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Figure 5.57 Top 20 of gene ontology of Fischoederius MseI pattern C transcriptome in 

each major category (2020); (A) Biological process; (B) Molecular function;  

(C) Cellular component. 
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Figure 5.58 Top 20 of gene ontology of Fischoederius MseI pattern E transcriptome in 

each major category (2020); (A) Biological process; (B) Molecular function;  

(C) Cellular component. 
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5.5.6 Transcript abundance in the Fischoederius MseI A, C, and E  

transcriptome 

   The transcription levels of Fischoederius spp. were estimated using 

the TPM (transcripts per million) values. The top 100 abundant transcripts revealed that 

25–35% of them encoded uncharacterized proteins in the databases. The top 50 

abundant known transcripts in the transcriptomes of Fischoederius MseI pattern A, C, 

and E are listed in Figures 5.59–5.61. Concluding the transcript abundancy in the 

transcriptome data of the three Fischoederius spp. transcriptomes they showed high 

expression of genes including (1) mitochondrial gene for chemical energy production 

e.g. cytochrome b, cytochrome c oxidase, and NADH dehydrogenase with their 

function in the electron transport chain, (2) genes associated with transport of cations 

and anions, e.g. myoglobin, globin-3, and calcium-binding protein, (3) gene associated 

cellular process, e.g. ubiquitin and poly-ubiquitin, (4) genes associated with oxidative 

phosphorylation, e.g. thioredoxin peroxidase, (5) nutrient transport genes, e.g. fatty-

acid binding protein, (6) catalytic enzyme genes, e.g. glutathione S-transferase, and 

cathepsin B. Fischoederius MseI pattern C and E transcriptomes, the adult stage, 

showed high expression of genes associated with embryonic development, i.e. ferritin. 
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Figure 5.59 Top 50 abundant known transcripts of Fischoederius MseI A transcriptome.
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Figure 5.60 Top 50 abundant known transcripts of Fischoederius MseI C transcriptome.
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Figure 5.61 Top 50 abundant known transcripts of Fischoederius MseI E transcriptome. 
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5.5.7 Highly abundant transcripts with complete coding sequence 

and potential for application in the transcriptome data of 

Fischoederius MseI A 

   Transcripts with a complete coding sequence were selected from the 

list of highly abundant transcripts with known function of the encoded proteins (Section 

5.5.6). EMBOSS-PATMATMOTIFS (prosite database) was used to detect conserved 

motifs in the conceptually translated sequences. Putative N-terminal signal peptides 

were predicted using SignalP and internal transmembrane regions were predicted using 

TMHMM as described in Section 4.5.6.4. NCBI-BLASTP was used to find 

homologous proteins in the NCBI nonredundant (nr) protein database. Among the 

proteins with a complete sequence were cathepsin B-like cysteine proteinase, cathepsin 

L-like cysteine proteinase, cathepsin C-like cysteine proteinase, fatty acid-binding 

protein, thioredoxin, and calcium-binding protein. 

5.5.7.1 Cathepsin B-like cysteine proteinase 

    The transcriptome sequence no. TBIU011911 was annotated 

as cathepsin B-like cysteine proteinase at base positions 163–1176 with the ORF in R1 

(Figure 5.62). The encoded protein of 377 amino acids size has a calculated molecular 

weight of 38.05 kDa, an isoelectric point of 5.2, a signal peptide of 21 amino acids size 

and no transmembrane region (Figures 5.62–5.64). The deduced amino acid sequence 

was predicted to contain several motifs, an amidation site (LGKK) at residues 43–46, 

eukaryotic thiol (cysteine) proteases cysteine active site (QSACGSCWAVAA) at 

residues 109–120, and eukaryotic thiol (cysteine) proteases histidine active site 

(GGHAVRILGWG) at residues 281–291. Related proteins in the database were found 

with identity values of 48.36%, 47.16%, 49.25%, 49.25%, and 47.55% for Fasciola 

gigantica cathepsin B (GenBank: TPP60838), F. gigantica Sarcophaga pro-cathepsin 

B (GenBank: TPP63328), S. haematobium cathepsin B-like cysteine proteinase 

(GenBank: XP_012801037 and KAF1337776), Trichobilharzia szidati cathepsin B1 

(GenBank: ACG50796), respectively (Table 5.11). 

    Furthermore, a second cathepsin B-like cysteine proteinase 

was predicted from the reverse sequence of transcriptome sequence no. 

Comp1676_seq3 at base positions 162–1151 with an ORF in R1. The encoded protein 

of 329 amino acids size has a calculated molecular weight of 37.30 kDa and an 
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isoelectric point of 7.1 (Figure 5.65). A signal peptide of 19 amino acids length was 

predicted at the N-terminus (Figure 5.66). No internal transmembrane region was 

predicted (Figure 5.67). An amidation motif was predicted at amino acid residues 43–

46 (SGKK). Several motifs were found, eukaryotic thiol (cysteine) proteases cysteine 

and histidine active site, were indicated at residues 106–117 (QSNCGSCWAFGA) and 

residues 273–283 (GGHAVRMIGWG), respectively. NCBI-BLASTP showed the 

following related proteins, F. gigantica Sarcophaga pro-cathepsin B (GenBank: 

TPP63328), F. buski Cathepsin B endopeptidase (GenBank: KAA0187027), and  

T. regenti cathepsin B1 isotype 1–3 precursor (GenBank: AAV65881, AAV65882, 

AAV65883) at 51.67%, 51.49%, and 49.71% identity, respectively (Table 5.12).  
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         10        20        30        40        50        60        70        80        90         

----:----|----:----|----:----|----:----|----:----|----:----|----:----|----:----|----:----| 

ATGAACAGAATGTTTGCATTCTGGATAGTGTTGCTTTTGGCAACGGTTTTCACAGGTCAATCCTTTGTACATGAGGAGGAAGACCGGACT 

M  N  R  M  F  A  F  W  I  V  L  L  L  A  T  V  F  T  G  Q  S  F  V  H  E  E  E  D  R  T   

         100       110       120       130       140       150       160       170       180        

----:----|----:----|----:----|----:----|----:----|----:----|----:----|----:----|----:----| 

GTCGAACACGTCGATTTAAAGAGCGGAGCCAGGTGGTTAGGAAAAAAGTCGACCCGATTCAGTAGTGACTATGAGCTACGCTTGATGCTC 

V  E  H  V  D  L  K  S  G  A  R  W  L  G  K  K  S  T  R  F  S  S  D  Y  E  L  R  L  M  L   

         190       200       210       220       230       240       250       260       270        

----:----|----:----|----:----|----:----|----:----|----:----|----:----|----:----|----:----| 

GGTGCAATCATGCCATCGTCTGATGTCAGAAAACTGCACGCTGCTCACGGCTACTATTTGCGCGCTCCGAAGACTATGCTTCCAGAAACA 

G  A  I  M  P  S  S  D  V  R  K  L  H  A  A  H  G  Y  Y  L  R  A  P  K  T  M  L  P  E  T   

         280       290       300       310       320       330       340       350       360        

----:----|----:----|----:----|----:----|----:----|----:----|----:----|----:----|----:----| 

TTTGACGCCAGGACCAAATGGAGTGACTGTGAGAGTATACGAACAATTTGGGACCAGAGTGCGTGTGGATCGTGCTGGGCTGTCGCGGCT 

F  D  A  R  T  K  W  S  D  C  E  S  I  R  T  I  W  D  Q  S  A  C  G  S  C  W  A  V  A  A   

         370       380       390       400       410       420       430       440       450        

----:----|----:----|----:----|----:----|----:----|----:----|----:----|----:----|----:----| 

GCCAGCACCATGAGTGATCATTACTGTATTCAGACGGGCAGATCGGTATTTCTGAGTGAAAATGACCTCCTCAGTTGTTGTCGCGACTGT 

A  S  T  M  S  D  H  Y  C  I  Q  T  G  R  S  V  F  L  S  E  N  D  L  L  S  C  C  R  D  C   

         460       470       480       490       500       510       520       530       540        

----:----|----:----|----:----|----:----|----:----|----:----|----:----|----:----|----:----| 

GGACGAGGATGTGAGGGGGGAACGTTGTTTGATCCGTGGCTATACTGGAACGAAACAGGGCTTGTGACAGGGGGTGGACAGAATTGCACC 

G  R  G  C  E  G  G  T  L  F  D  P  W  L  Y  W  N  E  T  G  L  V  T  G  G  G  Q  N  C  T   

         550       560       570       580       590       600       610       620       630        

----:----|----:----|----:----|----:----|----:----|----:----|----:----|----:----|----:----| 

GGCTGTTTATGCTACCCATTCCCCAAATGTGATCATCTCAGATCGAACGGGAGCTACCCTGACTGTCCCACAAAACTATTCGACACACCA 

G  C  L  C  Y  P  F  P  K  C  D  H  L  R  S  N  G  S  Y  P  D  C  P  T  K  L  F  D  T  P   

         640       650       660       670       680       690       700       710       720        

----:----|----:----|----:----|----:----|----:----|----:----|----:----|----:----|----:----| 

GAATGCACGCGTACATGTCAGGCGAGCTACAATGGAACATTCGAACAAGACAAGATTTACGGAAATCGTGGTTACTTTGTGGAAGCAAAC 

E  C  T  R  T  C  Q  A  S  Y  N  G  T  F  E  Q  D  K  I  Y  G  N  R  G  Y  F  V  E  A  N   

         730       740       750       760       770       780       790       800       810        

----:----|----:----|----:----|----:----|----:----|----:----|----:----|----:----|----:----| 

CAGGATAGTATAAGACGAGAAATTATGCTGAATGGGCCCGTGGAATCTGCATTCACAGTGTACACTGACTTCGGGGAGTACACCTCCGGC 

Q  D  S  I  R  R  E  I  M  L  N  G  P  V  E  S  A  F  T  V  Y  T  D  F  G  E  Y  T  S  G   

         820       830       840       850       860       870       880       890       900        

----:----|----:----|----:----|----:----|----:----|----:----|----:----|----:----|----:----| 

ATTTACTTCCATTCACATGGCATATATGCTGGTGGCCATGCGGTCCGAATACTCGGCTGGGGCGTGGAGCACAACGTCTCGTACTGGTTG 

I  Y  F  H  S  H  G  I  Y  A  G  G  H  A  V  R  I  L  G  W  G  V  E  H  N  V  S  Y  W  L   

         910       920       930       940       950       960       970       980       990        

----:----|----:----|----:----|----:----|----:----|----:----|----:----|----:----|----:----| 

ATTGCGAACTCATGGAATGAGGAGTGGGGAGAAGATGGAACATTTCGCATTTTGCGCGGTCACAACGAATGTGGGATAGAAGAATCAGTC 

I  A  N  S  W  N  E  E  W  G  E  D  G  T  F  R  I  L  R  G  H  N  E  C  G  I  E  E  S  V   

         1000      1010       

----:----|----:----|---- 

GTTTCCAATTCCCTTGATTATTAA 

V  S  N  S  L  D  Y  *        

                                                                

Figure 5.62 Nucleotide and deduced amino acid sequences of Fischoederius MseI A 

cathepsin B-like cysteine proteinase (TBIU011911) using SHOWSEQ in EMBOSS. The 

signal peptide is indicated by the dot-underlined bold sequence. Motifs are indicated by 

an underlined sequence, i.e. amidation site (LGKK), eukaryotic thiol (cysteine) 

proteases cysteine active site (QSACGSCWAVAA), and eukaryotic thiol (cysteine) 

proteases histidine active site (GGHAVRILGWG). 

Ref. code: 25625612330018TUB



163 

 

 

 

Cleavage site between positions: 21 and 22 (GQS-FV) 

Probability: 0.5779   Protein type: Likelihood 

Signal Peptide (Sec/SPI): 0.976 Other: 0.024 

 

Figure 5.63 Signal peptide prediction of Fischoederius MseI A cathepsin B-like cysteine 

proteinase (TBIU011911) using SignalP. 

 

 

 Length: 337   Number of predicted TMHs:  0 

 

Figure 5.64 Transmembrane region prediction of Fischoederius MseI A cathepsin B-

like cysteine proteinase (TBIU011911) using TMHMM. 
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Table 5.11 Sequence identity values of Fischoederius MseI A cathepsin B-like cysteine 

proteinase (TBIU011911) with other trematode cathepsin B sequences. 

 

Description Accession 
Query 

Cover 

% 

Identity 

% 

Positive 
E-value 

Cathepsin B  

[Fasciola gigantica] 

TPP60838 98% 48.36% 61.49% 5e-103 

Sarcophaga pro-cathepsin B  

[Fasciola gigantica] 

TPP63328 98% 47.16% 60.60% 1e-102 

Cathepsin B-like cysteine proteinase 

[Schistosoma haematobium] 

XP_012801037 98% 49.25% 61.79% 2e-102 

Cathepsin B-like peptidase (C01 family) 

[Schistosoma haematobium] 

KAF1337776 98% 49.25% 61.79% 9e-102 

Cathepsin B1  

[Trichobilharzia szidati] 

ACG50796 95% 47.55% 61.96% 4e-101 
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         10        20        30        40        50        60        70        80        90         

----:----|----:----|----:----|----:----|----:----|----:----|----:----|----:----|----:----| 

ATGTTCTCCTCATTCTTGTGCATTCTCATCTGGTTGGTTGAGGCGCTCTCTGTCAGCCAGTCAGATTTCTCCACAAACGATGAGGAACTA 

M  F  S  S  F  L  C  I  L  I  W  L  V  E  A  L  S  V  S  Q  S  D  F  S  T  N  D  E  E  L   

         100       110       120       130       140       150       160       170       180        

----:----|----:----|----:----|----:----|----:----|----:----|----:----|----:----|----:----| 

ATCCACTATATCAACAACAATCCCGATATCAAATGGAGAGCAGAGAAATCGGACAGATTCAAGACGATCGATGACTTCAAAATGATGTTG 

I  H  Y  I  N  N  N  P  D  I  K  W  R  A  E  K  S  D  R  F  K  T  I  D  D  F  K  M  M  L   

         190       200       210       220       230       240       250       260       270        

----:----|----:----|----:----|----:----|----:----|----:----|----:----|----:----|----:----| 

GGTACGATCAAGTCATCCGTCCGGGATCCAGCTCGAAAAATCATCTCACATGCCGACAAGAACATTGGGTTGCCAGAATCGTTTGATGCC 

G  T  I  K  S  S  V  R  D  P  A  R  K  I  I  S  H  A  D  K  N  I  G  L  P  E  S  F  D  A   

         280       290       300       310       320       330       340       350       360        

----:----|----:----|----:----|----:----|----:----|----:----|----:----|----:----|----:----| 

CGCGATAAGTGGGAAGATTGTCCAACTATCCCTAAAATTACGGATCAGTCAAATTGTGGATCATGTTGGGCATTTGGTGCAGCTACGGCT 

R  D  K  W  E  D  C  P  T  I  P  K  I  T  D  Q  S  N  C  G  S  C  W  A  F  G  A  A  T  A   

         370       380       390       400       410       420       430       440       450        

----:----|----:----|----:----|----:----|----:----|----:----|----:----|----:----|----:----| 

ATGAGTGATCGAGTGTGCATCCATTCTTCCGGTAAGAAGATAGTTGAGGTGAGCCCGACAGATATCCTCGGCTGTTGTTTCTCGTGTGGT 

M  S  D  R  V  C  I  H  S  S  G  K  K  I  V  E  V  S  P  T  D  I  L  G  C  C  F  S  C  G   

         460       470       480       490       500       510       520       530       540        

----:----|----:----|----:----|----:----|----:----|----:----|----:----|----:----|----:----| 

TTCGGTTGTTTTGGCGGGCGGCCTTTAGCAGCATGGGAATACTGGGTTGATCATGGAGTGGTTACCGGAGGTGGTTATGATGATCGGACC 

F  G  C  F  G  G  R  P  L  A  A  W  E  Y  W  V  D  H  G  V  V  T  G  G  G  Y  D  D  R  T   

         550       560       570       580       590       600       610       620       630        

----:----|----:----|----:----|----:----|----:----|----:----|----:----|----:----|----:----| 

GGGTGTCGTCCATATCCTTTCCCTCCAACTCATCTGAATGAGTCAAGACCGAAAGAAATGTATCCGACACCGAAATGTGAGAAGAAGTGC 

G  C  R  P  Y  P  F  P  P  T  H  L  N  E  S  R  P  K  E  M  Y  P  T  P  K  C  E  K  K  C   

         640       650       660       670       680       690       700       710       720        

----:----|----:----|----:----|----:----|----:----|----:----|----:----|----:----|----:----| 

AAGAATGGGGCAAACTACGAGAAGGACAAAGTTTACGGACGAGAATCCTACACTGTAGAACAAAACGAGAAAAGCATCATGAAGGAGATT 

K  N  G  A  N  Y  E  K  D  K  V  Y  G  R  E  S  Y  T  V  E  Q  N  E  K  S  I  M  K  E  I   

         730       740       750       760       770       780       790       800       810        

----:----|----:----|----:----|----:----|----:----|----:----|----:----|----:----|----:----| 

TTGCTTCGTGGACCCGTCGAGGCTTCGTTCAATGTCTATAAAGACTTCCGATTCTACAAAGAAGGGATTTACCGTCATGTGACAGGGGAG 

L  L  R  G  P  V  E  A  S  F  N  V  Y  K  D  F  R  F  Y  K  E  G  I  Y  R  H  V  T  G  E   

         820       830       840       850       860       870       880       890       900        

----:----|----:----|----:----|----:----|----:----|----:----|----:----|----:----|----:----| 

CTTCTCGGTGGTCATGCGGTGCGTATGATTGGTTGGGGTGAGGAGAAGGGAGAGAAGTACTGGTTGTTGGTAAATTCGTGGACCGCGAAG 

L  L  G  G  H  A  V  R  M  I  G  W  G  E  E  K  G  E  K  Y  W  L  L  V  N  S  W  T  A  K   

         910       920       930       940       950       960       970       980       990        

----:----|----:----|----:----|----:----|----:----|----:----|----:----|----:----|----:----| 

TGGGGAGAGAAAGGACTGTTCAGGATAAGACGTGGAGCGAATGAGTGTGGGATTGAAGAGGATATTAATGCCGGATTACCAAAGCTGTGA 

W  G  E  K  G  L  F  R  I  R  R  G  A  N  E  C  G  I  E  E  D  I  N  A  G  L  P  K  L  * 

 

Figure 5.65 Nucleotide and deduced amino acid sequences of Fischoederius MseI A 

cathepsin B-like cysteine proteinase (Comp1676_seq3) using SHOWSEQ in EMBOSS. The 

signal peptide is indicated by the dot-underlined bold sequence. Motifs are indicated by 

an underlined sequence, i.e. amidation site (SGKK), eukaryotic thiol (cysteine) 

proteases cysteine active site (QSNCGSCWAFGA), and eukaryotic thiol (cysteine) 

proteases histidine active site (GGHAVRMIGWG). 

 

 

Ref. code: 25625612330018TUB



166 

 

 

 

Cleavage site between positions: 19 and 20 (SVS-QS) 

Probability: 0.9029   Protein type: Likelihood 

Signal Peptide (Sec/SPI): 0.9899 Other: 0.0101 

 

Figure 5.66 Signal peptide prediction of Fischoederius MseI A cathepsin B-like cysteine 

proteinase (Comp1676_seq3) using SignalP. 

 

 

 Length: 329   Number of predicted TMHs:  0 

 

Figure 5.67 Transmembrane region prediction of Fischoederius MseI A cathepsin B-

like cysteine proteinase (Comp1676_seq3) using TMHMM. 
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Table 5.12 Sequence identity values of Fischoederius MseI A cathepsin B-like cysteine 

proteinase (Comp1676_seq3) with other trematode cathepsin B sequences. 

 

Description Accession 
Query 

Cover 

% 

Identity 

% 

Positive 
E-value 

Sarcophaga pro-cathepsin B 

[Fasciola gigantica] 

TPP63328 95% 51.67% 66.87% 3e-121 

Cathepsin B endopeptidase 

[Fasciolopsis buski] 

KAA0187027 97% 51.49% 66.96% 1e-119 

Cathepsin B1 isotype 1 precursor 

[Trichobilharzia regenti] 

AAV65881 97% 49.71% 65.29% 5e-117 

Cathepsin B1 isotype 2 precursor 

[Trichobilharzia regenti] 

AAV65882 98% 49.71% 64.91% 4e-117 

Cathepsin B1 isotype 3 precursor 

[Trichobilharzia regenti] 

AAV65883 97% 47.71% 65.59% 6e-117 
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5.5.7.2 Cathepsin L-like cysteine proteinase 

    Transcriptome sequence no. Comp422_seq1 was identified 

as encoding a cathepsin L-like cysteine proteinase at base positions 236–1375 with the 

ORF in R1 (Figure 5.68). This protein contained 379 amino acids, had a molecular 

weight of 42.64 kDa and a theoretical isoelectric point of 6.7. SignalP predicted a signal 

peptide of 21 amino acids length (Figure 5.69). Transmembrane regions were not 

predicted (Figure 5.70). EMBOSS-PATMATMOTIFS detected following motifs, 

eukaryotic thiol (cysteine) proteases cysteine active site at residues 174–185 

(QGACGSCWAFSS), eukaryotic thiol (cysteine) proteases histidine active site at 

residues 324–334 (LDHGVLLVGYG), and eukaryotic thiol (cysteine) proteases 

asparagine active site at residues 341–360 (YWLIKNSWGTAWGENGYVRI). NCBI-

BLASTP resulted in best hits to C. sinensis cathepsin L-like proteinase precursor 

(GenBank: ABK91809) at 53.23% identity, P. westermani cathepsin L (GenBank: 

KAA3679270) at 55.82%, O. viverrini cathepsin L (GenBank: OON14246) at 51.72%, 

and C. sinensis cathepsin L (GenBank: GAA57175 and RJW67986) at 51.30% and 

50.92% identity (Table 5.13).  

 

Table 5.13 Sequence identity values of Fischoederius MseI A cathepsin L-like cysteine 

proteinase (Comp422_seq1) with other trematode cathepsin L sequences. 

 

Description Accession 
Query 

Cover 

% 

Identity 

% 

Positive 
E-value 

Cathepsin L-like proteinase precursor 

[Clonorchis sinensis] 

ABK91809 97% 53.23% 68.28% 5e-134 

Cathepsin L  

[Paragonimus westermani] 

KAA3679270 98% 55.82% 69.31% 3e-132 

Papain family cysteine protease 

[Opisthorchis viverrini] 

OON14246 99% 51.72% 67.28% 4e-131 

Cathepsin L  

[Clonorchis sinensis] 

GAA57175 97% 51.30% 66.15% 6e-130 

Cathepsin L  

[Clonorchis sinensis] 

RJW67986 96% 50.92% 66.23% 7e-128 
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         10        20        30        40        50        60        70        80        90         

----:----|----:----|----:----|----:----|----:----|----:----|----:----|----:----|----:----| 

ATGGAGAGCAGGCTGTCTTTGTGGGTGTTTTTCGCTGCTTTTGTGTTGTCACTGTCATCTGCAGAGCGTACTGTTTATCGTTGGTCAAAA 

M  E  S  R  L  S  L  W  V  F  F  A  A  F  V  L  S  L  S  S  A  E  R  T  V  Y  R  W  S  K   

         100       110       120       130       140       150       160       170       180        

----:----|----:----|----:----|----:----|----:----|----:----|----:----|----:----|----:----| 

TTGTCGCCTGCACAAGTTAAAGATCCCTCCGTTAGAAAGGCGAATGGACTTAGTTCTTGGGAACGCGAATGGGACAGTTCAAAGTTGAAC 

L  S  P  A  Q  V  K  D  P  S  V  R  K  A  N  G  L  S  S  W  E  R  E  W  D  S  S  K  L  N   

         190       200       210       220       230       240       250       260       270        

----:----|----:----|----:----|----:----|----:----|----:----|----:----|----:----|----:----| 

GGGGACTTGACTGAAGAGATAAATGCTGCTTGGCAGTTGTTCAAAATTTACTACAATAGGAGTTACGAACCATACGAAGAAAAGCAACGG 

G  D  L  T  E  E  I  N  A  A  W  Q  L  F  K  I  Y  Y  N  R  S  Y  E  P  Y  E  E  K  Q  R   

         280       290       300       310       320       330       340       350       360        

----:----|----:----|----:----|----:----|----:----|----:----|----:----|----:----|----:----| 

CTTGATATATTCACTCAGAACTATGAAGAAATTCACAAGCACAATGTTGCTTATCGACTCGGCCTAGTGGACTATGAGATGGGTGTCAAT 

L  D  I  F  T  Q  N  Y  E  E  I  H  K  H  N  V  A  Y  R  L  G  L  V  D  Y  E  M  G  V  N   

         370       380       390       400       410       420       430       440       450        

----:----|----:----|----:----|----:----|----:----|----:----|----:----|----:----|----:----| 

GAATTCTCTGACAAGAATATGCATGAGCTGAAGCCCTTCAGAGGACTTAGAGTACCCAAGGACTACGTTCGTCGCGGCTCCACTTATTTA 

E  F  S  D  K  N  M  H  E  L  K  P  F  R  G  L  R  V  P  K  D  Y  V  R  R  G  S  T  Y  L   

         460       470       480       490       500       510       520       530       540        

----:----|----:----|----:----|----:----|----:----|----:----|----:----|----:----|----:----| 

ACGTTCATGTCGGCACCCCCGGAATCTATTGACTGGCGTGATCATGGCGCGGTTACTTCTGTGAAACAGCAAGGAGCCTGTGGCTCGTGC 

T  F  M  S  A  P  P  E  S  I  D  W  R  D  H  G  A  V  T  S  V  K  Q  Q  G  A  C  G  S  C   

         550       560       570       580       590       600       610       620       630        

----:----|----:----|----:----|----:----|----:----|----:----|----:----|----:----|----:----| 

TGGGCTTTTTCATCTGCTGGAGCAATCGAAGGCCAACACTTCCGTAAGACGTCCAGTTTGGTAGACTTGTCTGAGCAGCAGTTGGTCGAC 

W  A  F  S  S  A  G  A  I  E  G  Q  H  F  R  K  T  S  S  L  V  D  L  S  E  Q  Q  L  V  D   

         640       650       660       670       680       690       700       710       720        

----:----|----:----|----:----|----:----|----:----|----:----|----:----|----:----|----:----| 

TGCAGTTCATCATTTGGGAATAATGGTTGTAATGGTGGACTCATGGATTATGCATTCGAATATGTCAAATCTGCTGGAGGAATTAACAGT 

C  S  S  S  F  G  N  N  G  C  N  G  G  L  M  D  Y  A  F  E  Y  V  K  S  A  G  G  I  N  S   

         730       740       750       760       770       780       790       800       810        

----:----|----:----|----:----|----:----|----:----|----:----|----:----|----:----|----:----| 

GAAGAGCGATATCCTTACATTTCTGGTCACACCGGTGCTCCAAACCCTCTGTGCCACTACGATTGGACACAGGTCATCTCCAAAGTGACT 

E  E  R  Y  P  Y  I  S  G  H  T  G  A  P  N  P  L  C  H  Y  D  W  T  Q  V  I  S  K  V  T   

         820       830       840       850       860       870       880       890       900        

----:----|----:----|----:----|----:----|----:----|----:----|----:----|----:----|----:----| 

GGTTTCGTTGATATACCATATGGTAACGAGTATGCTTTACAACAAGCCGTTGGATACTATGGGCCAATATCAGTAGCCATAAATGCCAGA 

G  F  V  D  I  P  Y  G  N  E  Y  A  L  Q  Q  A  V  G  Y  Y  G  P  I  S  V  A  I  N  A  R   

         910       920       930       940       950       960       970       980       990        

----:----|----:----|----:----|----:----|----:----|----:----|----:----|----:----|----:----| 

CTGCCAGGCTTCGTCAGATATAAATCCGGTATCTTCTCCAATGTTAGCTGCACTGGTCGACCAGAGGATCTGGATCATGGTGTTTTGCTT 

L  P  G  F  V  R  Y  K  S  G  I  F  S  N  V  S  C  T  G  R  P  E  D  L  D  H  G  V  L  L   

         1000      1010      1020      1030      1040      1050      1060      1070      1080       

----:----|----:----|----:----|----:----|----:----|----:----|----:----|----:----|----:----| 

GTCGGATATGGTACGGAGAATGGTATACCTTACTGGCTGATTAAAAATAGTTGGGGGACCGCGTGGGGTGAGAATGGCTACGTGAGAATA 

V  G  Y  G  T  E  N  G  I  P  Y  W  L  I  K  N  S  W  G  T  A  W  G  E  N  G  Y  V  R  I   

         1090      1100      1110      1120      1130      1140       

----:----|----:----|----:----|----:----|----:----|----:----| 

CGGAGGAACAGTGGAAATATGTGTGGAATTGCGTCGCTAGCGTCCTATCCTTTAGTCTAG 

R  R  N  S  G  N  M  C  G  I  A  S  L  A  S  Y  P  L  V  *         

                         

Figure 5.68 Nucleotide and deduced amino acid sequences of Fischoederius MseI A cathepsin 

L-like cysteine proteinase (Comp422_seq1) using SHOWSEQ in EMBOSS. The signal peptide 

is indicated by the dot-underlined sequence. Motifs are indicated by underlined sequences; 

eukaryotic thiol (cysteine) proteases cysteine active site (QGACGSCWAFSS), eukaryotic 

thiol (cysteine) proteases asparagine active site (LDHGVLLVGYG), and eukaryotic thiol 

(cysteine) proteases histidine active site (YWLIKNSWGTAWGENGYVRI). 
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Cleavage site between positions: 21 and 22 (SSA-ER) 

Probability: 0.9029   Protein type: Likelihood 

Signal Peptide (Sec/SPI): 0.9899 Other: 0.0101 

 

Figure 5.69 Signal peptide prediction of Fischoederius MseI A cathepsin L-like cysteine 

proteinase (Comp422_seq1) using SignalP. 

 

 

 Length: 378   Number of predicted TMHs:  0 

 

Figure 5.70 Transmembrane region prediction of Fischoederius MseI A cathepsin L-like 

cysteine proteinase (Comp422_seq1) using TMHMM. 
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5.5.7.3 Cathepsin C-like cysteine proteinase 

    A cathepsin C-like cysteine proteinase was predicted in 

transcriptome sequence no. TBIU021593 at base positions 294–1679 with the ORF in 

R1 and transcriptome sequence no. Comp1034_seq0 at base positions 334–1719 with 

the ORF in R1 (Figure 5.71). The deduced sequence of 461 amino acids had a 

calculated molecular weight of 52.50 kDa and an isoelectric point of 8.1. The first 22 

amino acids at the N-terminus were predicted to form a signal peptide and putative 

transmembrane regions were not detected (Figures 5.72–5.73). Two protease active 

site motifs were found in the sequence, eukaryotic thiol (cysteine) proteases cysteine 

active site at residues 248–259 (QGHCGSCYAFAS) and eukaryotic thiol (cysteine) 

proteases histidine active site at residues 403–413 (VNHGVVIVGYG). Related 

proteins in the NCBI nonredundant protein database were S. japonicum cathepsin C 

isoform 2–4 (GenBank: TNN09560, TNN09561, TNN09558), Schistosoma bovis 

cathepsin C (GenBank: RTG87036), and S. haematobium cathepsin C (GenBank: 

XP_012799794) at 58.67%, 56.25%, and 56.03% sequence identity, respectively 

(Table 5.14).  

 

Table 5.14 Sequence identity values of Fischoederius MseI A cathepsin C-like cysteine 

proteinase (TBIU021593) with other trematode cathepsin C sequences. 

 

Description Accession 
Query 

Cover 

% 

Identity 

% 

Positive 
E-value 

Cathepsin C isoform 2  

[Schistosoma japonicum] 

TNN09560 99% 58.67% 70.02% 0.0 

Cathepsin C isoform 3  

[Schistosoma japonicum] 

TNN09561 99% 58.67% 70.02% 0.0 

Cathepsin C isoform 4  

[Schistosoma japonicum] 

TNN09558 99% 58.67% 70.02% 0.0 

Cathepsin C  

[Schistosoma bovis] 

RTG87036 99% 56.25% 69.83% 0.0 

Cathepsin C  

[Schistosoma haematobium] 

XP_012799794 99% 56.03% 69.40 % 4e-180 
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----:----|----:----|----:----|----:----|----:----|----:----|----:----|----:----|----:----| 

ATGATTTCTTGGCTGCTGGTTTACCAGTTAGTGTTTTGTGGTCTTATCATACCGTTATCGTTCGCGGATACTCCGGCCAATTGTACATAT 

M  I  S  W  L  L  V  Y  Q  L  V  F  C  G  L  I  I  P  L  S  F  A  D  T  P  A  N  C  T  Y   

         100       110       120       130       140       150       160       170       180        

----:----|----:----|----:----|----:----|----:----|----:----|----:----|----:----|----:----| 

GAAGATGCACGCGGTAGATGGATGTTTAGCTATTGTGATAAAAAAGATTGCAAGGAGAAGGAAAAGAAGAATATAACGTTTAGTTTGCTC 

E  D  A  R  G  R  W  M  F  S  Y  C  D  K  K  D  C  K  E  K  E  K  K  N  I  T  F  S  L  L   

         190       200       210       220       230       240       250       260       270        

----:----|----:----|----:----|----:----|----:----|----:----|----:----|----:----|----:----| 

TATCCCAATCTGGCGGTAGATGAATACGGGAATCGGGGAACTTGGACGATGATCTATAATCAAGGCTTTGAGATTACCGTTCAGAATCGG 

Y  P  N  L  A  V  D  E  Y  G  N  R  G  T  W  T  M  I  Y  N  Q  G  F  E  I  T  V  Q  N  R   

         280       290       300       310       320       330       340       350       360        

----:----|----:----|----:----|----:----|----:----|----:----|----:----|----:----|----:----| 

AAATGGTTGGTGATGTTTGCCTTTAATGACGGTGGTAAATTTTTCTGCGACCGAGGAATGCCAGGGTGGACTCATGACACTCTTCTACGT 

K  W  L  V  M  F  A  F  N  D  G  G  K  F  F  C  D  R  G  M  P  G  W  T  H  D  T  L  L  R   

         370       380       390       400       410       420       430       440       450        

----:----|----:----|----:----|----:----|----:----|----:----|----:----|----:----|----:----| 

CAGTGGAAATGGTTCACATCAGTGAAGCTCAATCCTCGTAAAGCGGTTTCGTCTACTCAAGGTACGCTATCCAAATCAAAATTGATCTCC 

Q  W  K  W  F  T  S  V  K  L  N  P  R  K  A  V  S  S  T  Q  G  T  L  S  K  S  K  L  I  S   

         460       470       480       490       500       510       520       530       540        

----:----|----:----|----:----|----:----|----:----|----:----|----:----|----:----|----:----| 

GAGGCTACACTTAATCGAGCTGTGCAATCCAATCCGGATTTTGTCAACCGGATCAATTCAGTTCAGAATTCATGGTTAGCTACTGACTAT 

E  A  T  L  N  R  A  V  Q  S  N  P  D  F  V  N  R  I  N  S  V  Q  N  S  W  L  A  T  D  Y   

         550       560       570       580       590       600       610       620       630        

----:----|----:----|----:----|----:----|----:----|----:----|----:----|----:----|----:----| 

CCGGAACTGAGACAATTCACCTTGGGCGACCTGAGGAGAAGAGCTGGAGGTGCTAAGTCGGTATTTTCCAGACCACAGCTTCCTCTGATC 

P  E  L  R  Q  F  T  L  G  D  L  R  R  R  A  G  G  A  K  S  V  F  S  R  P  Q  L  P  L  I   

         640       650       660       670       680       690       700       710       720        

----:----|----:----|----:----|----:----|----:----|----:----|----:----|----:----|----:----| 

CAAAGCACAATTTCGACTGAGTTGTTGCAAGCTGCAGCTAATTTGCCTGAGGATTTTGATTGGCGATTTCCTAAAGATGGTAGACCAAGT 

Q  S  T  I  S  T  E  L  L  Q  A  A  A  N  L  P  E  D  F  D  W  R  F  P  K  D  G  R  P  S   

         730       740       750       760       770       780       790       800       810        

----:----|----:----|----:----|----:----|----:----|----:----|----:----|----:----|----:----| 

CCTGTCACACCAGTGAGAGATCAGGGACATTGTGGAAGCTGCTATGCGTTCGCTTCACTAGCCGCTCTTGAGGCTCGGATTCGTTTGCGA 

P  V  T  P  V  R  D  Q  G  H  C  G  S  C  Y  A  F  A  S  L  A  A  L  E  A  R  I  R  L  R   

         820       830       840       850       860       870       880       890       900        

----:----|----:----|----:----|----:----|----:----|----:----|----:----|----:----|----:----| 

AGTAATTTCACTCATCAGCCAATCCTTTCACCCCAAGACGTTGTGGACTGTGGAAACTATTCTGAAGGTTGCGAGGGTGGCTTCCCCTAT 

S  N  F  T  H  Q  P  I  L  S  P  Q  D  V  V  D  C  G  N  Y  S  E  G  C  E  G  G  F  P  Y   

         910       920       930       940       950       960       970       980       990        

----:----|----:----|----:----|----:----|----:----|----:----|----:----|----:----|----:----| 

CTAGTAGGTGGAAAATATGCTGAAGACTACGGGATTCCTCTGGAATCGTGCAACAATTATACTGGTAAAGAATCGGGAATCTGCAAAACC 

L  V  G  G  K  Y  A  E  D  Y  G  I  P  L  E  S  C  N  N  Y  T  G  K  E  S  G  I  C  K  T   

         1000      1010      1020      1030      1040      1050      1060      1070      1080       

----:----|----:----|----:----|----:----|----:----|----:----|----:----|----:----|----:----| 

AAACCGAACTGTACCCGTTATTATGCGACAAACTACCATTATATCGGGGGTTATTATGGCGCTACGAACGAGCTACTTATGAGACTTGAA 

K  P  N  C  T  R  Y  Y  A  T  N  Y  H  Y  I  G  G  Y  Y  G  A  T  N  E  L  L  M  R  L  E   

         1090      1100      1110      1120      1130      1140      1150      1160      1170       

----:----|----:----|----:----|----:----|----:----|----:----|----:----|----:----|----:----| 

CTAGTTCATCATGGTCCGTTCCCTGTTGCATTCGAAGTGTACGATGATTTCAAGTACTACAAGTCAGGGGTCTACAGGCACACAATGCTT 

L  V  H  H  G  P  F  P  V  A  F  E  V  Y  D  D  F  K  Y  Y  K  S  G  V  Y  R  H  T  M  L   

         1180      1190      1200      1210      1220      1230      1240      1250      1260       

----:----|----:----|----:----|----:----|----:----|----:----|----:----|----:----|----:----| 

AAGGATGAAGTGAATCGCTTTGATCCTTTTGAACTGGTAAATCATGGAGTGGTGATCGTCGGATATGGTTTTGACAAAAAGTCAAATTTA 

K  D  E  V  N  R  F  D  P  F  E  L  V  N  H  G  V  V  I  V  G  Y  G  F  D  K  K  S  N  L   

         1270      1280      1290      1300      1310      1320      1330      1340      1350       

----:----|----:----|----:----|----:----|----:----|----:----|----:----|----:----|----:----| 

CCGTACTGGGCTGTCAAGAATAGTTGGGGCCCCACGTGGGGTGAATCAGGATACTTCCGAATTCTGCGCGGAAAGGATGAATGTGCTATT 

P  Y  W  A  V  K  N  S  W  G  P  T  W  G  E  S  G  Y  F  R  I  L  R  G  K  D  E  C  A  I   

         1360      1370      1380       

----:----|----:----|----:----|----:- 

GAAAGCTTGGCAACTTCCATGGATCCAGTTCTCTAA 

E  S  L  A  T  S  M  D  P  V  L  *                                                         

(Please see figure legend on overleaf) 
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Figure 5.71 Nucleotide and deduced amino acid sequences of Fischoederius MseI A 

cathepsin C-like cysteine proteinase (TBIU021593) using SHOWSEQ in EMBOSS. The 

predicted signal peptide is indicated by the dot-underlined sequence. Conserved motifs 

are indicated by underlined sequences; eukaryotic thiol (cysteine) proteases cysteine 

active site (QGHCGSCYAFAS), eukaryotic thiol (cysteine) proteases histidine active 

site (VNHGVVIVGYG). 
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Cleavage site between positions: 22 and 23 (SFA-DT) 

Probability: 0.9595   Protein type: Likelihood 

Signal Peptide (Sec/SPI): 0.9947 Other: 0.0053 

 

Figure 5.72 Signal peptide prediction of Fischoederius MseI A cathepsin C-like cysteine 

proteinase (TBIU021593) using SignalP. 

 

 

 Length: 461   Number of predicted TMHs:  0 

 

Figure 5.73 Transmembrane region prediction of Fischoederius MseI A cathepsin C-

like cysteine proteinase (TBIU021593) using TMHMM. 
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5.5.7.4 Fatty acid-binding protein 

    Gene annotation analysis of transcriptome sequence no. 

TBIU012177 revealed that this sequence encoded a fatty acid-binding protein. The 

deduced sequence of 133 amino acids was found encoded in an ORF in F1 at base 

positions 66–467 (Figure 5.74). An amination motif was predicted at residues 77–80 

(DGKK). No signal peptide and transmembrane regions were predicted. The protein 

had a molecular weight of 14.96 kDa and an isoelectric point of 7.5. NCBI-BLASTP 

detected related sequences at low identity values compared to the above described 

proteases. C. sinensis fatty acid-binding protein (GenBank: Q8MUC1) with 28.80% 

identity, a predicted fatty acid-binding protein from Poecilia reticulate (GenBank: 

XP_008409747) with 35.11% identity, and Poecilia formosa (GenBank: 

XP_007551827) with 34.35% identity (Table 5.15).  

5.5.7.5 Thioredoxin 

    Transcriptome no. Comp175_seq0 was annotated as 

thioredoxin at base positions 53–367 with the ORF in F1 (Figure 5.75). Signal peptide 

and transmembrane regions were not predicted. The protein contained 104 amino acids, 

had a molecular weight of 12.15 kDa, and an isoelectric point of 6.7. Detected motifs 

included an amidation site at residues 81–84 (DGKR) and a thioredoxin family active 

site at residues 23–41 (VLDFYAQWCPPCRMLAPKF). NCBI-BLASTP detected 

related proteins in other trematodes, Paragonimus westermani thioredoxin (GenBank: 

KAA3675358), F. gigantica thioredoxin (GenBank: AKU75588), F. hepatica 

thioredoxin and Chain A thioredoxin (GenBank: AAF14217 and 2VIM_A), and  

C. sinensis thioredoxin-2 (GenBank: RJW73364) with 43.00, 43.27, 43.27, 43.27, and 

42.31% identity, respectively (Table 5.16).  

5.5.7.6 Calcium-binding protein 

    Transcriptome sequence no. TBIU007768 encoded a 

tegumental calcium-binding protein at base positions 130–669. The deduced sequence 

of 189 amino acids (Figure 5.76) had a molecular weight of 22.00 kDa and an 

isoelectric point of 5.4. Signal peptide and transmembrane regions were not predicted. 

An EF-hand calcium-binding domain was detected at residues 54–66 

(DTDKDGKVSLTEF). NCBI-BLASTP detected several highly conserved sequences 

in other trematodes with identity values of 66.67, 66.49, 66.14, 66.14, and 65.95% for 
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F. buski tegumental calcium-binding EF-hand protein 4 (GenBank: KAA0189126),  

F. gigantica tegumental calcium-binding EF-hand protein 3–4 (GenBank: TPP63277, 

TPP63278), F. hepatica tegumental calcium-binding EF-hand protein 4 (GenBank: 

THD25974), and F. hepatica CaBP1 (GenBank: AML33332), respectively (Table 5.17). 
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         10        20        30        40        50        60        70        80        90         

----:----|----:----|----:----|----:----|----:----|----:----|----:----|----:----|----:----| 

ATGGCTGCATTTGTCGGTGACTGGAAACGTGACAAAGCTGAGAATTTCGACAAACTCTTAGAGAAAATGGGTGTTCCAGCAGAACAGATT 

M  A  A  F  V  G  D  W  K  R  D  K  A  E  N  F  D  K  L  L  E  K  M  G  V  P  A  E  Q  I   

         100       110       120       130       140       150       160       170       180        

----:----|----:----|----:----|----:----|----:----|----:----|----:----|----:----|----:----| 

CAGAAAGTGCGTGATGCTGAGAGCATAGTTAAAATTCGCGATTTGGGTGATGGTCAGTTCCACGTCGTTCGTGAATCTGCGGTTGGTTCG 

Q  K  V  R  D  A  E  S  I  V  K  I  R  D  L  G  D  G  Q  F  H  V  V  R  E  S  A  V  G  S   

         190       200       210       220       230       240       250       260       270        

----:----|----:----|----:----|----:----|----:----|----:----|----:----|----:----|----:----| 

GTGGAAATCAAGTTCAAGTTTGGTGAGGAAGTGGAATACACCGGTCTTGATGGGAAAAAATCGAAGGCCACGGTTCGCCAGCTGTCACCC 

V  E  I  K  F  K  F  G  E  E  V  E  Y  T  G  L  D  G  K  K  S  K  A  T  V  R  Q  L  S  P   

         280       290       300       310       320       330       340       350       360        

----:----|----:----|----:----|----:----|----:----|----:----|----:----|----:----|----:----| 

ACAAAGATCGAACAGAAACGAAAACATGGAGACTTAGAATTCACAGCAATTGGTGAAGTCCAGGGAAATGAACTGACACAGACAATTGAA 

T  K  I  E  Q  K  R  K  H  G  D  L  E  F  T  A  I  G  E  V  Q  G  N  E  L  T  Q  T  I  E   

         370       380       390       400        

----:----|----:----|----:----|----:----|-- 

CTTGAAGGTGTGACATGCAAGATGACATTCAAGAAAATCTGA 

L  E  G  V  T  C  K  M  T  F  K  K  I  *  

 

Figure 5.74 Nucleotide and deduced amino acid sequences of Fischoederius MseI A 

fatty acid-binding protein (TBIU012177) using SHOWSEQ in EMBOSS. A putative 

amination motif (DGKK) is indicated by the underlined sequence. 

 

Table 5.15 Sequence identity values of Fischoederius MseI A fatty acid-binding protein 

(TBIU012177) with other fatty acid-binding protein sequences. 

 

Description Accession 
Query 

Cover 

% 

Identity 

% 

Positive 
E-value 

Fatty acid-binding protein  

[Clonorchis sinensis] 

Q8MUC1 93% 28.80% 55.20% 8e-13 

PREDICTED: Fatty acid-binding protein, 

intestinal [Poecilia reticulata] 

XP_008409747 97% 35.11% 49.61% 2e-12 

Cellular retinoic acid-binding protein 1 

[Oryzias latipes] 

XP_004069529 97% 37.50% 54.41% 4e-12 

PREDICTED: Fatty acid-binding protein, 

intestinal [Poecilia formosa] 

XP_007551827 97% 34.35% 48.09 % 5e-12 

Fatty acid-binding protein, intestinal 

[Fundulus heteroclitus] 

XP_012705247 97% 34.35% 51.15 % 5e-12 
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         10        20        30        40        50        60        70        80        90         

----:----|----:----|----:----|----:----|----:----|----:----|----:----|----:----|----:----| 

ATGAAACATCTCAATAACAAGAAAGAACACGATGATTTTCTCGAGCAGAACAAAGGGAAATTAATTGTCCTTGACTTTTATGCGCAATGG 

M  K  H  L  N  N  K  K  E  H  D  D  F  L  E  Q  N  K  G  K  L  I  V  L  D  F  Y  A  Q  W   

         100       110       120       130       140       150       160       170       180        

----:----|----:----|----:----|----:----|----:----|----:----|----:----|----:----|----:----| 

TGCCCACCCTGCCGAATGTTGGCTCCCAAATTTGAGGCGCTCCCTGAAAAGTTCAAAACGTGTGCCTTTGCAAAGGTAGATGTAGATCAG 

C  P  P  C  R  M  L  A  P  K  F  E  A  L  P  E  K  F  K  T  C  A  F  A  K  V  D  V  D  Q   

         190       200       210       220       230       240       250       260       270        

----:----|----:----|----:----|----:----|----:----|----:----|----:----|----:----|----:----| 

GCTGAGGACGTTTGCAAAATTTATGACATCACATGCATGCCAACGCTGATCTACCAGAAAGATGGGAAACGTTTACACCGAATCGAAGGA 

A  E  D  V  C  K  I  Y  D  I  T  C  M  P  T  L  I  Y  Q  K  D  G  K  R  L  H  R  I  E  G   

         280       290       300       310        

----:----|----:----|----:----|----:----|----: 

TGCGATGAGGATGGGATGACGAAGGCGGTCGACCAATACAAGTGA 

C  D  E  D  G  M  T  K  A  V  D  Q  Y  K  *                                                

 

Figure 5.75 Nucleotide and deduced amino acid sequences of Fischoederius MseI A 

thioredoxin (Comp175_seq0) using SHOWSEQ in EMBOSS. Amidation motif (DGKR) 

and thioredoxin family active site (VLDFYAQWCPPCRMLAPKF) are indicated by 

underlined sequences. 

 

Table 5.16 Sequence identity values of Fischoederius MseI A thioredoxin 

(Comp175_seq0) with other thioredoxin sequences. 

 

Description Accession 
Query 

Cover 

% 

Identity 

% 

Positive 
E-value 

Thioredoxin 1 [Paragonimus westermani] KAA3675358 95% 43.00% 69.00% 6e-28 

Thioredoxin [Fasciola gigantica] AKU75588 99% 43.27% 65.38% 3e-27 

Thioredoxin [Fasciola hepatica] AAF14217 99% 43.27% 64.42% 3e-27 

Chain A, Thioredoxin [Fasciola hepatica] 2VIM_A 99% 43.27% 64.42% 5e-27 

Thioredoxin-2 [Clonorchis sinensis] RJW73364 99% 42.31% 64.42 % 2e-26 
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         10        20        30        40        50        60        70        80        90         

----:----|----:----|----:----|----:----|----:----|----:----|----:----|----:----|----:----| 

ATGGCCCAATCCCAGCTGCACGATGTTGAGAAAATGATCGACCTGTTTATGGAGATTGATACGAGCAATGATGAATGTGTGGACAAAAAT 

M  A  Q  S  Q  L  H  D  V  E  K  M  I  D  L  F  M  E  I  D  T  S  N  D  E  C  V  D  K  N   

         100       110       120       130       140       150       160       170       180        

----:----|----:----|----:----|----:----|----:----|----:----|----:----|----:----|----:----| 

GAATTAATGCAACATTATAGGAATGCCAATGTTTCCGAAGCTGCGATCGATGATTGGATGAAGAAATTCGACACGGACAAGGACGGCAAG 

E  L  M  Q  H  Y  R  N  A  N  V  S  E  A  A  I  D  D  W  M  K  K  F  D  T  D  K  D  G  K   

         190       200       210       220       230       240       250       260       270        

----:----|----:----|----:----|----:----|----:----|----:----|----:----|----:----|----:----| 

GTCAGCCTGACCGAATTCTGCCGAGGACTTGGCATTAAAGTTGATGAACTGAGAGTGGAACAAAAACAACGACAACAGGCTAGAGCAGGC 

V  S  L  T  E  F  C  R  G  L  G  I  K  V  D  E  L  R  V  E  Q  K  Q  R  Q  Q  A  R  A  G   

         280       290       300       310       320       330       340       350       360        

----:----|----:----|----:----|----:----|----:----|----:----|----:----|----:----|----:----| 

AAAGGACCAGAATTGGACAAGGATGTGGAAATTGTAGCTACCACCATGTCACAGGAAAAACAAAGCGAAATTACCAAAAAATTCAAGGAA 

K  G  P  E  L  D  K  D  V  E  I  V  A  T  T  M  S  Q  E  K  Q  S  E  I  T  K  K  F  K  E   

         370       380       390       400       410       420       430       440       450        

----:----|----:----|----:----|----:----|----:----|----:----|----:----|----:----|----:----| 

CTTGTCTCCCAGAACGACGGGAAAGAGGAGGCCATGAAGGACGTTGCTAACCAGATGAAGAACTTCTTGGACGGCAACTACGGACGTGTA 

L  V  S  Q  N  D  G  K  E  E  A  M  K  D  V  A  N  Q  M  K  N  F  L  D  G  N  Y  G  R  V   

         460       470       480       490       500       510       520       530       540        

----:----|----:----|----:----|----:----|----:----|----:----|----:----|----:----|----:----| 

TGGCAGTGCGTCATCTTGACTGGGTCATATTGGATGCACTTTTCGCATGAACCATTCCTATCGATTCAGTTCAGATATGGTCGATACATC 

W  Q  C  V  I  L  T  G  S  Y  W  M  H  F  S  H  E  P  F  L  S  I  Q  F  R  Y  G  R  Y  I   

         550       560       570        

----:----|----:----|----:----| 

TGTTTGGCTTGGCGTACACCACGAGGCTAG 

C  L  A  W  R  T  P  R  G  *                

                                               

Figure 5.76 Nucleotide and deduced amino acid sequences of Fischoederius MseI A 

tegumental calcium-binding protein (TBIU007768) by SHOWSEQ in EMBOSS. The EF-

hand calcium-binding domain (DTDKDGKVSLTEF) is indicated by the underlined 

sequence. 

 

Table 5.17 Sequence identity values of Fischoederius MseI A tegumental calcium-

binding protein (TBIU007768) with other calcium-binding protein sequences. 

 

Description Accession 
Query 

Cover 

% 

Identity 

% 

Positive 
E-value 

Tegumental calcium-binding EF-hand 

protein 4 [Fasciolopsis buski] 

KAA0189126 99% 66.67% 82.54% 4e-95 

Tegumental calcium-binding EF-hand 

protein 3 [Fasciola gigantica] 

TPP63277 97% 66.49% 83.78% 7e-94 

Tegumental calcium-binding EF-hand 

protein 4 [Fasciola hepatica] 

THD25974 99% 66.14% 82.01% 8e-94 

Tegumental calcium-binding EF-hand 

protein 4 [Fasciola gigantica] 

TPP63278 99% 66.14% 82.01% 2e-93 

CaBP1 [Fasciola hepatica] AML33332 97% 65.95% 83.24 % 3e-93 
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5.6 Efficacy of polyclonal mouse Fischoederius spp. anti‐ES antibody 

 

5.6.1 Fischoederius spp. excretion/secretion (ES) products 

 Fischoederius spp. excretion/secretion products were collected at 

37°C, 4 hours with 10 mM PBS pH 7.2 buffers. The protein concentrations of each 

conditions were measured with Bradford assay as described in Section 4.6.1.2. The 

concentration of ES products was 2.79 μg/μL. The protein pattern results showed various 

size of protein bands range from 6 to 200 kDa with no degradation. The predominated 

protein band were observed at molecular weight approximately 6, 15, 17, 18, 21, 26, 28, 

31, 35, 45, 54 kDa. The 6 and 15 kDa had highly expression in Fischoederius spp. ES 

products. The gel image of these ES products had shown in Figure 5.74.  

5.6.2 Fischoederius spp. crude worm (CW) extracts 

 Fischoederius spp. crude worm extracts were prepared and then 

revealed by a 12.5% SDS-PAGE as described in Section 4.6.1.1. The protein pattern 

results showed various size of protein bands range from 6 to 200 kDa with no 

degradation. The predominated protein band were observed at molecular weight 

approximately 6, 15, 17, 18, 26, 28, 38, 45, 54, 66, 110, 200 kDa. The gel image of 

these ES products had shown in Figure 5.76.  

5.6.3 Production of polyclonal mouse Fischoederius spp. anti‐ES 

antibody  

 Antibody against Fischoederius spp. excretion/secretion (ES) 

product was produced in 6–8 weeks-old female BALB/c mice. Pre-immune sera were 

collected from the two mice before immunization, and then the priming, first-boost and 

second boost sera were collected after immunization in a 3-weeks interval as described 

in Section 4.6.2.1. The curve of anti-ES title and their specificity were determined with 

indirect ELISA were established described in Section 4.6.2.2. The results showed the 

immunized sera were found to be sensibly increased in both mice with a correlational 

response as shown in Figure 5.73. The first-boost and second boost sera had slightly 

similar level in Mouse no. 1. Meanwhile, the second boost serum had been gradually 

increased in Mouse no. 2. These polyclonal mouse anti-ES sera were used in Western 

blot analysis. Animal Ethics was performed under Thammasat University Animal Care 

and Use Committee with the protocol Number: 012/2560. 
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Figure 5.77 Line graph of polyclonal antibody level of Fischoederius spp. 

excretion/secretion (ES) product immunized Balb/c mice determined by indirect 

ELISA (Dilution 1:25,600). 

0

0.5

1

1.5

2

2.5

Pre-immune Priming First boost Second boost

A
b

so
rb

an
ce

 a
t 

4
2

0
 n

m

Mouse No.1

Mouse No.2

Ref. code: 25625612330018TUB



182 

 

 

5.6.4 Western blot analysis of polyclonal mouse Fischoederius spp. 

anti-ES antibody against ES product 

   Fischoederius spp. excretion/secretion (ES) products were prepared 

and resolved by 12.5% SDS-PAGE as described in Section 4.6.1.5. Then, the proteins 

were semi-dry transferred onto a nitrocellulose membrane for immunoblot analysis. 

Mouse anti-ES sera (the second boost) and pre-immunized sera were used to detect the 

effective antigens in 10 μg of Fischoederius spp. and F. gigantica ES products at 

dilution 1:3000 as described in Section 4.6.2.3. The antibodies reacted with proteins in 

the Fischoederius spp. ES product ranging from 6 to 200 kDa molecular weight (Figure 

5.75). Antigenic proteins with molecular weights of approximately 15, 18, 26, 31, 35, 

54, 97, and 120 kDa were strongly detected by both mice sera. There were some 

differences in the reactivity of the two mouse antisera as can be seen in Figure 5.75. 

The mouse Fischoederius spp. anti-ES antisera showed almost no cross reactivity with 

F. gigantica ES product. Only an antigen of approximately 17 kDa molecular weight 

was detected. No reactivity was observed with pre-immunized sera.  

 

 

Figure 5.78 SDS-PAGE (12.5% acrylamide gel) of parasite excretion/secretion (ES) 

products. (A) Fischoederius spp. ES products; (B) F. gigantica ES products; lane M: 

Broad Range Molecular Weight Standards (Bio‐Rad, Hercules, CA, USA). 
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Figure 5.79 Western blot analysis of Fischoederius spp. anti-ES and ES product. 

Parasite antigens (10 µg each) were transferred onto membrane, and then probed with 

Fischoederius spp. anti-ES at antibody dilution 1:3,000; lane 1: Fischoederius spp. ES 

products probed with pre-immune serum; lane 2: F. gigantica ES products probed with 

pre-immune serum; lane 3: Fischoederius spp. ES products probed with immunized 

serum; lane 4: F. gigantica ES products probed with immunized serum; lane M: Broad 

Range Molecular Weight Standards (Bio‐Rad, Hercules, CA, USA). The cross-reaction 

between Fischoederius spp. anti-ES antiserum and a 17 kDa F. gigantica ES antigen is 

indicated by an arrowhead. 
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5.6.5 Cross reactivity of polyclonal mouse Fischoederius spp. anti-ES 

antibody against crude worm extracts of other trematodes 

   The mouse Fischoederius spp. anti-ES antiserum was analyzed for 

cross-reactivity with crude worm (CW) extracts of other trematodes including 

Paramphistomum spp. and F. gigantica. The crude worm extracts of Fischoederius spp. 

were prepared as described in Section 4.6.1.1, and then used as positive control. 

Western blot analysis of the mouse anti-ES antiserum was performed at 1:3,000 dilution 

detecting 10 μg of each parasite antigens as described in Section 4.6.2.3. In support of 

taxonomic classification, the antiserum showed higher cross-reactivity to the crude 

worm extract of Paramphistomum spp. than to F. gigantica crude worm extract. 

Detected antigens in the crude worm extract of Paramphistomum spp. had molecular 

weights of approximately 26, 30, 31, 40, 52, 54, 97, and 120 kDa. A single 17 kDa  

F. gigantica antigen was detected. No cross-reactivity was observed with pre-

immunized sera. The results are shown in Figure 5.77. 

 

Figure 5.80 SDS-PAGE (12.5% acrylamide gel) of parasite antigens (10 μg each); lane 

1 Fischoederius spp. ES products; lane 2: Paramphistomum spp. CW extracts; lane 3: 

F. gigantica CW extracts; lane 4: Fischoederius spp. CW extracts; lane M: Broad 

Range Molecular Weight Standards (Bio‐Rad, Hercules, CA, USA). 
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Figure 5.81 Cross-reactivity analysis of Fischoederius spp. anti-ES antiserum against 

parasite antigens (10 µg each) at dilution 1:3,000 from (A) Mouse no. 1 and (B) Mouse 

no. 2; lane 1 and 5: Fischoederius spp. ES products; lane 2 and 6: Paramphistomum spp. 

CW extracts lane 3 and 7: F. gigantica CW extracts; lane 4 and 8: Fischoederius spp. 

CW extracts; lane 1–4: Probed with mouse pre-immune sera; lane 5–6: Probed with 

mouse immunized sera; lane M: Broad Range Molecular Weight Standards (Bio‐Rad, 

Hercules, CA, USA).   
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CHAPTER 6 

DISCUSSION 

 

6.1 Morphology and histology of Fischoederius spp. 

 

Fischoederius spp. were characterized in the present study. Specimens 

were collected from rumen of slaughtered cattle at slaughterhouses in Pathumthani 

Province, Thailand during the years 2014–2019. Due to data sharing restrictions of the 

slaughterhouses, the origin of the infected cattle originated in Thailand was not 

specified. Gross fluke morphology was observed from unstained specimens and 

Semichon’s carmine-stained whole mounts under a stereo microscope. Morphological 

details were observed from hematoxylin and eosin-stained serial tissue cross-sections. 

The flukes had a reddish colored body with a sword-like shape, were sometimes 

extremely elongated and could reach a body length of more than 2 cm (Figure 5.2). 

Images of unstained flukes showed often few morphological details due to strong 

pigmentation within the area of the ventral poach (Figures 5.9–5.11). Carmine-stained 

whole mounts of Fischoederius spp. showed the ventral poach opening anteriorly 

ventral to the pharynx and the poach extending posteriorly to the region of ovary and 

testes. The collected flukes were classified as F. elongatus by morphology using the 

key characteristics that distinguishes this species from other gastrointestinal flukes 

including, (1) cecal bifurcation posterior to esophagus with the branches extending to 

the middle length of the body in the dorsal field, and (2) overlapped lobed testes with 

median and vertical orientation. The morphology of the collected Fischoederius spp, 

Thailand was found following the literature description.6-8 

However, the molecular sequence data obtained from Fischoederius spp. 

in this study suggested that the specimens represent a complex of morphologically 

indistinguishable (cryptic) species. Cryptic species were also reported in other 

trematodes including Diplodus sargus, D. vulgaris and D. annularis,111 

Hurleytrematoides loi and H. sasali,112 and Stellantchasmus falcatus.113 Stiles and 

Goldberger (1910) described three new species of Fischoederius including  

F. fischoederi, F. siamensis, and F. ceylonensis114 which were later synonymized under 
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F. elongatus by Maplestone (1923).115 F. fischoederi was described as the fluke with 

6.4 mm body length containing ceca slightly longer than F. elongatus and end in the 

fourth zone of body and ovary and shell gland lay between the two testes. F. ceylonensis 

and F. siamensis were separately classified by the absence of prominent bulging around 

the genital pore. F. siamensis was described as a fluke with 6.6–15.5 mm body length 

with overlapping testes and ventral pouch ending before the posterior testes.  

F. ceylonensis was described as a fluke of 6–7 mm body length with overlapping testes 

and the end of the ventral pouch overlapping with the posterior testis.114 Maplestone 

(1923) concluded upon reexamination that their morphological differences were not 

significant and that only a limited number of sample specimens was available.115 The 

present study supports that (1) the length of ceca, (2) the length of ventral pouch, and 

(3) the position of the testes are important in morphological classification of the genus 

Fischoederius. However, based on the collected molecular sequence data morphological 

data was found to be insufficient to clarify the species of the fluke. This suggests that 

taxonomic classification in this genus requires molecular data. 

Images of whole Fischoederius spp. showed two different testis sizes 

among the samples, either a pair of large or small testes (Figure 5.3). The histological 

analysis suggested that flukes with small testes were immature (Figure 5.4) and carried 

not fully developed reproductive organs. The terminal genitalium, the outlet for eggs 

located in the anterior ventral poach close to the cecal bifurcation, showed genital pore, 

genital papilla, and genital fold. On the other hand, the reproductive organs in the 

posterior field of the flukes were hard to identify in the sections. The immature testes 

and ovary were represented by groups of strong basophilic cells. Accordingly, eggs 

were not observed in the uterus of small testes flukes, neither in whole mounts nor in 

tissue sections. Only sparse putative vitelline cell clusters were present. However, 

flukes with small testes could also have a body length >2 cm. Tandon (1973) studied 

crowding effects in F. elongatus and Gastrothylax crumenifer under natural conditions 

in the host rumen. High parasite load in the host resulted in decreased size and poor 

development of reproductive organs. A fluke might be of large size with poorly 

developed reproductive organs. On the other hand, a fluke might be of small size with 

fully developed reproductive organs. Two morphology appearances of Fischoederius 

spp. were listed in this report. The immature flukes had a large body size (37.0×5.8 
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mm) in less intensive condition (about 40 flukes per host) whereas mature stage flukes 

of smaller size (13.0–16.0×3.4–4.0 mm) were observed in highly intensive condition 

(about 2,500 flukes per host). The crowding effect might be a consequence of limited 

living space and nutrients. The high intensity infection caused a high competition that 

encouraged the development of the reproductive organs. The immature flukes also fully 

developed if they were kept in good conditions for some time.116  

Serial tissue cross-sections from the anterior to posterior end of the fluke 

were used for histological characterization of Fischoederius spp. in the present study 

(Figures 5.4–5.5). Fischoederius spp. showed a thick acidophilic tegument with 

nonciliated papilla. The thick tegument should support fluke survival in the extreme 

conditions of the host rumen. Spines were absent on the tegument, thus the fluke must 

be able to move without them. The highly developed anterior sucker and pharynx were 

similar to other trematodes such as Fasciola hepatica117 and Fasciola gigantica.118 The 

cecal bifurcation ending in the middle part of the body was found in nearby species 

including F. compressus and F. skrjabibi.8 The large ventral pouch contained a strong 

reddish-brown pigmentation of hemoglobin.119, 120 The function of the ventral pouch 

has not been investigated. It might act as a liquid reservoir that allows undisturbed 

digestion and filtration of nutrients. The genital pore is opening inside the pouch 

towards its anterior end and sometimes trapped eggs were observed in the pouch. The 

reproductive organs were found located near the posterior sucker in the posterior field 

similar to other rumen flukes. The posterior sucker was distinctively larger than the 

anterior sucker. The posterior sucker contained thick and strong muscle fibers and 

enables the fluke to attach itself to the villi of the host rumen comparable to other 

amphistomes such as F. cobboldi,121 Paramphistomum epiclitum,32 and P. gracile.122 

 

6.2 Molecular identification of Fischoederius spp. ribosomal ITS2 region 

 

Due to the limited set of sequences of Fischoederius spp. in the GenBank 

database, the available ribosomal ITS2 sequence was selected for molecular 

identification of the fluke according to the study of Ghatani et al., 2011.43 In the present 

study, Fischoederius spp. ITS2 amplicon was found to be identical with the previously 

reported ITS2 sequence and thus supported classification of the collected rumen fluke 
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specimen as F. elongatus. However, the ITS2 sequence alone might not be sufficient 

for classification as it is highly conserved and BLAST analysis revealed 99% identity 

to the closely related species G. crumenifer. Ribosomal RNA genes are often applied 

as molecular marker in molecular diagnosis due to high conservation. ITS2 is located 

between 5.8S rRNA and 28S rRNA genes and has a function in rRNA subunit 

formation.123 ITS2 region has fewer repeat elements than ITS1 region.124 However, the 

length of the repeat sequence is highly variable within each family and it is highly 

conserved within species. This sequence had only 2.8% sequence variation in the genus 

Fasciola, while it had 13.2% sequence variation between the genera Fasciola and 

Fascioloides.125 ITS2 sequence analysis of Gastrothylacid species including  

F. elongatus, F. cobboldi, G. crumenifer, Carmyerius spatiosus and Velasquezotrema 

tripurensis showed 1.4 to 4.9% interspecies variations.43 The variation data showed that 

this sequence is effective for phylogenetic analysis above the genus taxon.126  

 

6.3 Molecular characterization of Fischoederius spp. mtCOX1 

 

Due to the high intragenic conservation of the ribosomal ITS2 sequence the 

mtCOX1 gene was selected as additional molecular marker in the present study. The 

mtCOX1 gene had shown higher interspecies variation than the ITS2 region and low 

intraspecies variation.45, 127, 128 The present study amplified a 1,536 bp fragment of 

mtCOX1 lacking the two 3'-terminal codons due to low sequence conservation. PCR-

RFLP was performed to discriminate the mtCOX1 sequences among the collected 

specimens by restriction patterns. MseI with the recognition site T^TAA was selected 

due to the high A+T content of published F. elongatus mtCOX1,61 suggesting a 

sufficiently high number of MseI sites in this sequence. The 1,536 bp Fischoederius 

spp. mtCOX1 PCR products amplified from DNA of 48 specimens collected in the 

years 2014–2019 showed nine different restriction patterns (A–I). Pattern E was the 

most frequent and pattern I the least frequent pattern.  

Based on sequence conservation, the nine different restriction patterns 

could be clustered into five distinct groups, i.e. pattern A, [BEG], [CFH], D, and I. 

Fischoederius spp. pattern [BEG] had intraspecies variation of 0.8–1.3%. 

Fischoederius spp. pattern [CFH] had intraspecies variation of 0.7–1.0%. The 
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interspecies variation between each group was 4.2–9.6%, and 5.7–8.3% among 

published Fischoederius sequences. The intergenus variation among Gastrothylacid 

species was 6.9–11.7%. The intraspecies and interspecies/ intergenus variation in this 

study was similar to the previous study by Ghatani et al., 2014 at 0.6–9.7% and  

5.6–11.9%, respectively.45 This intraspecies variation of mtCOX1 was still close to the 

value from the report in C. sinensis at 0–1.58%.129 In a study of sequence divergence 

among mtCOX1 and ITS1 by Vilas et al., 2005 it was reported that the mtCOX1 gene 

had a higher rate of nucleotide substitutions than the ITS1 region in Platyhelminthes.127 

This will cause the observed high value of intraspecies and interspecies variation of 

mtCOX1. Thus, the high mutation rate of mtCOX1 is advantageous in taxonomic 

phylogenies and biological relevance studies. 

Phylogenetic analysis of Fischoederius mtCOX1 fragments with sequence 

lengths of  364, 1,521, and 1,536 bp (Figure 5.15) revealed that the mtCOX1 sequences 

obtained in this study were closely related to the sequences of published F. elongatus 

and F. cobboldi mtCOX1 from China and India. The Fischoederius mtCOX1 sequences 

from China and India were reported without morphological data to support 

classification. Recently, Anucherngchaia et al., 2020 reported phylogenetic trees based 

on trematode mtCOX1 sequences that revealed clearly separated clades among 

Fischoederius spp. from Thailand and F. elongatus, F. cobboldi from China.19 

Interestingly, this report supported that mtCOX1 might be a useful molecular marker 

for discriminating Paramphistomoidea and Fasciolidae. However, the present study 

demonstrated that Fischoederius mtCOX1 sequences cannot be used to identify the 

exact species because there is at present no confirmed link between molecular data and 

morphological data. Furthermore, mtCOX1 data and morphological data collected in 

the present study strongly suggested that there are several species in the genus 

Fischoederius resembling the morphology of F. elongatus as described in classical 

literature.6, 8 

 

6.4 Mitochondrial genome of Fischoederius spp. 

 

Following the mtCOX1 gene analysis, the complete mitochondrial genome 

of Fischoederius MseI pattern A from Thailand was investigated in this study. An 
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incomplete mitochondrial genome sequence was obtained in a whole transcriptome 

sequencing project. Sequence information in the region between the nad2 and nad1 

genes was missing. DNA of the missing region was amplified by PCR with primers 

designed from the known sequence and used to complete the mitochondrial genome. 

The mitochondrial genome contains 37 genes (12 protein-encoding genes, 23 tRNAs, 

2 rRNAs) and two non-coding regions and has a size of 14,780 bp (Figure 5.17). This 

mtDNA is larger than the previously published sequences in database including 

F. elongatus Tianmen isolate (14,120 bp)61 and F. elongatus Shanghai isolate (14,228 

bp)62 due to an additional region between nad2 and nad1. This mtDNA is also  

larger than other amphistome mtDNA such as from F. cobboldi (14,256 bp),  

Explanatum explanatum (13,968 bp), Paramphistomum cervi (14,014 bp),130 

Calicophoron microbothrioides (14,028 bp), and Orthocoelium streptocoelium (13,800 

bp), but smaller than G. crumenifer (14,801 bp).131 The overall A+T content of 

Fischoederius MseI pattern A mtDNA was found to be 63.8% which is similar to the 

previously published sequences.61, 62 

All 37 genes of this mtDNA are transcribed from the same strand similar 

to other trematodes. The order of genes is the same as in other flatworm mtDNA that 

contains 36 genes and lacks atp8132-134 with the exception of an additional tRNA-Asp 

located between tRNA-Val and tRNA-Ala. A duplicated tRNA was reported in the 

mtDNA of Reduvius tenebrosus, an assassin bug. It contained an additional tRNA-Ile 

which was explained by the tandem duplication/random loss (TDRL) model that seems 

to be common in insects.135 In the present case the duplication of tRNA-Asp is likely 

due to recombination events caused by nearby located inverted repeats (see next 

section). The two tRNA-Asp are predicted to form a secondary structure with conserved 

stem loops and GUC anticodon sequence which suggests that both tRNAs are 

functional. Aspartate promotes stability of protein structure and has been found 

involved in protein active or binding sites.136  

In respect to conservation of the twelve protein-encoding genes among 

Gastrothylacid species, the highest conserved genes were atp6, nad1, and cox1 in 

intraspecies divergences and cytb in interspecies divergences, while the least conserved 

genes were nad2 and nad3. The rRNA genes and tRNA genes were the most conserved 

with other species.137 The two non-coding regions which are commonly found in 
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trematode mtDNA are A+T rich similar to other amphistomes such as F. cobboldi,  

G. crumenifer,131 and P. cervi.130 These regions are composed of polymorphic 

minisatellite and homopolymer sequences with still unclear function.132, 138 

Phylogenetic analysis of the concatenated conceptually translated amino 

acid sequences of the twelve protein-coding genes of Fischoederius spp. mitochondrial 

genome MseI pattern A among the trematoda revealed the closest genetic relationship 

to Fischoederius spp. followed by members in the families Gastrothylacidae and 

Paramphistomidae and then families Fasciolidae and Opisthorchiidae (Figure 5.44). 

The mitochondrial genome has been shown to be highly suitable for phylogenetic 

analysis due to its high rate of evolution compared with the nuclear genome. Many 

mtDNA features were used for molecular systematics in Platyhelminthes. Moreover, 

the mitochondrial genome provides potential molecular markers in genetic diversity 

and taxonomic zoology.127, 128, 132, 139  

 

6.5 Inverted repeat elements in Fischoederius spp. mitochondrial genome  

 

Fischoederius spp. mitochondrial genome MseI pattern A is about 550–660 

bp larger than the previously published Fischoederius mitochondrial genomes due to 

the presence of an extra region between nad2 and nad1. Upon further investigation, 

additional sequences in this region were also found in the mitochondrial genomes of 

Fischoederius MseI pattern B, C, D, E. Sequencing difficulties in this region suggested 

structural abnormalities. After several attempts to overcome this problem by using 

modified sequencing conditions and the use of an additional sequencing service 

provider inverted repeats in this region were found to be the cause for the problem. In 

Fischoederius spp. mitochondrial genome MseI pattern A, the two detected inverted 

repeat units possibly form ~50 bp hairpin-like structures that block progress of DNA 

synthesis in the sequencing reactions and lead to premature stop of synthesis. Two 

hairpin-like elements were found in Fischoederius MseI pattern A and D while only 

one inverted repeat unit was found in Fischoederius MseI pattern I. In Fischoederius 

MseI pattern [BE], C the full sequence could not be obtained but incomplete data 

suggests the presence of more than one inverted repeat unit. Further experiments are 

needed to obtain the complete sequence in these cases if possible, at all. Interestingly, 
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the additional tRNA-Asp in Fischoederius MseI pattern A was located between the two 

inverted repeat elements (Figures 5.48–5.49) suggesting that recombination involving 

the repeat elements led to duplication of this tRNA. Analysis of the published 

mitochondrial genomes of F. elongatus and F. cobboldi from China showed that both 

carried a single repeat unit in this region. This is not indicated in the feature list of the 

GenBank entries (GenBank: KM_397348 and MN537973) of these genomes and also 

not mentioned in the publication.61, 62 Inverted repeat elements were frequently found 

in insect mitochondrial genomes.140 Direct and inverted repeats in the A+T rich regions 

were reported in mitochondrial genomes of Caenorhabditis elegans and Ascaris 

suum.141 Moreover, a large tandem repeat region was also found in the Echinococcus 

granulosus mitochondrial genome.142 In this study, the inverted repeat elements might 

have originated from transposable elements and possibly affect DNA recombination, 

replication and transcription.143, 144 

 

6.6  Fischoederius spp. transcriptome 
 

Paired-end Illumina® sequencing was used to obtain transcriptome data of 

the collected Fischoederius specimens. Total RNA was extracted from single worms 

and examined for its mtCOX1 MseI pattern. RNA of three to five worms with the same 

MseI pattern was pooled for transcriptome analysis. Quality control of the extracted 

total RNA showed absence of the 28S rRNA as separate band in gel electrophoresis 

because like in other trematodes it is split into two fragments that migrate together with 

the 18S rRNA.145, 146 Sequencing results showed >80% of Q30 base quality that 

indicated 99.9% base call accuracy.147, 148 In the present study, more than 50,000 unique 

contigs were identified for the transcriptome of Fischoederius MseI pattern A, C and 

E. In BLAST searches about 70% of the unique contigs had matches to sequences 

without known function in the database (UniProtKB). It must be considered that many 

transcripts are incomplete due to short read length in Illumina® sequencing.149 Possibly, 

this limitation could be solved by (1) bioinformatics to enhance assembly and 

annotation quality, and (2) more recent sequencing platforms such as Oxford Nanopore 

to increase read length.150 Other limitations are that at the present time GenBank and 

UniProtKB contain only very few sequences of Fischoederius (mitochondrial genome 
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and partial sequences of 5.8S rRNA, 18S rRNA, 28S rRNA and ribosomal ITS2) and 

the general fact that most genes in trematodes have not been analyzed yet for their 

function.  

Fischoederius spp. transcriptome annotation revealed that about 50% of the 

unique sequences matched to homologous sequences in invertebrates. Most of these 

matches were found to trematodes, especially Opisthorchis viverrini, Clonorchis 

sinensis, F. hepatica, Paragonimus westermani. The transcriptome data showed also 

matches to sequences of unrelated animals, plants, bacteria and viruses. These will be 

due to contamination of the specimens because the flukes were naturally living in the 

rumen of the bovine host which is obviously not a sterile site. Flukes were washed 

several times in 10 mM PBS pH 7.2 and then cultured in RPMI-1640 to allow 

regurgitation of cecal contents. However, these biological contaminations might be 

absorbed/attached on cecal epithelium and tegument surface, especially the tegument 

inside of the large ventral poach of the flukes. Only sequences that resulted in first hits 

(matches) to trematodes were considered to be valid transcriptome data originating 

from Fischoederius. It is possible that transcripts generating some low scoring first hits 

to other Platyhelminthes, e.g. cestodes are in fact Fischoederius sequences and that 

some low scoring first hits to trematodes are originating from cestodes. Only genome 

data of Fischoederius could help to make final decisions on such edge cases. 

Based on morphology Fischoederius MseI pattern A specimens were not 

mature. In support of morphology data, the transcriptome data was searched for 

transcripts encoding proteins active in the reproductive system. A prominent example 

was vitelline protein. Transcripts encoding this protein were absent in Fischoederius 

MseI pattern A but highly abundant in mature Fischoederius MseI pattern C and E. 

Ferrintin is another example which was present in Fischoederius MseI pattern C and E 

but absent in pattern A. Ferrintin is important for iron storage which is an essential 

element for egg yolk.151, 152 

Gene ontology assignment showed that Fischoederius spp. transcriptome 

data mapped to essential pathways such as transcription, translation, regulation and 

metabolic processes that supported the fluke growth and development. Some biological 

processes were linked to protein biosynthesis, protein secretory pathway, and catalytic 

pathway. GO terms of Fischoederius MseI pattern A in the molecular function category 
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represented ATP binding, GTP binding, and GTPase activity with proteins involved in 

energy metabolism, membrane transporter, and cellular signaling that are also found in 

Fasciola gigantica79 and Fasciolopsis buski90 transcriptomes. These proteins act as 

glucose transporters to uptake the nutrient across the tegument in helminths. Also, they 

are involved in epidermal growth factor signaling in helminth development.153, 154 In 

Fischoederius MseI pattern C, and E the major GO term in the biological process 

category was cellular and metabolism process and might point to proteins active in the 

mature helminth. The KEGG pathway map should be the database resource for clear 

understanding in molecular biological system of proteins in these GO terms.155 

Furthermore, a major GO term in Fischoederius MseI pattern A, C, and E was catalytic 

activity that might include parasite proteins in the ES product that affect host rumen 

immunity and that are important in nutrient supply.91, 156, 157  

Many of the highly abundant transcripts in the Fischoederius spp. 

transcriptome encoded proteins found and described in other trematodes. These 

proteins included cysteine proteases, fatty acid-binding proteins, antioxidants, and 

calcium-binding proteins.78, 79, 83-90, 158-160 Paramphistomiasis is usually caused by the 

immature rumen flukes migrating through the intestinal tract. The immature stage 

releases virulence factors in defense against the host immune system during this 

pathogenic phase.33, 34, 161 Therefore, the transcriptome of immature Fischoederius MseI 

pattern A, was analyzed for highly abundant transcripts with complete coding sequence 

to detect proteins with potential in drug and vaccine development. 

Transcripts of several different cysteine proteases were abundant. Based on 

bioinformatics analysis, complete sequences were obtained for cathepsin B-like, 

cathepsin L-like, and cathepsin C-like proteases. While sequence conservation was not 

especially high the characteristic motifs of cysteine proteases were identified in all these 

predicted proteins. Cysteine proteases have been found as the predominant proteases in 

several trematode species including S. mansoni, S. japonicum, F. hepatica, and 

F. gigantica. This protease family plays important roles in parasite feeding, host tissue 

invasion, and immune evasion.162-166 Transcripts encoding cathepsin B-like cysteine 

proteases were the most abundant molecules in the transcriptome data. Analysis of 

morphology showed that Fischoederius MseI pattern A collected in 2016 were 

immature, lacking a developed reproductive system. In Fasciola cathepsin B is more 
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abundant in juveniles than adult worms.167 Furthermore, cathepsin B was also found to 

be the most abundant transcript in transcriptome analyses of F. gigantica79 and  

P. cervi.88 Care has be taken in de novo assembly and transcript abundance analysis that 

highly conserved isoforms and paralogous transcripts affect the abundance accuracy.168 

Transcript abundancy should be verified by qRT-PCR. 

Fatty acid binding protein was also well represented in the Fischoederius 

spp. transcriptome similar to other intestinal flukes such as P. cervi88 and F. buski.90 

This protein has critical roles involved in lipid acquiring and storage. Due to a low 

glucose enrichment in the anaerobic condition of the host rumen, fatty acids might be 

energy sources for parasite metabolism that can be taken up from the host rumen.169 

Lipid biosynthesis of the fluke and lipid uptake in the host rumen should be studied for 

further conclusions. 

Thioredoxin was another molecule found transcribed at high levels in the 

present transcriptome data. It was also abundant in several other trematodes,  

e.g.  S. mansoni,170 F. hepatica,86 and F. gigantica.79 The role of this antioxidant protein 

is for example in immune modulation. It also protects the parasite from host reactive 

oxygen species.171, 172 

Transcripts encoding calcium-binding protein were abundant too in the 

Fischoederius spp. transcriptome. Calcium-binding protein was also reported in  

several other trematodes including S. mansoni,173 S. japonicum,174 F. gigantica,175 and 

O. viverrini.176 This protein might be located at the tegument and act as parasite antigen. 

The EF-hand calcium-binding domain was predicted in this calcium-binding protein 

and might play a role in the uptakes of calcium from the host environment.177, 178 

The analyzed Fischoederius spp. transcriptome data provides significant 

biological data that can be used to study fluke development and evolution, to reveal 

parasite-host interactions and pathogenesis, and to find candidate proteins for diagnosis 

and vaccine development.  

 

6.7  Polyclonal mouse Fischoederius spp. anti‐ES antibody 
 

Fischoederius spp. excretory/secretory (ES) product was collected and 

resolved on a 12.5% acrylamide gel. The observed protein pattern was somewhat 
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similar to the result in a previous study by Arunkumar and Hrupakaran (2016) in which 

the authors investigated the ES product of F. elongatus isolated from India.48 In their 

study predominant bands were observed at about 15 kDa. Strong protein bands at about 

66 kDa were observed in ES of Fischoederius spp. collected in different regions. In 

addition, several bands between 25–45 kDa were detected. The present study observed 

a smaller number of bands because it did not use silver staining as applied in the study 

from India. 

The Fischoederius spp. ES product was used for immunization of female 

BALB/c mice to produce antisera. The sensitivity of the mouse Fischoederius spp.  

anti‐ES antisera was evaluated against Fischoederius spp. ES antigens and showed a 

high titer antibody at 25,600. The anti‐ES reacted with Fischoederius spp. ES antigens 

at a molecular weight range from 15 to 120 kDa (Figure 5.75). The predominantly 

detected bands were at 35 and 54 kDa molecular weight which is similar in size to the 

highly expressed proteins in transcriptome data, cathepsin B and C, respectively. The 

bands might represent the secreted forms of those proteases. Cathepsin B plays role as 

a virulence factor of parasite infection in several trematodes.179 Cathepsin C was shown 

to support parasite feeding by hemoglobin degradation.166 Furthermore, the antisera did 

not cross-react with F. gigantica ES product and crude worm (CW) extracts. Only few 

bands at 17 kDa were observed. However, the antisera showed cross-reaction with 

Paramphistomum spp. CW extract with several bands at high molecular weight 

including a 54 kDa protein that might be cathepsin C. Interestingly, the 35 kDa protein 

mentioned above was not detected. These specific proteins and cross-reacted proteins 

should be identified by molecular biology techniques, e.g. MALDI-TOF MS. The 

protein migrating at 35 kDa molecular weight will serve as a specific target in future 

research in Fischoederius.  

 

6.8  Further research and application 
 

This investigation provides basic knowledge of the rumen fluke 

Fischoederius spp.. Transcriptome analysis allows faster identification of species-

specific and cross-reacting antigens. The gene annotated transcripts will be compared 

among the species in genus Fischoederius to reveal their taxonomic relationship. The 
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obtained data will be compared with the already published transcriptomes of the rumen 

flukes Paramphistomum and Calicophoron, the liver flukes Fasciola and Opisthorchis, 

and the blood fluke Schistosoma to find species-specific proteins that can be applied as 

diagnosis antigens and/or drug targets. Furthermore, the achieved data might lead to 

insight in the adaptations of rumen flukes to the extreme conditions in the host digestive 

tract. In silico identified proteins must be further evaluated by immunological and 

functional analyses. Only then will it be possible to decide whether these proteins can 

be of any use in in the fight against rumen fluke infection. 
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CHAPTER 7 

CONCLUSIONS 

 

 The findings in this dissertation include morphology data, molecular 

phylogenetic data, transcriptome data, and immunologic data of Fischoederius spp. 

specimens that resembled Fischoederius elongatus. These specimens were collected 

from naturally infected cattle in Thailand in the years 2014–2019. The conclusions of 

the major findings are as follows; 

 1. The body of the collected Fischoederius spp. had a reddish color and 

could exceed a length of 2 cm. The flukes had an anterior opening of the digestive tract 

at the pharynx and a posterior located large sucker (acetabulum). The cecal bifurcation 

was closely posterior to the esophagus and the two ceca ended at the middle of the body. 

Vitellaria were present in the lateral field of the body. The lobed testes were found in a 

median and ventral position in the posterior region. The ovary was located beside the 

testes. A large ventral pouch was present. 

 2. Fischoederius spp. had a thick acidophilic tegument. The anterior end 

containing the pharynx was surrounded by strong muscle layers. The esophagus 

extended from the pharynx without muscular bulb. The cecal bifurcation was located 

next to the esophagus and the ceca had a tubular structure covered with two layers of 

muscles. The terminal genitalium did not contain a cirrus sac, it opened to the ventral 

pouch and consisted of genital pore, genital papilla with papillae, enormously 

developed genital fold, poorly developed genital sphincter, and radial muscle fibers. 

The testes were tandem lobed with globular bodies. The ovary had ovoid shape and was 

located between the anterior and posterior testis. The seminal receptacle with 

spermatozoa had an ovoid shape and was located in a lateral position to testes and ovary. 

The ovoid ootype was found in the center of the Mehlis’ gland as a basophilic layer 

duct. Laurer’s canal was connected to the ootype and located in the dorsal field. The 

vitellaria were in the lateral field and contained basophilic granules. Eggs had ovoid 

shape with a thin shell. The large acetabulum had an ovoid shape with arranged layers 

of strong muscle fibers. 

 3. Fischoederius specimens collected in the present study had either large 
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or small testes. Specimens with large testes were mature and contained often 

intrauterine eggs. Specimens with small testes were immature and also had an 

undeveloped ovary and only a small number of vitellaria. 

 4. A PCR-amplified 515 bp DNA fragment of ribosomal ITS2 of a 

Fischoederius specimen collected in this study showed significant identity (99%,  

E-value: 0.0) to F. elongatus sequences in GenBank (accession no. GU133062 and 

JQ688409). 

 5. A 1,536 bp DNA fragment of Fischoederius spp. mtCOX1 was 

successfully amplified from gDNA extracts from single worms. 

 6. Nine restriction patterns of MseI-digested mtCOX1 (Pattern A–I) were 

observed in a total of 48 analyzed Fischoederius specimens. Phylogenetic analysis of 

the mtCOX1 sequences representing pattern A–I clustered them in five branches,  

i.e. A, [BEG], [CFH], D, and I that most likely represent five distinct species. 

 7. MseI pattern E was the most frequent pattern among the 48 samples while 

MseI pattern I was the least frequent pattern. 

 8. The five mtCOX1 phylogenetic branches of the collected Fischoederius 

specimens had 4.2–9.6% sequence difference between the branches. Fischoederius 

pattern [BEG] had ‘intraspecies’ variation of 0.8–1.3%. Fischoederius pattern [CFH] 

had ‘intraspecies’ variation of 0.7–1.0%. The interspecies variation to the published 

F. elongatus (China) and F. cobboldi (China) sequences was 5.7–8.3%. The 

interspecies variation to Gastrothylacid species was 6.9–11.7%.  

 9. Further phylogenetic analysis demonstrated that Fischoederius pattern 

A–I mtCOX1 in this study were closely related to Fischoederius species from China 

and India (with F. elongatus India identical to Fischoederius pattern A) followed by 

the members in family Gastrothylacidae, Paramphistomidae, and Fasciolidae, 

respectively. 

 10. The complete mitochondrial genome of Fischoederius MseI Pattern A 

is 14,780 bp in length. It carries 12 protein-coding genes (cytb, cox1–3, nad1–6, nad4L, 

and atp6), 23 tRNA genes, 2 rRNA genes (rrnS and rrnL), and 2 non-coding regions 

(SNR and LNR). The protein-coding genes are arranged on the same DNA strand in  

the following order; cox3 > cytb > nad4L > nad4 > atp6 > nad2 > nad1 > nad3 > cox1 > 

cox2 > nad6 > nad5. The overall A+T content is 63.8%. 
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 11. The most conserved genes in the Fischoederius spp. mitochondrial 

genome were atp6, nad1, and cox1 in intraspecies variation and cytb in interspecies 

variation, while the least conserved genes were nad2 and nad3. 

 12. Phylogenetic analysis of concatenated amino acid sequence of the 12 

protein-coding genes of Fischoederius mitochondrial genome MseI pattern A showed 

its close relationship to previously published Fischoederius species and members in 

families Gastrothylacidae and Paramphistomidae, followed by families Fasciolidae and 

Opisthorchiidae. 

 13. Transcriptome analysis of Fischoederius spp. was performed by  

paired-end Illumina® sequencing, resulting in data with >80% of Q30 sequence quality. 

 14. Gene annotation of transcriptome data showed that about 70% of the 

unique contigs had no annotation in the databases. 

 15. Species distribution of transcriptome data showed significant similarity 

to invertebrates including Opisthorchis viverrini, O. felineus, Clonorchis sinensis, 

Paragonimus westermani, Echinostoma caproni, Fasciola hepatica, Schistosoma 

mansoni, and S. japonicum. 

16. Fischoederius MseI pattern A specimens were immature flukes that did 

not express genes encoding vitelline protein while Fischoederius MseI pattern C and E 

showed high expression of these genes in support of their fully developed reproductive 

system. 

17. Transcriptome data of Fischoederius MseI pattern A was assembled 

into 55,912 unique contigs with an average contig length of 633 bp and 44% GC 

content. A total of 26,405 GO terms were found for 16,942 annotated contigs (analysis 

from 2018); GO terms under biological process category (7,433: 28.15%); GO terms 

under molecular function category (11,282: 42.73%); GO terms of cellular components 

(7,609: 28.82%). 

 18. BLASTX of the assembled transcriptome data of Fischoederius MseI 

pattern C against the UniProtKB database resulted in 29,918 annotated contigs with an 

average contig length of 403 bp and 48% GC content. Gene ontology analysis resulted 

in 71,299 GO terms; GO terms under biological process category (28,783: 40.37%); 

GO terms under molecular function category (14,901: 20.90%); GO terms of cellular 

components (27,615: 38.73%). 
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 19. The transcriptome data of Fischoederius MseI pattern E had 51% GC 

content. BLASTX of the assembled transcriptome data of Fischoederius MseI pattern 

E against the UniProtKB database resulted in 32,948 annotated transcripts. Gene 

ontology analysis resulted in 77,855 GO terms; GO terms under biological process 

category (31,324: 40.23%); GO terms under molecular function category (31,324: 

40.23%); GO terms of cellular components (30,188: 38.77%). 

 20. Fischoederius MseI pattern A, C, and E showed similar gene expression 

profiles, except for genes that have role in reproduction. The transcriptome data 

revealed highly expressed genes including (1) mitochondrial genes, genes associated 

with (2) transport, (3) cellular process, (4) oxidative phosphorylation, (5) nutrient 

transport, (6) catalytic enzyme. 

 21. Highly abundant genes with complete sequence and known function 

included cathepsin-like cysteine protease (B, C, L), fatty acid-binding protein, 

thioredoxin, and tegumental calcium-binding protein. 

 22. Highly sensitive polyclonal mouse Fischoederius anti‐ES reacted with 

antigens in the Fischoederius ES product in the molecular weight range from 15 to 120 

kDa. 

 23. Cross-reactivity of Fischoederius anti‐ES antiserum was limited to a  

17 kDa antigen in F. gigantica ES product and to several high molecular weight 

proteins of Paramphistomum spp. CW extract. 

 24. By its molecular weight and in accordance with the transcriptome data, 

the predominant 35 kDa antigen detected by Fischoederius anti‐ES antiserum might be 

Fischoederius cathepsin B. 
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APPENDIX A 

REAGENT PREPARATIONS 

 

1. General reagents 

 

1.1 10 mM Phosphate Buffered Saline (PBS), pH 7.2 

 Na2HPO4  1.44  g 

 KH2PO4  0.24  g 

 NaCl   8.00  g 

 KCl   0.20  g 

 Distilled water to 1 L 

 All components were dissolved in the indicated volume of water, 

the pH was adjusted to 7.2, the buffer was autoclaved and stored at room temperature. 

1.2 0.85% [w/v] NaCl 

 NaCl  8.5  g 

 Distilled water to 1  L 

 The NaCl was dissolved in the indicated volume of water. The 

solution was autoclaved and stored at room temperature. 

1.3 5.0 M NaCl stock solution 

 NaCl  29.2  g 

 Distilled water to 100  mL 

 The NaCl was dissolved in the indicated volume of water. The 

solution was autoclaved and stored at room temperature. 

1.4 3.0 N NaOH 

 NaOH  12.0  g 

 Distilled water to 100  mL 

 The NaOH was dissolved in the indicated volume of water. The 

solution was autoclaved and stored at room temperature. 
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1.5 Diethylpyrocarbonate (DEPC) treated water 

 1 ml of DEPC solution was mixed with 1 L of distilled water by 

shaking for 2−3 minutes. The uncapped bottle was placed in a fume hood for overnight. 

The solution was autoclaved and stored at room temperature. 

1.6 60% [v/v] Glycerol 

 Glycerol 60  mL 

 Distilled water to 100  mL 

 The mixed solution was autoclaved and stored at room temperature. 

  1.7 3.0 M NaOAc, pH 5.5 

 C2H3NaO2 24.6  g 

 DEPC-treated water to 100  mL 

 The C2H3NaO2 was dissolved in the indicated volume of DEPC-

treated water and the pH was adjusted to 5.5 by adding glacial acetic acid. The solution 

was sterile by 0.22 μm filter filtration and stored at room temperature. 

1.8 5.0 M KOAc 

 Potassium acetate 49.1  g 

 Distilled water to 100  mL 

 The solution was stored at room temperature. 

1.9  2.0 M Tris-HCl stock solution 

 Tris-HCl 24.23  g 

 Distilled water to 100  mL 

 Tris-HCl was dissolved in the indicated volume of distilled water 

and adjusted to pH 6.8, 7.2, 8.0 and 9.5 by using HCl according to be prepared reagents. 

The solution was autoclaved and stored at room temperature. 

1.10  0.5 M EDTA, pH 8.0 stock solution 

 EDTA·Na2· H2O  18.6  g 

 Distilled water to 100  mL 

 EDTA was dissolved in in the indicated volume of distilled water 

and the pH was adjusted to 8.0 by using NaOH. The solution was autoclaved and stored 

at room temperature. 
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1.11  1.0 M MgCl2 stock solution 

 MgCl2 (anhydrous)  9.5  g 

 Distilled water to 100  mL 

 The solution was sterile by filtration through a 0.22 µm filter and 

stored at room temperature. 

1.12  1.0 M CaCl2 stock solution 

 CaCl2 (anhydrous)  11.0  g 

 Distilled water to 100  mL 

 The solution was sterile by filtration through a 0.22 µm filter and 

stored at room temperature. 

 

2.  Antibiotics stock solutions 

 

2.1  Ampicillin stock solution (100 mg/ml) 

 An amount of 1.0 g of ampicillin was dissolved in 10 mL of distilled 

water. The solution was sterile by 0.22 μm filter filtration. The stock solution was 

aliquoted into 1 mL per microcentrifuge tube and stored at −20°C. 

2.2  Tetracycline stock solution (12.5 mg/ml) 

 An amount of 125.0 mg of tetracycline hydrochloride was dissolved 

in 10 ml distilled water. The solution was sterile by 0.22 μm filter filtration. The stock 

solution was aliquoted into 1 mL per microcentrifuge tube and stored at −20°C. 

 

3. Morphology and histology staining reagents 

 

3.1 Alcohol-formalin acetic acid (AFA) fixative 

 Formalin 60  mL 

 95% Ethanol 500  mL 

 Glacial acetic acid 40  mL 

 Distilled water 400  mL 

 The components were mixed and stored at room temperature. 
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3.2 Semichon’s carmine staining 

 Semichon’s carmine powder 1.5  mg 

 Glacial acetic acid  100  mL 

 Distilled water  100  mL 

 The components were mixed and heated in a boiling water bath for 

15 minutes. The cooled down stock solution was filtered by filter paper and stored at 

room temperature. The working staining solution was prepared by mixing with an equal 

volume of 70% [v/v] ethanol. 

3.3 Serial-ethanol solution 

 Absolute ethanol 70, 80, 90, 95 mL was mixed with distilled water 

to a final volume of 100 mL to obtain 70%, 80%, 90%, 95% [v/v] serial-ethanol 

solutions. 

3.4 Gelatin coating solution 

 Gelatin   1.50  g 

 Chromium potassium sulfate 0.25  g 

 Distilled water  to 500  mL 

 The components were added to the indicated volume of distilled 

water and then completely dissolved by heating at 60°C. The solution was stored at 

room temperature. 

 

4. Genomic DNA extraction reagents 

 

4.1  Homogenization buffer (30 mM Tris-HCl, pH 8.0, 0.1 mM 

NaCl, 10 mM EDTA and 0.5% Triton X-100) 

 2.0 M Tris-HCl pH 8.0 1.5  mL 

 5.0 M NaCl  2.0  mL 

 0.5 M EDTA pH 8.0 2.0  mL 

   Distilled water to 100  mL 

   The components were dissolved in the indicated volume of distilled 

water. An amount of 0.5 ml of Triton X-100 was added, the solution was carefully 

mixed and stored at room temperature. 
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4.2  Extraction buffer (0.1 M Tris-HCl, pH 8.0, 0.1 mM NaCl,  

20 mM EDTA) 

 2.0 M Tris-HCl pH 8.0 5  mL 

 5.0 M NaCl  2  mL 

 0.5 M EDTA, pH 8.0 4  mL 

 Distilled water to 100  mL 

 All components were dissolved in the indicated volume of distilled 

water and the solution was stored at room temperature. 

 

5. Mitochondrial DNA extracts reagents 

 

5.1 Mitochondria isolation medium 

 250 mM Sucrose 

 10 mM Tris-HCl. pH 7.4 

 2 mM EDTA 

 0.5% BSA 

 All components were mixed in sterile distilled water. The mixed 

solution was sterile by 0.22 μm filter filtration and stored at 4°C. 

5.2 Mitochondrial lysis buffer 

 150 mM NaCl 

 10 mM Tris-HCl, pH 8.0 

 50 mM EDTA 

 All components were mixed in sterile distilled water. The mixed 

solution was autoclaved and stored at 4°C. 

5.3 KOAc/acetic acid (5 M acetate, 3 M potassium) 

 5.0 M KOAc 240  mL 

 Glacial acetic acid 46  mL  

 Distilled water 114  mL  

 All components were mixed in sterile distilled water. The mixed 

solution was sterile by 0.22 μm filter filtration and stored at 4°C. 
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6. Crude worm extraction reagents 

 

6.1 Lysis buffer (10 mM Tris-HCl, pH 7.2, 150 mM NaCl,  

0.5% [v/v] Triton X-100, 1 mM PMSF, and 1 mM EDTA) 

 2.0 M Tris-HCl, pH 7.2 0.5 mL 

 Triton-X 100  1.0  mL 

 5.0 M NaCl  3.0  mL 

 0.5 M EDTA  0.1  mL 

 PMSF   0.17  mg 

 Distilled water to 100  mL 

 All components were dissolved in the indicated volume of distilled 

water. The solution was stored at room temperature. 

6.2  0.1 M Sodium acetate 

 Sodium acetate 0.82  g 

 Distilled water to 100  mL 

 The pH of the solution was adjusted to 5.0 by using glacial acetic 

acid. The solution was autoclaved and stored at room temperature. 

6.3  Soluble crude worm extraction buffer 

 10 mM PBS pH 7.2 

 150 mM NaCl 

 1 mM EDTA 

 1 mM PMSF 

 0.5% [v/v] Triton X-100 

 The first three components were mixed in sterile distilled water. 

PMSF and Triton X-100 were added before use. 
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7. Media for E. coli bacterial culture 

 

7.1  Luria Bertani (LB) Broth 

 Bacto peptone  10  g 

 Bacto yeast extract  5  g 

 NaCl   5  g 

 Distilled water to 1000  mL 

 All components were dissolved in the indicated volume of distilled 

water. The solution was autoclaved and stored at room temperature. 

7.2  Luria Bertani (LB) agar plates 

 Bacto peptone  10  g 

 Bacto yeast extract  5  g 

 NaCl   5  g 

 Agar   15  g 

 Distilled water to 1000  mL 

 All components were dissolved in the indicated volume of distilled 

water. The solution was autoclaved, the medium was allowed to cool down to 60°C and 

then poured into petri dishes. The hardened agar plates were stored at 4°C. 

7.3  LB/Tetracycline agar plates 

 Bacto peptone  10  g 

 Bacto yeast extract  5  g 

 NaCl   5  g 

 Agar   15  g 

 Distilled water to 1000 mL 

 All components were dissolved in the indicated volume of distilled 

water. The solution was autoclaved and the medium was allowed to cool down to 60°C 

before tetracycline stock solution was added to a final concentration of 12.5 µg/mL. 

The medium was poured into petri dishes. The hardened agar plates were stored 

protected from light at 4°C. 

  

 

 

Ref. code: 25625612330018TUB



228 

 

7.4  LB/Ampicillin agar plates 

 Bacto peptone  10  g 

 Bacto yeast extract  5  g 

 NaCl   5  g 

 Agar   15  g 

 Distilled water to 1000 mL 

 All components were dissolved in the indicated volume of distilled 

water. The solution was autoclaved and the medium was allowed to cool down to 60°C 

before ampicillin stock solution was added to a final concentration of 100 µg/mL. The 

medium was poured into petri dishes. The hardened agar plates were stored at 4°C. 

 

8.  Competent cell preparation and transformation reagents 

 

8.1 0.1 M MgCl2 

 1.0 M MgCl2  10  mL 

 Distilled water to 100  mL 

 The freshly prepared solution was kept on ice. 

  8.2  0.1 M CaCl2 

 1.0 M CaCl2  10  mL 

 Distilled water to 100  mL 

 The freshly prepared solution was kept on ice. 

8.3  100% Glycerol 

 Glycerol  100  mL 

 The solution was autoclaved and stored at room temperature. 
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9. Agarose gel electrophoresis reagents 

 

9.1  10× DNA/RNA agarose gel loading buffer 

 50% [v/v] Glycerol 

 0.25% [w/v] Bromophenol blue 

 0.25% [w/v] Xylene cyanol FF 

 All components were mixed in sterile distilled water (DEPC-treated 

water in case of RNA loading buffer), aliquoted into 1.5 mL microcentrifuge tubes and 

stored at 4°C. 

  9.2  5× Tris‐Boric EDTA (TBE) stock buffer 

 Tris-base  52.0  g 

 Boric acid  27.5  g 

 EDTA·Na2· H2O 4.56  g 

 Distilled water to 1000  mL 

 The pH of the solution was adjusted to 8.0 by using HCl and the 

solution was stored at room temperature. 

9.3  0.5× Tris-Boric EDTA (TBE) running buffer 

 5× TBE stock buffer was 1:10 diluted with distilled water and stored 

at room temperature. 

 

10. Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis (SDS-PAGE) 

reagents 

 

10.1 10% [w/v] Ammonium persulfate 

 10 g of ammonium persulfate was dissolved in a total volume of 100 

mL sterile ultrapure water, aliquoted into 1.5 ml microcentrifuge tubes and stored at  

−20°C. 

10.2 20% [w/v] SDS 

 20 g of SDS was dissolved in a total volume of 100 mL sterile 

ultrapure water and stored at room temperature. 
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10.3 Preparation of acrylamide gel 

   Separating gel Stacking gel 

   12.5%  16%  4% 

 30% Acrylamide stock  3.13  4.00  0.33  mL 

 1.5 M Tris-HCl, pH 8.8  1.88  1.88  -  mL 

 0.5 M Tris-HCl, pH 6.8  -  -  0.63  mL 

 Ultrapure water  2.38  1.51  1.50  mL 

 10% SDS  0.08  0.08  0.03  mL 

 10% Ammonium persulfate  37.50  37.50  12.50  µL 

 TEMED  2.50  2.50  1.25  µL 

10.4  2× Sample buffer (125 mM Tris-HCl, pH 6.8, 4% SDS,  

20% [v/v] glycerol, 0.2 M DTT and 0.02% bromophenol blue) 

 1.0 M Tris-HCl, pH 6.8  1.25  mL 

 20% SDS  2.00  mL 

 Glycerol  2.00  mL 

 DTT   0.30  g 

 1% Bromophenol blue  0.20  mL 

 All components were mixed in a final volume of 10 mL sterile 

ultrapure water, aliquoted into 1.5 mL microcentrifuge tubes and stored at -20°C. 

10.5 Electrophoresis buffer (0.1 M Tris, 0.1 M Tricine, and  

0.1% [w/v] SDS) 

 Tris-base  3.03  g 

 Glycine  15.20  g 

 SDS   1.00  g 

 Ultrapure water  to 1000  mL 

 The solution was stored at 4°C. 

10.6 0.008% Coomassie Blue G-250 

 Coomassie Blue G-250  0.08  g 

 1 M HCl  70  mL 

 Distilled water to 1  L 

 Coomassie Blue G-250 was mixed with water until homogeneous 

and filtered through Whatman filter paper. Then the HCl was added. 
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11.  Enzyme linked-immunosorbent assay (ELISA) reagents 

 

11.1  Antibody diluents (0.25% [w/v] BSA in 10 mM PBS pH 7.2) 

 25 mg of BSA was dissolved in 10 mL of 10 mM PBS pH 7.2 and 

stored at 4°C. 

11.2  Blocking solution (0.25% [w/v] BSA in coating buffer, pH 9.6) 

 50 mg of BSA was dissolved in 20 mL of carbonate coating buffer 

and stored at 4°C. 

  11.3  Carbonate coating buffer 

 30 mM Na2CO3 

 75 mM NaHCO3 

   All components were dissolved in ultrapure water and adjusted to 

pH 9.6. The solution was autoclaved and stored at 4°C. 

11.4  Washing buffer 

 10 mM PBS pH 7.2  999.5  mL 

 Tween® 20  0.5  mL 

 The solution was freshly prepared. 

 

12.  Western blot analysis reagents 

 

12.1  Antibody diluent (1% skim milk in TBS) 

 100 mg of skim milk was dissolved in 10 ml TBS, pH 7.5. The 

solution was stirred until homogenous and stored at 4°C. 

12.2  Blocking solution (5% skim milk in TBS) 

 500 mg of skim milk was dissolved in 10 ml TBS, pH 7.5. The 

solution was stirred until homogenous and stored at 4°C. 

12.3  Detection buffer, pH 9.5 

 0.1 M Tris‐HCl 

   0.1 M NaCl 

 50 mM MgCl2 

 All components were dissolved in sterile ultrapure water, the pH 

was adjusted to 9.5 by using NaOH and the solution was stored at room temperature. 
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12.4  Ponceau S dye solution 

 0.1% [w/v] Ponceau S dye 

 5% [v/v] Acetic acid 

 Ponceau S dye was dissolved in sterile distilled water. Then glacial 

acetic acid was added and the solution was stored at room temperature. 

12.5  Semi-dry transfer buffer 

 50 mM Tris-base 

 40 mM Glycine 

 0.04% [w/v] SDS 

 20% [v/v] Methanol 

 The first three components were dissolved in sterile ultrapure water. 

Then methanol was added and the buffer was stored at 4°C in a tight container. 

12.6  Washing buffer 

 10 mM PBS pH 7.2  999.5  mL 

 Tween® 20  0.5  mL 

 The buffer was freshly prepared. 
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APPENDIX B 

DNA AND PROTEIN STANDARD 

 

1. GeneRuler™ Low Range DNA ladder (Thermo Fisher Scientific, MA, USA) 
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2. GeneRuler™ 100 bp DNA ladder (Thermo Fisher Scientific, MA, USA) 
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3. GeneRuler™ 100 bp Plus DNA ladder (Thermo Fisher Scientific, MA, USA) 
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4. GeneRuler™ 1 kb DNA ladder (Thermo Fisher Scientific, MA, USA) 
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5. Broad Range Molecular Weight Standards (Bio‐Rad, Hercules, CA, USA) 

 

 

 

 

Myosin 

 
β-galactosidase 

Phosphorylase b 
 

Bovine serun albumin 

 
Ovalbumin 

 
Carbonic anhydrase 

 
Soybean trypsin inhibitor 

 

Lysozyme 

Aprotinin 
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APPENDIX C 

VECTOR MAP 

 

1. pGEM®-T Easy vector (PromegaTM, WI, USA) 
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pGEM®-T Easy Vector sequence reference points: 

T7 RNA polymerase transcription initiation site  1 

Multiple cloning region  10–128 

SP6 RNA polymerase promoter  (–17 to +3) 139–158 

SP6 RNA polymerase transcription initiation site  141 

pUC/M13 Reverse Sequencing Primer binding site  176–197 

lacZ start codon  180 

lac operator  200–216 

β-lactamase coding region  1337–2197 

Phage f1 region  2380–2835 

lac operon sequences  2836–2996, 166–395 

pUC/M13 Forward Sequencing Primer binding site  2949–2972 

T7 RNA polymerase promoter  (–17 to +3) 2999–3 
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APPENDIX D 

ANIMAL ETHICAL PERMISSION 
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The Thailand Research Fund through a Royal Golden Jubilee 

Ph.D. Scholarship (PHD/0061/2556) 

Teaching Assistant Scholarship (1/2019)  

from Thammasat University 

  

Official address Molecular Biology and Parasitology Unit, 

Graduate Program in Biomedical Sciences, 

Faculty of Allied Health Sciences, 

Thammasat University,  

99 Moo 18 Paholyothin Road, KlongNueng Klong Luang, 

Pathumthani 12120, Thailand 

  

E-mail address pichanee.w@outlook.com 
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Licenses 

1. License on Medical Technologist from The Medical Technology Council of 

Thailand (2013–present) 

2. License on Scientific Use of Animals License from Institute for Animals for 

Scientific Purpose Development, National Research Council of Thailand (2016–

present) 

 

Training attended 

1. Student Trainee (Medical Technology) in Medical Technology Laboratory at 

Thammasat Hospital, Pathumthani, Thailand (December 2012) 

2. Student Intern (Medical Technology) in Department of Pathology and 

Laboratory medicine at Rajavithi Hospital, Bangkok, Thailand (January–March 

2013) 

3. Animal Ethics Training, 9th June, 2014, Faculty of Allied Health Sciences, 

Laboratory Animal Center, Thammasat University, Rangsit Campus, 

Pathumthani, Thailand 

4. Animal Ethics Training in Ethical Principles and Guidelines for the Use of 

Animals for Scientific Purposes, 20th January 2015, Laboratory Animal Center, 

Thammasat University, Rangsit Campus, Pathumthani, Thailand 

5. Animal Ethics Training in Basic Knowledge of Experimental Animals for 

Scientific Purposes and Management, 9th April 2015, Laboratory Animal Center, 

Thammasat University, Rangsit Campus, Pathumthani, Thailand 

6. Human Ethics Training, 6th July 2015, Faculty of Allied Health Sciences, 

Thammasat University, Rangsit Campus, Pathumthani, Thailand 

7. Biosafety Training in Guidelines for Biological Safety (Basic course), 15th July 

2015, Thammasat University, Rangsit Campus, Pathumthani, Thailand 

8. Animal Ethics Training in Proposal Writing for the Use of Animals for Scientific 

Purposes, 20th July 2015, Laboratory Animal Center, Thammasat University, 

Rangsit Campus, Pathumthani, Thailand 

9. Human Ethics Training in Human Ethics Research Certification, 10th November 

2015, Thammasat University, Pathumthani, Thailand 
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Training attended (Cont.) 

10. Animal Ethics Training in Criteria for Consideration for the Use of Animals for 

Scientific Purposes, 30th March 2016, Laboratory Animal Center, Thammasat 

University, Rangsit Campus, Pathumthani, Thailand 

11. Animal Ethics Training in The Association for Assessment and Accreditation of 

Laboratory Animal Care International: AAALAC, 27th–28th April 2016, 

Laboratory Animal Center, Thammasat University, Rangsit Campus, 

Pathumthani, Thailand 

12. Animal Ethics Training for the 15th Scientific Use of Animals License Training, 

Institute of Animals for Scientific Purpose Development (IAD), 11th–12th May 

2016, Miracle Grand Convention Hotel, Bangkok, Thailand 

13. Human Ethics Training in Good Clinical Practice: GCP, 28th–29th July 2016, 

Faculty of Allied Health Sciences, Thammasat University, Rangsit Campus, 

Pathumthani, Thailand 

14. Biosafety Training in Improvment of the Biosecurity Guidelines for Modern 

Biological Technology, 2nd May 2017, Thammasat University, Rangsit Campus, 

Pathumthani, Thailand 

15. Training in Real Time PCR for Molecular Research, 14th June 2017, Office of 

Advanced Science and Technology, Thammasat University, Rangsit Campus, 

Pathumthani, Thailand 

16. Biosafety Training in Biosafety guidelines for the implementation of Modern 

Biotechnology (General practice course), 12th September 2017, Thammasat 

University, Rangsit Campus, Pathumthani, Thailand 

17. Bioinformatics Training in Asian Institute in Statistical Genetics and Genomics 

(1st Asian Workshop), 18th–19th December 2017, Faculty of Allied Health 

Sciences, Thammasat University, Rangsit Campus, Pathumthani, Thailand 

18. Research Student in research entitled Investigation of the transcriptome of the 

rumen fluke Fischoederius elongatus and related species at School of Science, 

RMIT University, Bundoora West Campus, Bundoora, Victoria, Australia 

(October 2019–May 2020) 
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Conferences 

1. The 1st International Allied Health Sciences Conference "Medical Innovation for 

Health", 4th–6th November 2014, Rama Gardens Hotel, Bangkok, Thailand 

2. The 2nd Joint Symposium of BK21‐PLUS of CUK and Thammasat University, 

21st–23rd January 2015, Thammasat University, Rangsit Campus, Pathumthani, 

Thailand 

3. Genomics, Bioinformatics, and System Biology Conference; GBSBC2015. 

Thailand Lab 2015. 10th–11th September 2015, Bangkok International Trade & 

Exhibition Centre, Bangkok, Thailand 

4. Asian Institute in Statistical Genetics and Genomics Conference (AISGG 2017), 

18th–19th December 2017, Faculty of Allied Health Sciences, Thammasat 

University, Rangsit Campus, Pathumthani, Thailand 

5. Innovation Challenges toward Thailand 4.0: Research Inspiration, Connectivity 

and Transformation (RGJ-Ph.D. Congress 19), 7th–9th June 2018, Jomtien Palm 

Beach Hotel & Resort, Pattaya, Thailand 

6. The 5th Joint Symposium of Thammasat University, BK21 PLUS of CUK and 

National Defense Medical Center “Biomedical Sciences and Biomechanics for 

Health”, 9th–10th November 2018, Thammasat University, Rangsit Campus, 

Pathumthani, Thailand 

7. RMIT University Bioinformatics Symposium, 21st–23rd October 2019, RMIT 

University, Melbourne, Victoria, Australia 

 

Publications 

1. Acharawadee Tanon, Supitcha Pannengpetch, Pichanee Watthanasiri, Kitipong 

Chuanboon, Pongsakorn Kanokkantrakorn, Jinjuta Pinthong, and Patcharee 

Isarankura-Na-Ayudhya. Proteomics Technologies as Potential Tools for 

Investigation of Differentially-expressed Proteins in Standard and 

Environmental Isolates of Pseudomonas aeruginosa. Original Article in Journal 

of the Medical Technologist Association of Thailand, Vol. 44, No. 3 (2016): 

5801–5823. 
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Oral Presentations 

1. Pichanee Watthanasiri. Morphology and Molecular Characterization of Adult 

Fischoederius elongatus (Poirier, 1883). The 7th Graduate Research Conference, 

12th December 2015, Faculty of Allied Health Sciences, Thammasat University, 

Rangsit Campus, Pathum Thani, Thailand 

2. Pichanee Watthanasiri. Morphology and Molecular Characterization of Adult 

Fischoederius elongatus (Poirier, 1883). The 9th Graduate Research Conference, 

17th–18th December 2016, Faculty of Allied Health Sciences, Thammasat 

University, Rangsit Campus, Pathum Thani, Thailand 

 

Poster Presentations 

1. Pichanee Watthanasiri, Amornrat Geadkaew Krenc, and Rudi Grams. 

Morphology and Molecular Characterization of Adult Fischoederius elongatus 

(Poirier, 1883). The 5th Graduate Research Conference, 13th–14th December 

2014, Faculty of Allied Health Sciences, Rangsit Campus, Thammasat 

University, Thailand 

2. Pichanee Watthanasiri, Amornrat Geadkaew Krenc, Peter M. Smooker, and Rudi 

Grams.  Fischoederius elongatus (Poirier, 1883), transcriptome and 

mitochondrial genome of a pouched rumen fluke. Innovation Challenges toward 

Thailand 4.0: Research Inspiration, Connectivity and Transformation (RGJ-

Ph.D. Congress 19), 7th–9th June 2018, Jomtien Palm Beach Hotel & Resort, 

Pattaya, Thailand 

3. Pichanee Watthanasiri, Amornrat Geadkaew Krenc, Peter M. Smooker, and Rudi 

Grams. Fischoederius elongatus (Poirier, 1883), transcriptome and 

mitochondrial genome of a pouched rumen fluke. The 5th Joint Symposium of 

Thammasat University, BK21 PLUS of CUK and National Defense Medical 

Center “Biomedical Sciences and Biomechanics for Health”, 9th–10th November 

2018, Thammasat University, Rangsit Campus, Pathumthani, Thailand 
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