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  SUMMARY 
 

Clonorchiasis is a complex hepatobiliary disease caused by the foodborne parasite, 

Clonorchis sinensis (family Opisthorchiidae). This disease can induce 

cholangiocarcinoma (CCA), a malignant cancer of the bile ducts, and has a major 

socioeconomic impact on ~ 35 million people predominantly in East Asia. Currently, 

no vaccine is available to prevent clonorchiasis, and repeated use of the only 

recommended drug, praziquantel (PZQ) increases the risk of developing drug 

resistance. Further understanding of the disease epidemiology relies on the knowledge 

of genetic variation of C. sinensis in endemic areas. Moreover, evidence of karyotypic 

variation within C. sinensis highlights the importance of comparing the genomes of 

geographically distinct isolates of this parasite.  

    The two predominant research aims of this thesis were to decode the mitochondrial 

(mt) and nuclear genomes of a Korean isolate of C. sinensis and assess genetic 

variation, using high-throughput sequencing technologies and advanced bioinformatic 

workflows. The mt and nuclear genomes for a C. sinensis isolate from Korea (Cs-k2) 

were sequenced, assembled, characterised and compared with one or more isolates. In 

addition, a refined bioinformatic workflow was designed to infer high quality syntenic 

blocks between the nuclear genome and a previously published draft genome of another 

isolate from China. The results not only reveal a high level of nucleotide similarity 

within the syntenic regions, but also pinpoint variable genes that might be central to 

infection and/or adaptive process. 

The mt and nuclear genomes and the syntenic blocks now serve as a solid foundation 

for a future genetic analysis of C. sinensis. The mt genome, on one hand, confirmed the 

specific identity of the specimen, on the other hand, highlighted potential challenges 

with using mtDNA markers for genetic analyses. In contrast to the mt genome, the 

syntenic blocks of the nuclear genome exhibit major potential for future genetic studies 

due to a vast extent of nucleotide differences in coding regions. These blocks also 

contain a substantial number of genetic loci that might enhance knowledge of host-

parasite relationships in an evolutionary context. Compared with coding regions, the 

genetic variation in the intronic regions showed an improved phylogenetic signal at 

both the whole genome and individual gene levels.  
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In future, improved quality of the assembly and annotation of nuclear genomes 

should be achieved using long read data, allowing a broader range of genetic and 

structural variation to be identified using whole genomic data of representative 

individuals. Furthermore, a systematic bioinformatic framework is required to discover 

individual variants, infer population structure and identify adaptive selection, with the 

consideration of parasitic life cycle and demographic history. Although the present 

thesis focused predominantly on C. sinensis, the work extended logically to another 

trematode. A third research aim was addressed to explore the population genetic 

structure of a related trematode parasite, Schistosoma japonicum in China and to 

identify genes under positive selection in particular geographical locations. Clearly, the 

findings of this thesis and the approaches established should have important and broad 

implications for studies of a range of flatworm parasites. 
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Chapter 1 - Literature review 
 

 

1.1. Introduction 

 

Clonorchis sinensis, Opisthorchis felineus and Opisthorchis viverrini (phylum 

Platyhelminthes; class Trematoda; family Opisthorchiidae) are important foodborne 

liver flukes that infect ~ 24 million people worldwide and cause a global burden of 

more than 349,737 disability-adjusted life years (DALYs) (Furst et al., 2012). As a 

widespread liver fluke, C. sinensis infects at least 15 million people predominantly in 

China, Vietnam, Korea and the Russian Far East (Furst et al., 2012; Qian et al., 2016). 

Clonorchis sinensis infection causes clonorchiasis, which is a neglected tropical 

disease (NTDs) (Qian et al., 2016). Infection with C. sinensis often leads to chronic 

hepatobiliary diseases, such as hepatic fibrosis, and can induce cholangiocarcinoma 

(CCA), a malignant cancer of the biliary system. Hence, C. sinensis has been classified 

as a Class I carcinogen by the International Agency for Research on Cancer (IARC) 

(Choi et al., 2004, 2011; Grosse et al., 2009;). 

To date, no vaccine is available to prevent clonorchiasis, and humans have no 

resistance to reinfection (Qian et al., 2016). The repeated use of the only recommended 

drug, praziquantel (PZQ), increases the risk of the fluke developing drug resistance 

(WHO, 2013). To better control clonorchiasis, research has been conducted on the 

biology and epidemiology of the parasite, and focused on diagnosis and treatment. A 

deep understanding of the molecular biology of C. sinensis is now possible, 

underpinned by the use of new transcriptomic and genomic resources produced using 

high-throughput sequencing technologies (Young et al., 2010; Wang et al., 2011; Yoo 

et al., 2011; Huang et al., 2013). For example, the genome of C. sinensis from China 

provides a basis to explore molecular pathways and processes in this liver fluke. For 

example, the genome of C. sinensis encodes a full complement of genes required to 

metabolise host lipids but does not contain genes linked to canonical fatty acid 

biosynthesis (Wang et al., 2011; Huang et al., 2013). In addition, this genome encodes 

a large number of excretory-secretory proteins (ESPs), many of which are inferred to 

be involved in host-parasite interactions. However, there is no detailed information on 
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the functions of biologically relevant genes/gene products or levels of genetic variation 

among different geographical isolates of C. sinensis. 

It has been assumed that a single nuclear genome of C. sinensis is sufficient to 

represent all geographically distinct isolates of this species (Wang et al., 2011; Huang 

et al., 2013). However, evidence of karyotypic variation within C. sinensis and cryptic 

species within the related opisthorchiid fluke, O. viverrini, highlight the importance of 

comparing the genomes of C. sinensis from disparate geographical regions. Previous 

studies of selected genetic loci suggest that variation in this parasite has been influenced 

by multiple factors, such as life cycle, climatic change and environmental adaptation 

(Tatonova et al., 2012; Tatonova et al., 2013; Chelomina et al., 2014). For example, 

asexual reproduction enables genetically identical or similar organisms to aggregate in 

the same host, which can increase inbreeding and decrease genetic diversity (Glémin 

and Galtier, 2012; Vilas et al., 2012). Furthermore, it appears that low nucleotide and 

high haplotypic variation in the mitochondrial cox1 gene within C. sinensis relates to a 

rapid population expansion after the ice age (Tatonova et al., 2012; Chelomina et al., 

2014). However, such a conclusion requires in depth population genetic investigations.  

It is now feasible to undertake such investigations on a whole-genome level using 

high-throughput sequencing technologies and advanced bioinformatics. Such research 

would enable explorations of the genetic structures and substructures of C. sinensis 

populations, and of variation in genes/gene products that are involved in infection 

and/or adaptive processes. The purpose of this chapter is to provide a background on 

the biology, epidemiology, pathogenesis, diagnosis and control of C. 

sinensis/clonorchiasis; to critically review current knowledge of the genetics, molecular 

biology and genomics of C. sinensis; and highlight new sequencing technologies as 

well as genomic tools and resources that can now be employed for future genetic studies 

of this and other important trematodes. 

 

1.2. Biology 

 

Clonorchis sinensis is a leaf-shaped fluke that is about 10-25 mm long and 3 mm wide. 

It has a complex life cycle (Fig. 1-1) involving asexual reproduction in an intermediate 

host (freshwater snail), encystment within a secondary intermediate host (freshwater 

fish) and sexual reproduction in a definitive, piscivorous mammal (e.g., dog, cat and 
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human) (Kaewkes, 2003). The ovoid eggs of C. sinensis are yellowish, 26-30 μm long 

and 15-17 μm wide (Lun et al., 2005). Each egg, which is operculated at one end, 

contains a well-formed miracidium (Lun et al., 2005). After being released from adult 

flukes in the definitive host, the eggs, which can be infectious for 2 or 3 weeks 

(Echaubard et al., 2016), are eaten by an intermediate freshwater snail host. In the 

digestive tract of the snail, the eggs release miracidia, which then penetrate the intestinal 

wall and enter the snail’s haemocoel and digestive gland (Bogitsh et al., 2013). Within 

~ 4 h, miracidia transform into sporocysts that begin developing to rediae within germ 

balls via asexual reproduction (Lun et al., 2005). After ~ 17 days, each sporocyst 

produces 20-50 rediae. Within germ balls in the brood chambers, 5-50 cercariae will 

differentiate within 21 to 30 days (Lun et al., 2005). These cercariae leave the snail host, 

enter the water and actively swim off to seek a cyprinid fish, the second intermediate 

host. The cercariae are able to stay active in the water for 24 to 48 h (Bogitsh et al., 

2013). After finding and attaching to the fish, the cercariae invade the dermis and the 

musculature beneath it, lose their eyespots and tails, and encyst there as metacercariae. 

These metacercariae mature within 5-6 weeks (Bogitsh et al., 2013) and can remain 

viable in tissues for more than a year (Cheng et al., 2007). When humans or other fish-

eating mammals eat uncooked infected fish, encysted metacercariae excyst in the small 

intestine and then migrate via the ampulla of Vater to the biliary ducts. Within the 

biliary tree, juvenile flukes continue to develop, and mature into hermaphroditic adults 

within the intrahepatic biliary tree within ~ 4 weeks (Lun et al., 2005). Adult flukes 

have been reported to survive within the biliary tree for decades (Attwood and Chou, 

1978). Fertilised eggs pass through the bile duct to the small intestine and are released 

in the faeces, to start a new life cycle (Lun et al., 2005). Adult flukes can lay 1,000 to 

4,000 eggs per day (Lun et al., 2005). 

 

First intermediate hosts 

 

The geographical range and distribution of the snail intermediate host(s) determine the 

distribution of C. sinensis. Compared with Opisthorchis spp., which infect only 

bithyniid snails, C. sinensis infects at least 10 distinct snail species of four families 

(Bithyniidae, Semisulcospiridae, Assimineidae and Thiaridae) (Table 1-1; Fig. 1-2; cf. 

Petney et al., 2013). Parafossarulus manchouricus is the most widespread intermediate 

snail host, inhabiting all known endemic countries, including Russia, Japan, Korea, 
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China and Vietnam (Tang et al., 2016). Besides P. manchouricus, the distribution of 

other snail hosts is variable, which is likely linked to climatic variation. For example, 

P. spiridonovi is only endemic in Russia Far East, whereas Semisulcospira scancellata 

is in Russia, North China, Central and South China (Fattakhov et al., 2012; Chelomina 

et al., 2014). In addition, Melanoides tuberculata is endemic only in South China, 

Vietnam and Thailand (Doanh and Nawa, 2016; Tang et al., 2016). 

Paleontologic evidence suggests that P. manchouricus has inhabited China for more 

than 2.6 million years (Li et al., 2015), whereas the earliest fossils of P. manchouricus 

from Japan are about 781 thousand years old (Isaji and Ugai, 2006). The distribution of 

P. manchouricus is closely linked with climatic factors, especially temperature (≥ 12°

C) and rainfall (Chung et al., 1980). P. manchouricus can live for up to 16 months (Li 

et al., 1979) and is active in slow-flowing water, such as ponds and rice fields (Li et al., 

1979; Chung et al., 1980). In winter, the snail can hibernate (Li et al., 1979). 

Currently, there are numerous species of snail hosts in Central and South China. 

Although the prevalence of infected snail hosts is usually low, prevalence can vary 

considerably (Lun et al., 2005), particularly in South China. For example, the 

prevalence of infection in B. longicornis can be as high as 27% in Guangdong, and 15% 

in Guangxi (Lun et al., 2005). This might be explained by the climatic differences 

between North and South China. For example, the longer summer in South China 

extends the time in which the snails stay active (i.e. extends the feeding time) and 

increases their likelihood of ingesting C. sinensis eggs, which would relate to an 

increase in the prevalence of infection (Yang et al., 1994). 

 

Second intermediate hosts 

 

Clonorchis sinensis has a large range of second intermediate hosts (Lun et al., 2005; 

Tang et al., 2016) (Table 1-2; Fig. 1-2). In China, more than 30 fish genera belonging 

to 10 families and four shrimp species have been shown to be hosts of C. sinensis 

(reviewed by Tang et al., 2016). In Korea, for example, 31 fish genera representing 6 

families can host metacercariae of C. sinensis (Sohn, 2009). In Russian Far East, three 

species of freshwater fish have been found to harbour this parasite (Fattakhov et al., 

2012). Across these geographical regions, 71 species of cyprinid fish (family Cyprinidae) 

have been reported to harbour metacercariae of C. sinensis (see Lun et al., 2005). 
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Among them, Pseudorasbora parva, Ctenopharyngodon idellus, Carassius auratus and 

Hypophthalmichthys nobilis are the commonest fish hosts of C. sinensis, and have a 

high prevalence of infection in endemic areas (Lun et al., 2005; Tang et al., 2016). Due 

to an exponential asexual reproduction of cercariae in snails, the prevalence of C. 

sinensis in freshwater fish can be significantly higher than observed in the snail hosts 

(Cheng et al., 2007). In North East China, C. sinensis infects, on average, ~ 20% of the 

freshwater fishes, including P. parva (43%), Hemicculter leuciclus (23%), C. auratus 

(20%) and Rhodeus ocellatus (11%) (Zhang et al., 2014). In the Pearl River Delta (South 

China), 37% of fish and 3% of shrimps (Caridina spp.) examined were infected with C. 

sinensis (see Chen et al., 2010). The prevalence of C. sinensis recorded in C. idellus,   

H. nobilis, C. auratus and P. parva was 52%, 22%, 14% and 94%, respectively (Chen 

et al., 2010). 

Of freshwater fish hosts, small fishes, such as P. parva, R. ocellatus and H. leuciclus, 

are more likely to be infected with C. sinensis, and have a higher infection intensity 

compared with large fish (Lun et al., 2005). For example, the prevalence in P. parva, 

whose body weight is generally less than 1.5 g, can be up to 93% in Guangdong, with 

an average of ~117 encysted metacercariae per infected fish (Chen et al., 2010). The 

high prevalence of C. sinensis in P. parva can be explained by the ecology of this fish 

and its first intermediate host(s). For example, P. parva and snails both prefer the 

habitats with slow-flowing or stagnant water, such as in rice fields (Li et al., 1979; 

Katano et al., 2003). Another factor contributing to the high prevalence of C. sinensis 

infection in P. parva is a relatively low innate resistance (Bui et al., 2016). For instance, 

infection experiments show that C. sinensis cercariae could readily invade the muscles 

of P. parva fry, whereas the cercariae attached to C. carpio and C. auratus all died on 

the surface of the fish (Chun, 1964). This finding was further supported by the 

difference in the wormicidal effect of the epidermal mucus of different fishes. For 

example, epidermal mucus from C. scarassius can kill the cercariae of C. sinensis within 

14 min, whereas it takes 180 min in the case of P. parva (see Rhee et al., 1980). 

 

1.3. Epidemiology 

 

Clonorchis sinensis appeared in China at least 2,300 years ago, as evidenced by the 

discovery of C. sinensis eggs in the faeces and bile ducts of a human corpse from the 
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Western Han Dynasty (buried in 167 BC) in Jiangling, Hubei province, China (Wu et 

al., 1980). However, this parasite was not identified until the 19th century.  In 1875, 

James McConnell first discovered C. sinensis in the bile ducts of a 20-year-old Chinese 

male in India (Qian et al., 2016). Later, the first clonorchiasis case in China was reported 

in 1908 (Pan et al., 2000). Currently, C. sinensis infects more than 15 million people in 

East Asia, including China, Vietnam, Korea, Thailand and the Russian Far East (Furst 

et al., 2012). In China, ~ 13 million people are infected (Furst et al., 2012; Qian et al., 

2012), and the prevalence is reported to be particularly high in Guangdong (16.4%), 

Guangxi (9.8%), Heilongjiang (4.7%), Jilin (2.9%) and Hunan (1.3%) (Fang et al., 

2008). Most infections (78.9%) are of a relatively low intensity (Fang et al., 2008). 

Clonorchis sinensis is also reported to infect one million people in South Korea (Kim 

et al., 2009a), the Russian Far East (3,000) (Abdussalam et al., 1995) and North Vietnam 

(1 million) (Qian et al., 2016). However, because O. viverrini is also widespread in 

Vietnam and the eggs of O. viverrini and C. sinensis are morphologically similar, the 

exact number of people infected with C. sinensis in Vietnam remains uncertain (Qian et 

al., 2016). Clonorchis sinensis may also co-exist with O. viverrini in central Thailand 

(Traub et al., 2009). 

 

Aspects of relevance to epidemiology 

 

Climate. In Guangzhou, China, temperature and rainfall correlate positively with the 

prevalence of clonorchiasis in humans (Li et al., 2014a). For example, in 2008, the 

relatively low prevalence of C. sinensis infection in fish in Foshan, China, related to a 

period of below-average winter temperatures in this geographical region (Chen et al., 

2010; Zhou et al., 2011). High temperatures can significantly enhance snail activity (Ye 

et al., 1997; Laoprom et al., 2016) and can increase the production rate of cercariae 

(Poulin, 2006). Given climatic changes due to industrialisation and deforestation 

(Miettinen et al., 2011), there is a possibility of clonorchiasis outbreaks in the future 

(cf. Poulin, 2006). 

 

Aspects relating to aquaculture. Currently, aquaculture in China is responsible for >60% 

of the world’s fish production, with an estimated tripling in production of capture and 

farmed fish over the past two decades (Cao et al. 2015). However, common 

domesticated fishes, particularly cyprinids, are frequently infected with C. sinensis (see 
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Lun et al., 2005). In southern China, the prevalence can be up to 37% in domesticated 

freshwater fishes, with an average number of 11 metacercariae per fish (Chen et al., 

2010). Given the high prevalence of C. sinensis in domesticated fish, the rapid 

development of aquaculture also contributes to the widespread distribution of C. 

sinensis in parts of East Asia. The total area used for fish farming has more than doubled 

since 1979 (Li et al., 2011). Humans in villages that are close to aquaculture systems 

have been reported to have a high prevalence of C. sinensis infection (see Keiser and 

Utzinger, 2005), which is further supported by a recent network analysis (Vinh et al., 

2017). In these villages, toilets are usually built adjacent to or over a fish-pond; 

excrement containing fluke eggs is released directly into the pond water (Lun et al., 

2005), after which snail hosts consume these eggs. Furthermore, infected fish can be 

transported to other regions. Even when frozen at -20°C, metacercariae of C. sinensis 

can remain viable and infective (Fan, 1998), which can be a public health concern in 

non-endemic areas. 

 

Reservoir hosts. Clonorchis sinensis infects a wide range of piscivorous mammals, 

including cats, dogs and foxes, and it can also experimentally infect rabbits, rats and 

mice (Lun et al., 2005). Dogs and cats appear to be the commonest reservoir hosts in 

China, particularly in the Guangdong, Guangxi, Hubei, Hunan and Heilongjiang 

provinces of China (Lun et al., 2005). For instance, in Guangdong province, 20.5% of 

dogs and 41.8% of cats are infected with C. sinensis (see Lin et al., 2011). Compared 

with dogs, cats are reported to have higher infection intensities in this region of China 

(Lin et al., 2011). Especially, stray cats usually move freely on streets and, in villages, 

easily get access to uncooked fish from household waste.  

 

The custom of eating raw fish. Humans become infected with C. sinensis by eating raw 

fish, particularly males and aged individuals (Qian et al., 2016). For the last thirty years, 

the estimated infected population has increased from ~ 7 million in the 1990s to at least 

15 million in the 2000s (Qian et al., 2012). The increased prevalence of C. sinensis 

infection has been attributed to: (1) an increased income (per capita), offering more 

people opportunity to afford and regularly consume raw fish at restaurants (Qian et al., 

2013a); (2) the common misconception that drinking liquor will kill C. sinensis 

metacercariae in raw fish (Qian et al., 2016); and (3) improved trade and traffic 

networks that facilitate the transport of fish to non-endemic provinces, enabling the 
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geographic spread of C. sinensis. Despite efforts to stop the custom of humans eating 

raw fish, the cycle of C. sinensis continues. 

 

1.4. Pathogenesis, host susceptibility and immunity 

 

Following ingestion of infected fish by the human or other piscivorous host (e.g., dog 

or cat), the metacercariae hatch and juveniles migrate and develop to adult flukes in the 

biliary system (Sripa et al., 2010). The adult flukes use suckers to attach to the 

epithelium cells and, via mechanical irritation, cause damage to the bile ducts (Kim et 

al., 2009b). Adult flukes also frequently obstruct the bile duct and increase bile duct 

pressure, which causes bile stagnation, pigment deposition and the formation of bile 

duct stones (chololithiasis) (Qian et al., 2016). Moreover, fluke eggs are readily trapped 

in tissues and can induce granulomatous lesions (Sripa et al., 2007). In addition to 

mechanical irritation, the adult flukes can alter surrounding host cells and excretory-

secretory products (ESPs) can stimulate the proliferation of epithelium cells, regulating 

cancer-related genes, and inducing the production of host inflammatory cytokines (Kim 

et al., 2010; Zhang et al., 2013; Pak et al., 2014). A number of ESPs have been shown 

to have a proliferative effect on host cells (Kim et al., 2008; Zhang et al., 2013; Chen 

et al., 2015; Wang et al., 2017a). For instance, C. sinensis granulin (CsGRN) is a growth 

factor that enhances migration and invasion of host cells (Wang et al., 2017a). In 

addition, C. sinensis secretes phospholipase A2 (CssPLA2) that can regulate the 

synthesis of host collagens, and contributes to the development of liver fibrosis 

(Hariprasad et al., 2012; Zhang et al., 2013; Wu et al., 2017).  

Clonorchis sinensis infection can induce cholangiocarcinoma (CCA) (Won et al., 

2014). C. sinensis ESPs have been shown to enhance the expression of adhesion 

proteins and metalloproteinases (MMPs) in CCA cells in vitro (Won et al., 2014). 

Adhesion proteins facilitate cell aggregation, and MMPs can promote the invasion of 

CCA cells into neighbouring extracellular matrices (Won et al., 2014). Furthermore, 

ESPs can alter the expression of cancer-associated miRNAs, which are usually involved 

in inflammatory processes, oncogene regulation and cell proliferation (Pak et al., 2014). 

For instance, the down-regulation of let-7i, a miRNA that functions in tumour 

suppression, is suggested to be associated with the immune response to the C. sinensis 

infection (Pak et al., 2014). 
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During the host immune reaction, Toll-like receptors play key roles in recognising 

C. sinensis antigens (Yan et al., 2015). The expression of two types of Toll-like 

receptors (TLR2 and TLR4) have been found to be induced by C. sinensis ESPs (Yan 

et al., 2015). Interestingly, Yan et al. (2015) showed that the elevated TLR4 promotes 

the expression of the nuclear-factor κB (NF-κB) and tumour necrosis factor-α (TNF-α) 

in ESP-treated biliary epithelial cells. In addition, free radicals, which can be triggered 

by the C. sinensis ferritin heavy chain protein (CsFHC), have been shown to promote 

the expression of pro-inflammatory cytokines (IL-1β and IL-6) via the NF-κB 

signalling pathway (Nam et al., 2012; Mao et al., 2015). NF-κB also triggers the 

production of cyclooxygenase-2 (COX-2) and inducible nitric oxide synthase (iNOS) 

(Zheng et al., 2017). High-level expression of COX-2 can have a proliferative effect on 

tumour cells (Kim et al., 2009c), and the accumulation of iNOS generates endogenous 

nitric oxide (NO), which ultimately causes DNA damage and inhibits cell apoptosis 

(Zheng et al., 2017). NO can also lead to the formation of N-nitroso compounds, such 

as nitrosamine (Sripa et al., 2007). Being a primary carcinogen, nitrosamine can induce 

mutagenesis, and thus leads to a malignant transformation of epithelial cells (Sripa et 

al., 2007). Currently, the exact mechanism of how C. sinensis regulates host immune 

responses is still unclear, and requires further investigation. 

The immune response to clonorchiasis varies depending on definitive host species 

(Sohn et al., 2006). For example, some mouse strains have low susceptibility to C. 

sinensis infection (Uddin et al., 2012) - both type 1 T helper (Th1) and type 2 T helper 

(Th2) responses have been observed, supporting a significant up-regulation of 

immunoglobulin E (IgE), interferon gamma (IFN-ϒ) and interleukin 13 (IL-13) (Uddin 

et al., 2012). Compared with mice, rats are more susceptible and have an exclusive Th2 

response against clonorchiasis (Wang et al., 2009). Nonetheless, previously exposed 

rats are resistant to the re-infection with C. sinensis. Such rats exhibit high levels of 

serum IgE and bile immunoglobulin A (IgA) (Zhang et al., 2008a). In contrast to mice 

and rats, humans become readily re-infected (Sohn et al., 2006). In the bile and serum 

of infected humans, the levels of immunoglobulin G (IgG) and IgG4 correlate with 

infection intensity, whereas IgA and IgE are usually only moderately up-regulated (Yen 

et al., 1992). In the future, the cause of such differences in immune responses should 

be studied, which might provide opportunities for developing new ways of preventing 

infection or disease. 
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1.5. Diagnosis, treatment and control 

 

Diagnosis 

 

Clonorchiasis can be diagnosed using various methods, including the microscopic 

detection of eggs in faeces, PCR-based approaches, immunological techniques and/or 

ultrasound imaging (reviewed in Qian et al., 2016). Among these, egg detection 

methods are most widely used (Hong et al., 2003; Qian et al., 2013b). However, the 

eggs of C. sinensis are difficult to distinguish from those of other liver flukes, 

particularly those of O. viverrini (see Traub et al., 2009).  

Molecular methods are usually more sensitive and specific for diagnosis than 

traditional coproscopic or serological methods (reviewed by Qian et al., 2016). For 

example, a multiplex PCR technique that uses 2 pairs of primers from mitochondrial 

sequences has been applied to effectively detect C. sinensis and discriminate C. sinensis 

from O. viverrini (see Le et al., 2006). In addition to mitochondrial sequences, internal 

transcribed spacer (ITS) sequences have also been applied for molecular detection 

(Traub et al., 2009). Real-time fluorescence PCR technique has been combined with 

melting curve analysis to specifically detect C. sinensis and O. viverrini by amplifying 

mitochondrial nad2 or cox1 sequences from these two species (Sanpool et al., 2012; 

Cai et al., 2014). This technique has a high sensitivity, and the detection limit can be 

less than 1 pg of genomic DNA (Cai et al., 2014). Another rapid DNA detection method, 

called loop-mediated isothermal amplification (LAMP), seems quite promising for use 

in a field situation due to its high diagnostic specificity (100%) and sensitivity (~97%) 

(Cai et al., 2010; Chen et al., 2013; Rahman et al., 2017). This method can effectively 

detect C. sinensis in intermediate hosts and human faecal samples. In the future, 

advanced molecular diagnostic tools should be developed for detailed studies of 

biology and epidemiology, and for the monitoring of infection prevalence. 

 

Treatment and control 

 

No vaccine is yet available to prevent clonorchiasis in humans or any other definitive 

hosts (reviewed by Qian et al., 2016). The control of clonorchiasis relies on mass 

chemotherapy, health education, community awareness of the impact of clonorchiasis 

and CCA. 
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There is a long tradition of eating raw cyprinid fish in many parts of South China 

and Southeast Asia (Broglia et al., 2011; Vinh et al., 2017). In these areas, some people 

believe that eating raw fish improves their health and vitality (Hung et al., 2013), while 

others may know that the consumption of raw cyprinid fish leads to clonorchiasis (Vinh 

et al., 2017). However, social customs still encourage people in endemic regions to 

regard raw fish (infected with C. sinensis or not) as a delicacy (Qian et al., 2013a). This 

habit might be changed through health education, and can be applied successfully in 

combination with chemotherapy to decrease the prevalence of infection and the re-

infection rate in endemic areas (Oh et al., 2014). 

Mass chemotherapy with the only recommended drug, praziquantel (PZQ), is 

applied in areas endemic for clonorchiasis (Choi et al., 2010). Three doses of 25 mg/kg 

per day for 1 or 2 days are usually recommended (Hong and Fang, 2012; Qian et al., 

2013c). Using this regimen, the cure rate can reach 83%, and the faecal egg count 

reduction can reach 99% (Rim, 1986). However, 40% of people treated with the 

recommended dosage have adverse effects, including dizziness, sleepiness, headaches 

and/or even anaphylactic reactions (Shen et al., 2007). Another approved broad-

spectrum drug, tribendimidine, was tested in vitro and in vivo (Keiser and Vargas, 2010; 

Soukhathammavong et al., 2011; Xiao et al., 2011) and is reported to have an efficacy 

similar to PZQ for treating C. sinensis infection. A dose of 400 mg tribendimidine was 

found to have the best-tolerated effect, with a cure rate of 44-50% (Qian et al., 2013c; 

Xu et al., 2014). In addition, 400 mg tribendimidine daily for 3 days can achieve a cure 

rate of 58%. 

Other methods that rely on breaking the life cycle could be applied to control this 

parasite, but might have some challenges. For instance, the snail hosts of C. sinensis 

might be controlled using molluscicides (Wang et al., 2007). However, as molluscicides 

can be harmful to fishes and plants, this method has not been widely adopted. 

Eliminating the release of C. sinensis eggs into aquaculture environments by removing 

toilets near or over fish-ponds or waterways is a more practical and effective approach 

(Qian et al., 2016). With the rapid expansion of aquaculture industry in southern China, 

for example, fish are being increasingly cultured in existing rivers and lakes, making 

control much harder (Qian et al., 2016). Given the strengths and weakness of each of 

the above methods, an integrated management strategy (including education 

campaigns, breaking the lifecycle of the parasite and strategic PZQ treatment) is 

recommended to achieve effective control of C. sinensis and clonorchiasis. 
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Potential for drug resistance development 

 

Although the use of PZQ can achieve a substantial reduction in faecal egg counts in 

people (~ 99%) (Rim, 1986), cure rates vary in different geographic regions and are 

usually less than 85% (Choi et al., 2010). For instance, in Qiyang, China, with 75 mg/kg 

given in 4 doses, the cure rate of PZQ was 57% (Xu et al., 2014). Treatment failures 

often go unnoticed in patients with asymptomatic infection (Echaubard et al., 2016). 

Although there is no unequivocal evidence of drug resistance in C. sinensis (see Hong 

et al., 2012; Qian et al., 2016; Tang et al., 2016), resistance could develop, given 

reported cases of limited effectiveness of PZQ against C. sinensis in North Vietnam 

(Tinga et al., 1999) and the human blood fluke, Schistosoma mansoni, in Egypt (Ismail 

et al., 1999). In addition, drug resistant schistosome strains can be induced artificially 

within only five generations (Mwangi et al., 2014). Hence, it is reasonable to propose 

that drug-resistant strains of C. sinensis can develop. An understanding of the genetics 

and genomics of C. sinensis should facilitate studies of resistance, and also could assist 

in finding new interventions against clonorchiasis. 

 

1.6. Aspects of the genetics of C. sinensis  

 

Studies of C. sinensis from China and Russian Far East have reported that the karyotype 

of this species is 2n = 14 (Gao et al., 1987; Li, 1989; Gao et al., 1993; Zadesenets et al., 

2012), which is partly supported by the similar chromosome number of O. felineus (2n 

= 14) (Polyakov et al., 2010; Zadesenets et al., 2012) and O. viverrini (2n = 12) 

(Kaewkong et al., 2012; Zadesenets et al., 2012), whereas other research from China 

and Korea (Park et al., 2000) has shown a distinct number of chromosomes (2n = 56). 

An explanation might be that the latter karyotype (Park et al., 2000) might represent 

octoploid cells of normal C. sinensis (Zadesenets et al., 2012). In the gonads of 

opisthorchids, germ cell precursors, such as clusters containing eight cells or even 

octoploid cells were frequently observed (Gao et al., 1987; Gao et al., 1993; Zadesenets 

et al., 2012). Currently, the mechanism for maintaining diploidy in this fluke is unclear, 

although some evidence from planarians suggests that the number of chromosomes can 
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be restored by expelling sets of chromosomes from polyploid cells (Lentati, 1970). 

Another explanation is that these octoploid cells are formed by the fusion of two 

tetraploid gametes. Evidence of unreduced (tetraploid) eggs has been reported for 

Fasciola hepatica and Paragonimus westermani (see Terasaki et al., 1996; Fletcher et 

al., 2004). In addition, polyploidy is also often associated with parthenogenesis, which 

can lead to a novel lineage (Terasaki et al., 1996; Fletcher et al., 2004). 

 

1.7. Genetic variation within C. sinensis 

 

An approach to identifying cryptic species is to explore genetic variation among 

geographically distinct isolates. Numerous nuclear and mitochondrial loci have been 

sequenced, mostly for C. sinensis samples from China (Table 1-3). When considering 

the number of specimens sequenced and countries sampled, ITS-1 and cox1 are the 

most commonly used loci. By investigating this range of markers, most genetic 

variation studies suggest a low divergence of C. sinensis across endemic areas (Park 

and Yong, 2001; Lee and Huh, 2004; Le et al., 2006; Cai et al., 2012; Liu et al., 2012; 

Tatonova et al., 2012; Tatonova et al., 2013; Chelomina et al., 2014). Low genetic 

divergence within flukes is frequently reported and attributed, to some extent, to their 

complex life cycle, involving different life stages and up to three hosts (cf. Criscione et 

al., 2005; Prugnolle et al., 2005a; Prugnolle et al., 2005b; Criscione et al., 2011; Auld 

and Tinsley, 2015). Because C. sinensis is a hermaphrodite with a typical digenean life 

cycle, it can self-fertilise or might mate with other genetically identical clones within 

the same definitive host (cf. Lun et al., 2005). Selfing or inbred organisms are expected 

to be less genetic diverse than random-mating organisms due to an increased genome-

wide homozygosity and a reduced population size (Glemin and Galtier, 2012), as seen 

in the hermaphroditic tapeworm, Oochoristica javaensis (see Detwiler and Criscione, 

2017). Currently, the fertilisation process is poorly studied in C. sinensis. In other 

opisthorchiid liver flukes, such as O. viverrini and O. felineus, self-fertilisation (selfing) 

is thought to prevail, as heterozygote deficiency is commonly observed (Laoprom et al., 

2012; Zhigileva et al., 2014; Pitaksakulrat et al., 2017). In this case, a factor predicted 

to play a determining role in the mode of fertilisation is parasite density within the 

definitive host (Detwiler et al., 2017). In contrast, a high level of genetic diversity has 

been reported in the common liver fluke, F. hepatica (see Walker et al., 2011; Beesley, 
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2016; Beesley et al., 2017). In F. hepatica populations in the UK, out-crossing was 

predicted to be more frequent than selfing, particularly in sheep (Beesley, 2016; 

Beesley et al., 2017). It remains to be determined whether out-crossing plays a 

significant role in C. sinensis reproduction; this aspect warrants detailed investigation. 

Genetically identical C. sinensis cercariae derived from the asexual reproduction in 

snails might attach to the same freshwater fish and aggregate in the same definitive host. 

This bias may result in incorrect estimates of key population parameters (Criscione et 

al., 2005; Prugnolle et al., 2005b). For example, aggregated clones may mate with each 

other, increasing the degree of inbreeding and lowering the effective population size 

(Vilas et al., 2012). At the same time, clones are produced within the sedentary snail 

hosts, which contributes to local genetic homogeneity and prevents genetic exchange 

(Zhigileva et al., 2014). Furthermore, gene flow caused by host migration offsets the 

genetic diversification and local adaptation of the flukes (Gandon and Michalakis, 

2002). High levels of gene flow have been found among different C. sinensis isolates 

from geographically distinct areas (Tatonova et al., 2013; Chelomina et al., 2014), 

which appears to be introduced by hosts with high mobility (i.e. humans) (Criscione et 

al., 2005; Prugnolle et al., 2005a; Prugnolle et al., 2005b). In contrast to C. sinensis, 

which cycles in freshwater and terrestrial hosts, trematodes that only cycle in freshwater 

hosts, such as Deropegus aspina and Plagioporus shawi, have been proven to have 

well-structured populations and low levels of gene flow due to a relatively limited 

mobility of first intermediate hosts in freshwater (Criscione and Blouin, 2004). 

Previous research has revealed that genetic diversity patterns are linked to the 

geographical origins of C. sinensis (see Liu et al., 2012; Tatonova et al., 2012; Tatonova 

et al., 2013; Chelomina et al., 2014). Based on the variation in the ITS-1 sequence, 

Tatonova et al. (2012) divided C. sinensis into "northern" and "southern" groups. In 

other research, data for four mitochondrial loci (cox1, cox2, nad1 and nad2) suggested 

that a C. sinensis isolate from Heilongjiang (North China) clustered with a Russia 

isolate (Liu et al., 2012). These findings are supported by the proposed rapid expansion 

of C. sinensis from central China at the end of the Last Glacial Maximum (LGM) 

(15,000 yr BP) (Chelomina et al., 2014). During the glacial period, many areas in 

central and south China were predicted to have a relatively warm and stable climate 

and, thus, might have served as glacial refuges for different species (cf. You et al., 2010; 

Qiu et al., 2011) including the intermediate hosts of liver flukes. In Europe, previous 
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research found that most Bythinella spp. survived the Pleistocene in restricted refuges, 

whereas other lineages in permafrost regions perished (Benke et al., 2009).  

With the increased temperature following the ice age, many species migrated to the 

previously iced territory from their original refuges (Hewitt, 1999). This hypothesis is 

also consistent with the star-like haplotype network of Chinese liver fluke from 

endemic areas (Tatonova et al., 2013). In particular, a single cox1 haplotype lineage 

was detected in samples collected from geographically distinct areas (China, Russia 

and Vietnam) (Tatonova et al., 2013), suggesting that those individuals might have 

descended from a small population. Moreover, cox1 and ITS-1 sequences for C. 

sinensis individuals from China show a higher genetic diversity than those from Russia 

and Korea (Tatonova et al., 2012; Tatonova et al., 2013), which is consistent with a low 

similarity coefficient detected in the Guangdong group (South China) compared with 

the Heilongjiang group (North China) using PCR analysis of mobile genetic elements 

(MGE-PCR) and random amplification of polymorphic DNA (RAPD) (Lai et al., 2008), 

although the latter molecular methods have their limitations (De Wolf et al., 2004). 

Besides China, the Korean peninsula is also likely to have contained glacial refuges 

(Qiu et al., 2011). However, there is no clear evidence that C. sinensis has been 

subjected to long-term isolation, although isozyme profiles of adult flukes from China 

and Korea showed differences between the two populations (Park and Yong, 2001). 

 

1.8. Current genetic markers for C. sinensis 

 

Most genetic studies of C. sinensis have used a limited number of mitochondrial and/or 

nuclear loci (Park and Yong, 2001; Lee and Huh, 2004; Le et al., 2006; Cai et al., 2012; 

Liu et al., 2012; Tatonova et al., 2012; Sun et al., 2013; Tatonova et al., 2013; 

Chelomina et al., 2014) (Table 1-3). These loci display different levels of variability 

(Sun et al., 2013). For example, the ITS-2 sequence was reported to be conserved in 

multiple studies (Liu et al., 2007; Tatonova et al., 2012; Shin et al., 2013), whereas the 

cox1 sequence varied by 2.17% (Sun et al., 2013). Compared with ITS-2 sequences, the 

cox1 sequence is employed for assessing levels of intraspecific variation (Vilas et al., 

2005; Vanhove et al., 2013; Blasco-Costa et al., 2016). The level of intraspecific 

divergence in mitochondrial DNA (mtDNA) usually varies considerably in 

platyhelminths (Vilas et al., 2005). However, which mtDNA marker is most suitable 
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for genetic variation research in trematodes is still contentious (Blasco-Costa et al., 

2016). In future, this problem might be addressed by comparing the variability of each 

mt protein-encoding gene among geographically distinct isolates of C. sinensis. With 

the newly published mt genomes from China, Russia and Korea, such an analysis is 

feasible and might provide an opportunity to define “variable” markers in C. sinensis 

(see Shekhovtsov et al., 2010; Cai et al., 2012; Wang et al., 2017b). It would also be 

useful to explore genetic variation using a large number of nuclear genomic markers. 

Microsatellite markers were developed for C. sinensis (Nguyen et al. 2015), but have 

not yet been used for population genetic studies of this species. The advent of next-

generation sequencing (NGS) now enables high-throughput sequencing of whole-

genomes, which provides an opportunity to better define relationships within and 

among geographically distinct populations, and to investigate loci involved in the 

infection process and parasitism. 

 

Methods for studying genetic variation in genomes of C. sinensis and other 

trematodes 

 

Currently, most genome-wide variation studies of trematodes have identified 

nucleotide-level variants by mapping read data to a single reference sequences, 

assuming that this sequence is sufficient to represent all the isolates (see Clement et al., 

2013; Cwiklinski et al., 2015; Young et al., 2015; Crellen et al., 2016). This approach 

is usually suited for the comparison of isolates representing the same species of the 

same karyotype. For instance, Schistosoma japonicum, another important trematode 

endemic in East Asia, has the same karyotype as other schistosome species (seven pairs 

of autosomal chromosomes and one pair of sex chromosomes) (Rollinson et al., 1997; 

Lawton et al., 2011), which enables detailed phylogeographic investigations using a 

read-mapping approach (cf. Young et al., 2015). However, mapping reads to a single 

reference genome can create false-positive read alignments or may miss strain-specific 

sequences when genomes with large-scale rearrangements are compared, especially for 

the taxa representing a species complex, which might be the case for C. sinensis, given 

the observed evidence of karyotypic variation among geographically distinct isolates 

(Park and Yong, 2001; Zadesenets et al., 2012).  

An alternative method would be to de novo-assemble genomes from geographically 

distinct isolates and then to evaluate genetic variation within syntenic blocks among the 
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assembled genomes. Although the comparison of genomes might require sophisticated 

bioinformatic analyses and substantial computational resources, this approach is 

particularly applicable only a few geographical distinct isolates within a suspected 

species complex are compared. Given the evidence of cryptic species and/or species 

complexes within opisthorchiid flukes and other trematodes (e.g., Saijuntha et al., 2007; 

Leung et al., 2009; Criscione et al., 2011), selecting a suitable approach for 

genomic/genetic comparisons is critical for future genetic studies. 

 

1.9. Molecular investigations using genomic, transcriptomic and/or proteomic 

tools  

 

Molecular research has been benefited enormously from the rapid development of 

sequencing and bioinformatic techniques (Korhonen et al., 2016). In 2011, the first 

genome assembly for C. sinensis was published (Wang et al., 2011). Two years later, a 

refined genome, with a re-annotation and corresponding transcriptomic analysis, was 

published (Huang et al., 2013). The latest assembly is 547 Mb in size, and the N50 size 

is 417 kb; 13,634 genes were predicted for the genome, 79.6% of which is annotated 

(Huang et al., 2013). This genome provided a foundation for the study of a wide range 

of biological processes and mechanisms. 

 

Explorations of key biological processes in C. sinensis 

 

After being consumed and digested by the host, metacercariae migrate and excyst in 

upper small intestine (Sripa et al., 2010). During this process, the excystment is not 

only modulated by the host digestive enzymes, but also facilitated by the proteases 

secreted by the metacercariae (Li et al., 2004). These proteases can cleave the disulfide 

bonds in proteins of the cyst wall (Li et al., 2004). Families of C. sinensis proteases, 

including serine and cysteine proteases, have been annotated, and are highly transcribed 

in metacercariae (Nithikathkul et al., 2007; Yoo et al., 2011; Huang et al., 2013). 

     Following excystment, a juvenile liver fluke relies mainly on the energy from 

lipoproteins, which are abundant in different forms in bile ducts (Manzato et al., 1976). 

Studies have shown that C. sinensis has evolved a series of molecular mechanisms 

needed to absorb and digest nutrients from the host. For example, pathways in the 
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tricarboxylic acid (TCA) cycle, fatty acid metabolism and glycolysis were identified 

(Wang et al., 2011). However, the de novo fatty acid biosynthesis pathway is absent 

(Huang et al., 2013), which means that the acquisition of fatty acid from the host animal 

is crucial to C. sinensis. In addition, multiple Niemann-Pick C2 (NPC2) genes, which 

function in lipid transportation and chemical homeostasis, have been annotated and are 

highly transcribed in C. sinensis (see Huang et al., 2013). Transporter genes for fatty 

acids, glucose and other nutrients are also highly transcribed (Huang et al., 2013), and 

free amino acids can also be transformed into part of TCA cycle. Moreover, cathepsin 

F genes, a key component of the lysosomal proteolytic system (Santamaria et al., 1999), 

are highly transcribed/expressed in adult C. sinensis (see Kang et al. 2010).  

During the energy metabolism of the flukes, substantial oxygen is required to oxidise 

FADH2 and NADH, to generate ATP (Tielens et al., 1984). This requires a relatively 

high utilisation of oxygen in the micro-aerobic environment of the biliary system 

(Rashid et al., 1997). Three globin genes have been identified in C. sinensis (see Huang 

et al., 2013), of which myoglobin was found to be highly transcribed (Huang et al., 

2013). Myoglobins are known to have a high oxygen affinity in trematodes, suggesting 

an ability of C. sinensis to efficiently consume oxygen (Rashid et al., 1997). 

Excretory-secretory (ES) proteins play critical roles in migration, excystment, 

detoxification and feeding (Zheng et al., 2011). To date, 297 ES protein genes have 

been identified in the C. sinensis genome, which mainly function in lipid-binding, 

transportation, peptide hydrolysis and/or peptidase inhibition (Huang et al., 2013). 

Among them, six secretory cysteine protease genes are highly transcribed in C. sinensis, 

reflecting their roles in the degradation of host proteins during parasite invasion (Na et 

al., 2006; Huang et al., 2013). Moreover, nine C. sinensis ES protein genes have been 

proposed to function in cell proliferation. Among them, a granulin gene is highly 

transcribed in the sucker of the fluke. In humans, granulins have been shown to play 

roles in mediating cell growth during normal development and in tumorigenesis 

(Bateman and Bennett, 2009). The high expression of granulin in C. sinensis suggests 

that this gene might be involved in the genesis of cholangiocarcinoma (Huang et al., 

2013).  
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1.10. Conclusions 

 

The appraisal of the literature shows that C. sinensis is a highly significant carcinogenic 

fluke of humans and other fish-eating mammals. Although aspects of the biology, 

epidemiology, pathogenesis and control of C. sinensis have been investigated, the 

genetics and genomics of this parasite has only recently been tackled. The published 

genome for a Chinese isolate of C. sinensis will assist in improving the understanding 

of this parasite and the diseases that it causes. However, to date, no study has yet 

focused on assessing genetic variation at the whole mitochondrial or nuclear genome 

level. Furthermore, there is a paucity of information about genetic variation in protein-

encoding genes of known or inferred biological relevance.  

 

This thesis focuses on addressing three research aims: 

 

(1) To assess variation in the mitochondrial genome between C. sinensis from China, 

Korea and Russia (Chapter 2);  

(2) To sequence, assemble and annotate a nuclear genome of a Korean isolate and 

compare it with that of the published genome of a Chinese isolate. (Chapter 3); and 

(3) To explore the population structure of Schistosoma japonicum in China and detect 

genes under positive selection within geographically distinct locations (Chapter 4). 
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Table 1-1 Species of freshwater snails presently recognised as first intermediate hosts 

of Clonorchis sinensis 
Country Region/province Family Species References 

Russia Far East Bithyniidae Parafossarulus manchouricus (=P. 

striatulus), P. spiridonovi 

Fattakhov et al. (2012); 

Chelomina et al. (2014); 

Köhler (2016) Semisulcospiridae Semisulcospira (=Koreoleptoxis) 

amurensis* 

Japan 
 

Bithyniidae P. manchouricus Yoshida (2012) 

Republic 

of Korea 

 
Bithyniidae P. manchouricus Choi (1984) 

China North-East 

(Heilongjiang, 

Liaoning) 

Bithyniidae P. manchouricus， P. 

anomalospiralis  

Lun et al. (2005); Tang et 

al. (2016) 

Semisulcospiridae S. cancellata, S. amurensis 

Central China 

(Anhui, Henan, 

Hubei, Hunan，

Jiangxi) 

Bithyniidae Bithynia longicornis (=Alocinma 

longicornis), B. fuchsianus, B. 

misella, P. manchouricus, P. sinensis, 

P. anomalospiralis 

Lun et al. (2005); Tang et 

al. (2016) 

Semisulcospiridae S. cancellata 

South China 

(Guangdong, 

Guangxi) 

Bithyniidae B. longicornis, B. fuchsianus, B. 

misella, P. manchouricus, P. sinensis 

Lun et al. (2005); Zhang et 

al. (2007); Tang et al. 

(2016) Semisulcospiridae S. cancellata 

Assimineidae Assiminea lutea 

Thiaridae Melanoides tuberculata 

Vietnam North Bithyniidae P. manchouricus, B. siamensis, B. 

longicornis*, B. fuchsiana* 

Chelomina et al. (2014); 

Doanh and Nawa (2016) 

Thiaridae M. tuberculata 

Thailand 
 

Thiaridae M. tuberculata Traub et al. (2009) 

* Potential host only 
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Table 1-2 Families and genera of freshwater fishes presently recognised as secondary 

intermediate hosts of Clonorchis sinensis 
Country/ 

region 

Family Genus References 

Russia Bagridae; Cyprinidae 

 

 

Pseudobagrus; Tachysyrus; Liocassis Fattakhov et al. 

(2012) 

Republic 

of Korea 

Bagridae; Cyprinidae; 

Osmeridae; 

Osphronemidae; 

Percichthyidae; 

Pristigasteridae 

 

Abbottina; Acanthorhodeus; Acheilognathus; 

Aphyocypris; Carassius; Coreobagrus; 

Coreoleuciscus; Coreoperca; Culter; Cyprinus; 

Erythroculter; Gnathopogon; Hemiculter; 

Hemibarbus; Hypomesus; Ilisha; Macropodus; 

Microphysogobio; Opsariichthys; Phoxinus; 

Pseudogobio; Pseudorasbora; Puntungia; Rhodeus; 

Saurogobio; Sarcocheilichthys; Siniperca; 

Squaliobarbus; Squalidus; Tribolodon; Zacco;  

Sohn (2009) 

Taiwan Cyprinidae 

 

Hemiculter Ooi et al (1997) 

China Bagridae; Cichlidae; 

Channidae; Cobitidae; 

Cyprinidae; Gobiidae; 

Odontobutidae; 

Poeciliidae; Sebastidae; 

Siluridae 

 

Abbottina; Acrossocheilus; Carassius; Channa; 

Cirrhinus; Ctenogobius; Ctenopharyngodon; 

Cyprinus; Distoechodon; Erythroculter; Gambusia; 

Gobio; Hemiculter; Hemiculterella; Heros; 

Hypophthalmichthys; Misgurnus; Megalobrama; 

Mylopharyngodon; Opsariichthys; Oreochromis; 

Parabramis; Parasilurus; Pelteobagrus; Perccottus; 

Phoxinus; Pseudorasbora; Rhodeus; Saurogobio; 

Sebastiscus  

 

Lun et al. (2005); 

Tang et al. (2016) 

 

Vietnam* Cichlidae; Cyprinidae 

 

Anabas; Carassius; Cirrhina; Ctenopharyngodon; 

Cyprinus; Hypophthalmichthys; Mylopharyngodon; 

Tilapia 

Van De et al. (2012); 

Doanh and Nawa 

(2016) 
* Reported as infected with C. sinensis - but may have been infected with metacercariae of multiple fish-borne trematodes  
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Table 1-3 Nuclear and mitochondrial genome loci used to characterise genetic 

variation in Clonorchis sinensis  
Locus Individuals sequenced for each country References 
 

Russia Japan Republic 

of Korea 

China Vietnam 
 

In nuclear genome       

18S rRNA - - 15 3 - Park and Yong (2001); Lee et al. (2004); Kang et al. 

(2008) 

ITS-1 65 - 20 384 26 Lee et al. (2004); Kang et al. (2008); Sun et al. (2011); 

Tatonova et al. (2012); Shin et al. (2013); Sun et al. 

(2013); Tatonova et al. (2017) 

5.8S 39 - 1 2 26 Tatonova et al. (2012); Tatonova et al. (2017) 

ITS-2 39 1 2 3 26 Park and Yong (2001); Lee et al. (2004); Tatonova et 

al. (2012); Shin et al. (2013); Tatonova et al. (2017) 

act - - - 256 - Sun et al. (2013) 

tub - - - 256 - Sun et al. (2013) 

ef-1a - - - 256 - Sun et al. (2013) 

Microsatellite 

markers 

- - 5 5 5 Nguyen et al. (2015) 

MGE and RAPD* - - - 44 - Lai et al. (2008) 

Whole nuclear 

genome 

- - 1 pooled 1 - Wang et al. (2011); Huang et al. (2013); Wang et al. 

(2018) 

In mitochondrial genome 

cox1 40 1 2 318 28 Park and Yong (2001); Lee et al (2004); Liu et al. 

(2012); Shin et al. (2013); Sun et al. (2013); Tatonova 

et al. (2013); Xiao et al. (2013); Chelomina et al. 

(2014) 

cox2 - - - 31 - Liu et al. (2012) 

cox3 - - - 257 - Park and Yong (2001); Sun et al. (2013) 

nad1 - - - 31 - Liu et al. (2012) 

nad2 - - - 59 - Liu et al. (2012); Xiao et al. (2013) 

nad4 - - - 256 - Sun et al. (2013) 

nad5 - - - 284 - Sun et al. (2013); Xiao et al. (2013) 

Whole mitochondrial 

genome 

1 

pooled 

- 2    

pooled 

1 

pooled 

- Shekhovtsov et al. (2010); Cai et al. (2012); Wang et 

al. (2017b) 
*Mobile genetic elements (MGEs); random amplified polymorphic DNA (RAPD) 
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Fig. 1-1 Life cycle of Clonorchis sinensis. Eggs from adult flukes in the definitive host 

are released into the environment and then eaten by a first intermediate snail host (e.g., 

Parafossarulus manchouricus) in freshwater; following asexual replication, cercariae 

are shed from the snail into water, undergo host searching and then invade a freshwater 

fish (e.g., cyprinid fish); metacercariae in infected fish are ingested by a definitive host 

(human, cat or dogs), excyst and then develop to juveniles which mature into 

reproductively active hermaphroditic adults. CCA = cholangiocarcinoma. 
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Fig. 1-2 The geographical distributions of intermediate hosts of Clonorchis sinensis 

in East Asia. This map indicates the distribution of the families of snail and fish 

intermediate hosts in relation to estimated prevalences (colour grading) of Clonorchis 

sinensis and regions in China, Vietnam and the Republic of Korea. Geographic 

boundaries are indicated by black lines; proposed refugia following glacial events are 

circumscribed by dotted blue lines (cf. Qiu et al., 2011).  
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Chapter 2 - Mitochondrial genomic comparison of Clonorchis 

sinensis from South Korea with other isolates of this species 
 

  

Abstract 

 

Clonorchiasis is a neglected tropical disease that affects more than 35 million people in 

China, Vietnam, South Korea, Thailand and parts of Russia. The disease-causing agent, 

Clonorchis sinensis, is a liver fluke of humans and other piscivorous animals, and has 

a complex aquatic life cycle involving snails and fish intermediate hosts. Chronic 

infection in humans causes liver disease and associated complications including 

malignant bile duct cancer. Central to control and to understanding the epidemiology 

of this disease is knowledge of the specific identity of the causative agent as well as 

genetic variation within and among populations of this parasite. Although most 

published molecular studies seem to suggest that C. sinensis represents a single species 

and that genetic variation within the species is limited, karyotypic variation within.        

C. sinensis among China, Korea (2n = 56) and Russian Far East (2n = 14) suggests that 

this taxon might contain sibling species. Here, we assessed and applied a deep 

sequencing-bioinformatic approach to sequence and define a reference mitochondrial 

(mt) genome for a particular isolate of C. sinensis from Korea (Cs-k2), to confirm its 

specific identity, and compared this mt genome with homologous data sets available 

for this species. Comparative analyses revealed consistency in the number and structure 

of genes as well as in the lengths of protein-encoding genes, and limited genetic 

variation among isolates of C. sinensis. Phylogenetic analyses of amino acid sequences 

predicted from mt genes showed that representatives of C. sinensis clustered together, 

with absolute nodal support, to the exclusion of other liver fluke representatives, but 

sub-structuring within C. sinensis was not well supported. The plan now is to proceed 

with the sequencing, assembly and annotation of a high-quality draft nuclear genome 

of this defined isolate (Cs-k2) as a basis for a detailed investigation of molecular 

variation within C. sinensis from disparate geographical locations in parts of Asia and 

to prospect for cryptic species. 
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2.1. Introduction 

 

After the Director General of the World Health Organization (WHO), Dr Margaret 

Chan, called for urgent action to eliminate human suffering from neglected tropical 

diseases (NTDs) (WHO, 2013) and the London Declaration in 2012 

(http://www.globalnetwork.org/london-declaration), there has been a major resolve to 

understand and tackle problems associated with NTDs, which are some of the most 

insidious and chronic illnesses of mankind, affecting billions of people worldwide 

(Molyneux et al., 2016). Amongst these diseases are opisthorchiasis and clonorchiasis, 

which are caused by liver flukes of the family Opisthorchiidae, with tens of millions of 

people affected, and ~600 million people at risk of infection (Keiser and Utzinger, 2005; 

Sripa et al., 2007; Young et al., 2010).  

Clonorchiasis is caused by a chronic infection by Clonorchis sinensis and, alone, is 

estimated to affect at least 35 million people predominantly in China, Vietnam, Korea, 

Thailand and some parts of Russia (Lun et al., 2005; Qian et al., 2016). This disease is 

linked to cholangitis and associated problems in the liver, most importantly, malignant 

bile duct cancer (cholangiocarcinoma) (Lun et al., 2005). Humans act as definitive hosts 

of C. sinensis (as do canids and felids), and become infected by eating raw cyprinoid 

fish containing a larval (metacercarial) stage of the parasite (cf. Young et al., 2010). 

Although this disease could be prevented if people simply consumed cooked instead of 

raw fish, it persists in endemic regions due to people’s cultural/eating habits (Qian et 

al., 2016). There is no anti-C. sinensis vaccine, and the treatment of infected people 

relies on the use of the anthelmintic praziquantel. In spite of having insights into some 

aspects of clonorchiasis (Lun et al., 2005; Qian et al., 2016), little is known about the 

epidemiology of this disease complex. 

Central to understanding the epidemiology of this disease is knowledge of the 

specific identity of the causative agent (C. sinensis), being able to track the transmission 

of this pathogen through different hosts, and genetic variation within and among 

populations of this parasite. However, it is not possible to unequivocally identify the 

species by microscopy, because some developmental stages, such as eggs and 

metacercariae, cannot be differentiated reliably from those of some other fluke species 

(e.g., Opisthorchis viverinni) (cf. Le et al., 2006). Currently, most published molecular 

evidence seems to suggest that C. sinensis represents a single species and that genetic 
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variation within the species is relatively low (Park and Yong, 2001; Lee and Huh, 2004; 

Petney et al., 2013). However, to date, most studies have used a relatively small number 

of genetic loci for specific identification (e.g., internal transcribed spacers of nuclear 

ribosomal DNA) and/or population genetic studies (e.g., act, tub, ef-1a, cox1, cox3, 

nad4 and nad5) (Park and Yong, 2001; Lee and Huh, 2004; Liu et al., 2007; Park, 2007; 

Katokhin et al., 2008; Lai et al., 2008; Shekhovtsov et al., 2009; Liu et al., 2012b; Shin 

et al., 2013; Sun et al., 2013; Tatonova et al., 2013; Xiao et al., 2013; Chelomina et al., 

2014), and it is not yet known whether “cryptic” (= morphologically similar, but 

genetically distinct) species exist within C. sinensis. Nonetheless, karyotypic 

differences in C. sinensis observed among China, Korea (2n = 56) and the Russian Far 

East (2n = 14) (Park and Yong, 2001; Zadesenets et al., 2012) do suggest that this might 

be the case. 

Relatively recently, three mitochondrial (mt) genomes were sequenced from single 

isolates of C. sinensis from Russia (Shekhovtsov et al., 2010), China and Korea (Cai et 

al., 2012) as a possible source of genetic markers to undertake future systematic and/or 

population genetic investigations. In the latter study, Cai et al. (2012) utilised their data 

sets (concatenated amino acid sequence data for 12 mt protein-coding genes) to infer 

the phylogenetic relationships among selected parasitic trematodes. In this published 

analysis, C. sinensis samples from China and Korea were more closely related to one 

another than either was to C. sinensis from Russia. Although the extent of variability 

within C. sinensis appears to be low, there have been no comprehensive studies to date 

to explore population genetic variation among relatively large numbers of isolates from 

disparate geographic locations using complete or near complete mt and/or nuclear 

genomic data sets. Nonetheless, such studies have been conducted on other flatworm 

parasites, such as the blood flukes Schistosoma japonicum and S. mansoni, using 

advanced deep sequencing and bioinformatics (Young et al., 2015; Crellen et al., 2016). 

In the present study, our goal was to assess and apply a deep sequencing-bioinformatic 

approach to sequence and define a reference mt genome for a particular isolate of            

C. sinensis from Korea, in order to confirm the specific identity of the parasite, and to 

compare this reference mt genome to all mt genomic data sets currently available for 

this and selected species of trematodes, as a basis for a nuclear genomic sequencing 

project and a future global analysis of genetic variation within and among isolates from 

parts of Southeast Asia. 

  



 
 

 45 

2.2. Materials and methods 
 

Isolation and procurement of the parasite 

 

Metacercariae of C. sinensis were isolated from tissues from naturally infected 

cyprinoid fish, Pseudorasbora parva, in the Jinju-si, South Gyeongsang Province, South 

Korea. This isolate was designated Cs-k2 and procured using established methods 

(Sohn et al., 2006). In brief, the fish were ground and digested in hydrochloric acid (0.1 

M HCl, pH 1.5) containing 0.01% pepsin (Sigma) for 2 h at 37°C, and the metacercariae 

were isolated by sieving (0.5 mm aperture), washing and sedimentation in physiological 

saline. Although the specific identity of metacercariae could not be unequivocally 

established by light microscopy (40-times magnification), their size and shape were 

consistent with those of C. sinensis (Kobayashi, 1917). Helminth-free, inbred Syrian 

golden hamsters (Mesocricetus auratus) were infected with metacercariae (n ~ 50) as 

described previously (Chung and Choi, 1988; Sohn et al., 2006), in accordance with 

protocols approved by the animal ethics committee of Gyeongsang National University. 

Eight weeks after infection, adult worms were collected from the bile ducts from 

hamster livers and then briefly cultured in vitro to allow the worms to regurgitate caecal 

contents using an established technique (Young et al., 2010). Then, worms were washed 

extensively in phosphate-buffered saline (pH 7.4) and frozen at -80ºC.  
 

Sequencing of total genomic DNA, and assembly and annotation of the mt genome 
 

High molecular weight genomic DNA was isolated from a pool of 95 adults of                  

C. sinensis using an established protocol (Sambrook, 1989). The total DNA amount 

was determined using a Qubit fluorometer dsDNA HS kit (Invitrogen), according to the 

manufacturer’s instructions. Genomic DNA integrity was verified by agarose gel 

electrophoresis and using a BioAnalyzer (2100, Agilent). A paired-end genomic library 

(500 bp insert size) was built, and assessed for both size distribution and quality also 

employing the BioAnalyzer. All sequencing was carried out on the HiSeq 2000 

sequencing platform (Illumina). The sequence data generated from the library were 

verified, and low-quality sequences, base-calling duplicates and adapters removed (Li 

et al., 2010). In total, 95 million reads were generated and exported to FASTQ (Cock 

et al., 2010). Several steps were taken to enforce read quality. Custom Perl scripts were 
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used to trim the last nucleotide from each read; nucleotides with a quality score of < 3, 

and Ns were removed. Quality-trimmed reads were retained if they were ≥ 90 nt in 

length. Each set of quality-filtered, and paired-end reads were mapped to a reference 

mt genome (GeneBank accession no. JF729304.1; Cai et al., 2012) using the program 

Bowtie2 (Langmead and Salzberg, 2012), using the default parameters for a gap penalty, 

with a maximum edit distance of 0.1 (allowing for 10% mismatch). Custom scripts were 

used to extract individual read pairs, which were then merged to form a paired-end 

interleaved FASTQ file. Reads were then assembled independently using the program 

Velvet (Zerbino and Birney, 2008), employing k-mers of 17-79 bp for de Bruijn graph 

construction. All paired-end reads were then aligned to the contigs to achieve 

scaffolding, and any remaining gaps were closed. 

Sequences with nucleotide homology to a previously published mt genome from       

C. sinensis from Korean (Cs-k1; accession no. JF729304.1; Cai et al., 2012) were 

identified by BLASTn (default settings, E-value: 10-5). Scaffolds containing parts of 

the mt genome were assessed for completeness and then trimmed to ensure that only a 

single copy of the mt genome remained. Then, mt protein-encoding genes, large and 

small subunits of the mt ribosomal (r) RNA genes (rrnS and rrnL, respectively) and the 

transfer (t) RNA genes were identified by pairwise alignment with the annotated mt 

genome of Cs-k1 using the program MUSCLE v.3.7 (Edgar, 2004). Annotated 

sequence data were imported using the program SEQUIN (available via 

http://www.ncbi.nlm.nih.gov/Sequin/) for the final verification of the mt genome 

organization/annotation prior to submission to the GenBank database. 

 

Sliding window analysis 

 

This analysis was performed on the aligned mt genome sequences of the four isolates 

of C. sinensis (Table 2-1) using an R package, “PopGenome” (Pfeifer et al., 2014). The 

sequences were first aligned using MUSCLE v.3.7 (Edgar, 2004); keeping the 

nucleotides in frame, there were no ambiguously aligned regions. A sliding window of 

300 bp (steps of 10 bp) was used to estimate nucleotide diversity (π) (Nei and Li, 1979) 

among four members (pairwise) of the C. sinensis. Nucleotide diversity for the 

alignments was plotted against midpoint positions of each window, and gene 

boundaries were defined. Separating the analyses in this way allowed a pairwise 
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comparison of general patterns within C. sinensis, in order to highlight conserved 

regions and other areas with potential for the definition of additional mt genetic markers 

with low, medium or high variability among representative isolates. 

 

Phylogenetic analysis 

 

The amino acid sequences conceptually translated from the mt genome of Cs-k2 were 

aligned with those predicted from other, publicly available mt genomes representing   

C. sinensis from Korea (Cs-k1), China (Cs-c1) and Russia (Cs-r1) (accession nos. 

JF729304.1, JF729303.1 and FJ381664.2, respectively; Cai et al., 2012; Shekhovtsov 

et al., 2010) and other selected trematodes (liver flukes; Table 2-1) using MUSCLE 

v3.7 (Edgar, 2004). Finally, all aligned sequence blocks were concatenated, and 

alignments assessed by eye. The optimal protein evolutionary model for each sequence 

was then assessed using the program ProtTest3.4.2 (Darriba et al., 2011) employing 

default settings. The concatenated, aligned sequences were then subjected to 

phylogenetic analysis using Bayesian inference (BI) and maximum likelihood (ML) 

methods. BI analysis was conducted employing Monte Carlo Markov Chain analysis in 

the program MrBayes v.3.2.2 (Ronquist et al., 2012); the optimal model for each 

partition of the concatenated sequences was applied in the inference, involving four 

chains and 2,000,000 iterations, sampling every 100th iteration; the first 500,000 

iterations were removed from the analysis as burn-in. ML analysis was carried out using 

the RAxML program (Stamatakis, 2014); the optimal amino acid substitution model 

inferred using the program ProtTest3.4.2 for each data partition was used in the 

‘PROTGAMMAGTR’ option for 1000 bootstrap replicates. The unrooted trees were 

viewed and drawn using the programs FigTree 

(http://tree.bio.ed.ac.uk/software/figtree/) and modified utilising the program 

PowerPoint (https://products.office.com/en-au/powerpoint). 

 

2.3. Results and discussion 
 

The circular mt genome assembled for C. sinensis from South Korea (Cs-k2) was 

13,877 bp in size. By comparison with another representative sequence for C. sinensis 

from Korea (Cs-k1; accession no. JF729304), we identified 36 genes (Table 2-2), 

including 12 protein-coding genes (cox1-3, nad1-6, nad4L, atp6 and cytb), 22 tRNA 
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genes, two rRNA genes and two non-coding regions. As expected, this mt genome lacks 

an atp8 gene, consistent with the other three previously published mt genomes 

representing C. sinensis from Korea, China and Russia (Cai et al., 2012; Shekhovtsov 

et al., 2010). All protein-coding genes have an ATG or GTG as an initiation codon 

(encoding for methionine and valine) and a TAG or TAA as a termination codon. The 

mt gene order is consistent with that of the Opisthorchiidae, Fasciolidae and 

Paragonimidae (cf. Le et al., 2000; Le et al., 2002; Cai et al., 2012). The nucleotide 

content of the mt genomic sequence is biased toward A+T (60%), with T (43%) being 

the most favoured nucleotide, and C (12.5%) the least favoured, in accord with mt 

genomes of some other trematodes sequenced to date (Le et al., 2002). 

Having established the features of the present mt genome of C. sinensis (Cs-k2), we 

established levels of nucleotide variation (%) along the whole mt genome between         

C. sinensis from Korea (accession no. KY564177) and other distinct isolates from 

Korea (Cs-k1), China (Cs-c1) and Russia (Cs-r1) (accession nos. JF729304, JF729303 

and FJ381664, respectively; Cai et al., 2012; Shekhovtsov et al., 2010). Sliding window 

analyses (Fig. 2-1) showed that the present isolate (Cs-k2) of C. sinensis from Korea is 

genetically most distinct from the sample (Cs-c1) from China (mean π = 0.0051), 

followed by the isolate (Cs-r1) from Russia (FJ381664) (mean π = 0.0027), followed 

by another sample (Cs-k1) from Korea (JF729304) (mean π = 0.0023). In total, there 

were 96 variable sites, 74 of which were located in protein-encoding genes, 24 of which 

were non-synonymous alterations (Table 2-3). In the 12 protein coding genes, nad5 had 

most non-synonymous sites (n = 4), while atp6, nad1 and nad3 had only one non-

synonymous site each. 

Using available mt genomic data sets (see Table 2-1), we were able to assess the 

genetic relationships of the four distinct isolates of C. sinensis, including in the analyses 

sequences of eight selected species of trematodes (liver flukes) for comparative 

purposes (Fig. 2-2). First, we assessed phylogenetic ‘informativeness’ at individual 

positions of the aligned, concatenated amino acid sequences. At the amino acid level, 

2,026 of 3,441 alignment positions were phylogenetically informative and 1,264 

(36.7%) were invariable (Table 2-4). Phylogenetic trees constructed using amino acid 

sequence data employing the BI and ML methods showed that all four C. sinensis 

isolates (Cs-k2, Cs-k1, Cs-c1 and Cs-r1) clustered together, with absolute nodal support, 

to the exclusion of other liver fluke representatives. Nonetheless, the clustering within 

C. sinensis was not well supported (nodal support: <0.5 or <50%) in the analyses 
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utilising each of the two tree-building methods, precluding further interpretation (Fig. 

2-2). 

Taken together, the comparison of mt genomes of C. sinensis in the present study 

showed consistency in the number and structure of genes as well as the lengths of 

protein-encoding genes, as reported previously for this trematode (cf. Shekhovtsov et 

al., 2010; Cai et al., 2012). Comparative analyses of the protein-coding genes showed 

limited or no sequence variation (mean: 0-0.21%) in nad4L and nad4, moderate 

variability (0.32-0.58%) in atp6, cox1, cox3, cytb, nad1, nad2, nad3 and nad5, and most 

variability (0.66-0.76%) in cox2 and nad6 (Table 2-4). This information suggests that 

most genes (used together or individually) should be suited for diagnostic applications 

(i.e. specific identification and/or differentiation), but the levels of nucleotide variation 

and phylogenetic signal established for the latter two most variable genes alone are 

inadequate to establish genetic relationships with high statistical support. Therefore, it 

is still unclear whether these two genes will find some continued utility for molecular 

epidemiological and/or genetic studies of C. sinensis. These findings suggest that future 

work should focus on nuclear genomic markers for such investigations. 

From a technical perspective, the deep sequencing-assembly-annotation approach 

taken in this study allowed us to rapidly characterise the mt genome of a C. sinensis 

isolate, whose specific identity required molecular confirmation. Considering labour, 

time as well as laboratory consumable- and salary costs, in our experience, this 

procedure is more cost effective to carry out than using PCR and/or cloning methods 

(cf. Shekhovtsov et al., 2010; Cai et al., 2012;). In addition, deep sequencing has the 

advantage that it achieves much higher genome coverage (>100 times) than the Sanger 

sequencing of amplicons, and allows the ready detection of nucleotide and amino acid 

sequence variability within and among samples. Our aim was to produce a (consensus) 

mt reference sequence for C. sinensis from Korea (Cs-k2), in which dominant 

nucleotides were recorded at individual sequence positions. Although some nucleotide 

variation was detected, it was subtle, consistent with limited sequence diversity 

recorded in mt DNA within most species of trematodes studied to date (Le et al., 2002; 

Li et al., 2010). Minor within-species nucleotide variability might relate to distinct 

substitution rates in mt genomes of distinct mitochondrion populations in various 

tissues of the worms or mt sequence differences among individual specimens within 

the pool of worms used here to prepare DNA for sequencing. However, establishing 

nucleotide variability within isolates (often containing tens to hundreds of individuals) 
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is considered less critical than defining positions of unambiguous nucleotide difference 

by comparison to sequences from other isolates. However, for any future population 

genetic or molecular epidemiological studies of C. sinensis, careful consideration must 

be given to “background” nucleotide variability that might occur within isolates 

containing multiple worms, such that no incorrect conclusions are made regarding 

nucleotide substitution rates in mt DNA.  

In conclusion, given the limited extent of variability in mt genomic sequences 

between/among isolates of C. sinensis studied thus far, it will be important to explore 

levels of variation in nuclear DNA on a global scale. Although a draft nuclear genome 

of C. sinensis from China is publicly accessible (Wang et al., 2011; Huang et al., 2013), 

there is a need to produce a higher quality nuclear genome reference sequence, to enable 

direct genome-genome comparisons and future applications of available genomic data 

sets. Therefore, now that we have verified the specific identity of the present isolate of 

C. sinensis from Korea (Cs-k2), we are now in a good position to proceed with the 

sequencing, assembly and annotation of a high-quality draft nuclear genome of this 

isolate, as a basis for a profound investigation of molecular variation within C. sinensis 

from disparate geographical locations in one or more parts of Asia or to prospect for 

cryptic species. 
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Table 2-1 Mitochondrial genomic sequences for Clonorchis sinensis and other trematodes from 

various geographical origins used in the present study, with accession numbers and references 

listed. 
Species (code) Geographical origin GenBank accession no.  References 

Clonorchis sinensis (Cs-k2) Jinju-si, Gyeongsangnam-do Province, South Korea KY564177 Present study 
C. sinensis (Cs-k1) Korea JF729304.1 (Cai et al., 2012) 

C. sinensis (Cs-c1) China JF729303.1 (Cai et al., 2012) 

C. sinensis (Cs-r1) Khabarovsk, Khabarovskiy Krai, Russia FJ381664.2 (Shekhovtsov et al., 2010) 

Dicrocoelium chinensis Gansu, China NC_025279.1 (Liu et al., 2014b) 

D. dendriticum Gansu, China NC_025280.1 (Liu et al., 2014b) 

Fasciola gigantica Guangxi, China NC_024025.1 (Liu et al., 2014a) 

F. hepatica 

 
Victoria, Australia NC_002546.1 (Le et al., 2001) 

Fasciola sp. (‘intermediate form’) Heilongjiang, China KF543343.1 (Liu et al., 2014a) 

Fascioloides magna Czech Republic NC_029481.1 (Ma et al., 2016) 

Opisthorchis felineus Novosibirsk Oblast, Russia NC_011127.2 (Shekhovtsov et al., 2010) 

O. viverrini Laos JF739555.1 (Cai et al., 2012) 
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Table 2-2 Comparisons of positions and nucleotide sequence lengths of genes as well as initiation and termination 

codons for protein-coding genes for mitochondrial genomes of Clonorchis sinensis currently accessible in public 

databases (cf. Table 2-1). Clonorchis sinensis from South Korea (Cs-k1 and Cs-k2), China (Cs-c1) and Russia (Cs-

r1). 
Gene/region Positions and nucleotide sequence lengths (bp) Initiation/termination codons 
  Cs-k2 Cs-k1 Cs-c1 Cs-r1 Cs-k2 Cs-k1 Cs-c1 Cs-r1 
cox3 1-642 (642) 1-642 (642) 1-642 (642) 1-642 (642) ATG/TAG ATG/TAG ATG/TAG ATG/TAG 

tRNA-His (H) 673-739 (67) 673-739 (67) 673-739 (67) 673-739 (67)     

cytb 748-1860 (1113) 748-1860 (1113) 748-1860 (1113) 748-1860 (1113) ATG/TAG ATG/TAG ATG/TAG ATG/TAG 

nad4L 1869-2132 (264) 1869-2132 (264) 1869-2132 (264) 1869-2132 (264) ATG/TAG ATG/TAG ATG/TAG ATG/TAG 

nad4 2093-3370 (1278) 2093-3370 (1278) 2093-3370 (1278) 2093-3370 (1278) GTG/TAG GTG/TAG GTG/TAG GTG/TAG 

tRNA-Gln (Q) 3383-3445 (63) 3383-3445 (63) 3383-3445 (63) 3383-3445 (63)     

tRNA-Phe (F) 3463-3528 (66) 3463-3528 (66) 3463-3528 (66) 3463-3527 (65)     

tRNA-Met (M) 3530-3597 (68) 3530-3597 (68) 3530-3597 (68) 3529-3596 (68)     

atp6 3598-4113 (516) 3598-4113 (516) 3598-4113 (516) 3597-4112 (516) ATG/TAG ATG/TAG ATG/TAG ATG/TAG 

nad2 4149-5021 (873) 4149-5021 (873) 4150-5022 (873) 4148-5020 (873) ATG/TAG ATG/TAG GTG/TAG GTG/TAG 

tRNA-Val (V) 5030-5094 (65) 5030-5094 (65) 5031-5095 (65) 5029-5093 (65)     

tRNA-Ala (A) 5112-5174 (63) 5112-5174 (63) 5113-5175 (63) 5111-5173 (63)     

tRNA-Asp (D) 5180-5248 (69) 5180-5248 (69) 5181-5249 (69) 5179-5247 (69)     

nad1 5252-6154 (903) 5252-6154 (903) 5253-6155 (903) 5251-6153 (903) GTG/TAG GTG/TAG GTG/TAG GTG/TAG 

tRNA-Asn (N) 6154-6222 (69) 6154-6222 (69) 6155-6223 (69) 6153-6221 (69)     

tRNA-Pro (P) 6231-6298 (68) 6231-6298 (68) 6232-6299 (68) 6230-6297 (68)     

tRNA-Ile (I) 6299-6360 (62) 6299-6360 (62) 6300-6361 (62) 6298-6359 (62)     

tRNA-Lys (K) 6383-6450 (68) 6383-6450 (68) 6384-6451 (68) 6382-6449 (68)     

nad3 6454-6810 (357) 6454-6810 (357) 6455-6811 (357) 6453-6809 (357) GTG/TAG GTG/TAG GTG/TAG GTG/TAG 

tRNA-SerAGN (S1) 6822-6881 (60) 6822-6881 (60) 6823-6882 (60) 6820-6880 (61)     

tRNA-Trp (W) 6899-6967 (69) 6899-6967 (69) 6900-6968 (69) 6898-6966 (69)     

cox1 6971-8530 (1560) 6971-8530 (1560) 6972-8531 (1560) 6970-8529 (1560) GTG/TAA GTG/TAA GTG/TAA GTG/TAA 

tRNA-Thr (T) 8544-8607 (64) 8544-8607 (64) 8545-8608 (64) 8543-8606 (64)     

16S rRNA 8608-9605 (998) 8608-9605 (998) 8609-9607 (999) 8607-9604 (998)     

tRNA-Cys (C) 9606-9664 (59) 9606-9664 (59) 9608-9666 (59) 9605-9663 (59)     

18S rRNA 9665-10,443 (779) 9665-10,443 (779) 9667-10,445 (779) 9664-10,442 (779)     

cox2 10,444-11,079 (636) 10,444-11,079 (636) 10,446-11,081 (636) 10,443-11,078 (636) ATG/TAG ATG/TAG ATG/TAG ATG/TAA 

nad6 11,099-11,560 (462) 11,099-11,560 (462) 11,101-11,562 (462) 11,098-11,559 (462) GTG/TAA GTG/TAA GTG/TAA GTG/TAA 

tRNA-Tyr (Y) 11,567-11,628 (62) 11,567-11,628 (62) 11,569-11,630 (62) 11,566-11,627 (62)     

tRNA-LeuCUN (L1) 11,629-11,694 (66) 11,629-11,694 (66) 11,631-11,696 (66) 11,628-11,693 (66)     

tRNA-SerUCN (S2) 11,692-11,760 (69) 11,692-11,760 (69) 11,694-11,762 (69) 11,691-11,759 (69)     

tRNA-LeuUUR (L2) 11,765-11,829 (65) 11,765-11,829 (65) 11,767-11,831 (65) 11,764-11,828 (65)     

tRNA-Arg (R) 11,842-11,906 (65) 11,842-11,906 (65) 11,844-11,908 (65) 11,841-11,905 (65)     

nad5 11,908-13,512 (1605) 11,908-13,512 (1605) 11,910-13,514 (1605) 11,907-13,511 (1605) GTG/TAA GTG/TAA GTG/TAA GTG/TAA 

tRNA-Glu (E) 13,523-13,589 (67) 13,523-13,589 (67) 13,525-13,591 (67) 13,522-13,588 (67)     

Non-coding region (NL) 13,590-13,743 (154) 13,590-13,742 (153) 13,592-13,744 (153) -     

tRNA-Gly (G) 13,744-13,810 (67) 13,743-13,809 (67) 13,745-13,811 (67) 13,748 – 13,808 (67)     

Non-coding region (NS) 13,811-13,877 (67) 13,810-13,877 (68) 13,812-13,879 (68) -     
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Table 2-3 Numbers of synonomous (S) and non-synonomous (NS) nucleotide 

alterations in the mitochondrial genes among all available mitochondrial genome 

sequences available for Clonorchis sinensis from Korea (Cs-k1 and Cs-k2), China (Cs-

c1) and Russia (Cs-r1). 

  

Gene 
  Cs-k2   Cs-c1   Cs-r1 

  S NS  S NS   S NS 

atp6  1 0  2 1  1 1 

cox1  6 3  0 0  6 3 

cox2  4 1  0 0  4 2 

cox3  2 2  4 2  3 2 

cytb  0 2  6 1  3 1 

nad1  1 0  4 1  3 0 

nad2  1 0  4 3  3 2 

nad3  0 0  2 0  1 1 

nad4L  0 0  0 0  0 0 

nad4  1 1  1 3  0 2 

nad5  2 1  7 4  4 1 

nad6  0 0  4 2  3 0 

Totals   18 10  34 17  31 15 
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Table 2-4 Summary of the features of the alignments of amino acid sequences predicted 

for individual protein-coding genes in the mitochondrial genomes of Clonorchis sinensis 

(n = 4) and eight other liver flukes (see Table 2-1) to establish alignment quality as well 

as the numbers of informative and invariable positions. 

Amino acid  

sequence 

Average 

length 

(bp) 

Alignment 

length 

(bp) 

Standard 

deviation 

(SD) 
 

Shortest  

(bp) 

Longest  

(bp) 

Informative  

positions 

Invariable 

positions 

ATP6 171 174 2.92 170 172 120 48 

COX1 515 522 7.57 510 520 220 288 

COX2 207 225 18.76 200 214 125 72 

COX3 213 216 2.50 213 216 157 55 

CYTB 370 372 1.91 369 371 161 208 

NAD1 299 301 1.22 299 300 153 145 

NAD2 289 293 3.84 288 290 221 66 

NAD3 117 119 1.53 116 118 83 32 

NAD4L 88 90 2.45 87 90 47 40 

NAD4 420 433 16.04 399 426 270 124 

NAD5 527 543 17.29 518 534 362 143 

NAD6 151 153 1.78 150 153 107 43 
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Table 2-5 Pairwise comparison of levels of sequence variation (%) in the mitochondrial gene or inferred 

amino acid sequences derived from mitochondrial genomes representing Clonorchis sinensis from Korea 

(Cs-k1 and Cs-k2), China (Cs-c1) and Russia (Cs-r1) (cf. Table 2-1). 
Gene  

(length (nt)) 

Nucleotide (nt) variation (%)  Predicted 

protein (length 

(aa)) 

Amino acid (aa) variation (%) 

 
Cs-k2 

vs. 

Cs-k1 

Cs-k2 

vs. 

Cs-c1 

Cs-k2 

vs. 

Cs-r1 

Cs-k1 

vs. 

Cs-c1 

Cs-k1 

vs. 

Cs-r1 

Cs-c1 

vs. 

Cs-r1 

 
 

Cs-k2 

vs. 

Cs-k1 

Cs-k2 

vs. 

Cs-c1 

Cs-k2 

vs. 

Cs-r1 

Cs-k1 

vs. 

Cs-c1 

Cs-k1 

vs. 

Cs-r1 

Cs-c1 

vs 

Cs-r1 

atp6 (516) 0.19 0.39 0.19 0.58 0.39 0.19  ATP6 (171) 0 0.58 0.58 0.58 0.58 0 

cox1 (1560) 0.58 0.58 0.13 0 0.58 0.58  COX1 (519) 0.58 0.58 0 0 0.58 0.58 

cox2 (636) 0.79 0.79 0.47 0 0.94 0.94  COX2 (211) 0.47 0.47 0.47 0 0.95 0.95 

cox3 (642) 0.78 0.31 0.16 1.09 0.93 0.16  COX3 (213) 0.47 0 0 0.47 0.47 0 

cytb (1113) 0.18 0.63 0.36 0.63 0.36 0.27  CYTB (370) 0.54 0.27 0.27 0.27 0.27 0 

nad1 (903) 0.11 0.66 0.44 0.55 0.33 0.22  NAD1 (300) 0 0.33 0 0.33 0 0.33 

nad2 (873) 0.23 0.69 0.46 0.92 0.69 0.46  NAD2 (290) 0 1.03 0.69 1.03 0.69 0.34 

nad3 (357) 0 0.56 0.56 0.56 0.56 0.56  NAD3 (118) 0 0 0.85 0 0.85 0.85 

nad4 (1278) 0.16 0.31 0.16 0.31 0.16 0.16  NAD4 (425) 0.24 0.47 0.24 0.71 0.47 0.24 

nad4L (264) 0 0 0 0 0 0  NAD4L (87) 0 0 0 0 0 0 

nad5 (1605) 0.19 0.62 0.37 0.69 0.31 0.37  NAD5 (534) 0.19 0.56 0 0.75 0.19 0.56 

nad6 (462) 0 1.3 0.65 1.3 0.65 0.65  NAD6 (153) 0 1.31 0 1.31 0 1.31 
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Fig. 2-1 Sliding window analyses between mitochondrial genomes of Clonorchis sinensis 

from Korea (Cs-k2 and Cs-k1), China (Cs-c1) and Russia (Cs-r1) (cf. Table 2-1) upon 

pairwise comparison (Cs-k2 vs. Cs-k1, Cs-k2 vs. Cs-c1, Cs-k2 vs. Cs-r1, Cs-k1 vs. Cs-

c1, Cs-k1 vs. Cs-r1 and Cs-c1 vs. Cs-r1). Nucleotide diversity (π) was measured 

iteratively with a 10 bp-step using a 300 bp-window. Average diversity indicated by a 

dashed line. 
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Fig. 2-2 Phylogenetic relationship of Clonorchis sinensis (isolate Cs-k2) with three 

other representatives of this species as well as other (selected) species of trematodes (cf. 

Table 2-1) inferred based on analyses of aligned concatenated amino acid sequences 

derived from mitochondrial genomes using two distinct tree-building algorithms 

(Bayesian inference [BI] and maximum likelihood [ML]). The presented branch length 

is inferred using the program RAxML (Stamatakis, 2014). The scale bar represents 0.1 

substitution per site. Posterior probability (pp) support and bootstrap (bs) support values 

for BI and ML, respectively, are indicated at each node of the tree (in this order). 

Dicrocoelium species used as outgroups.  
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Chapter 3 - Improved genomic resources and new 

bioinformatic workflow for the carcinogenic parasite 

Clonorchis sinensis: Biotechnological implications 
 

 

Abstract 

 

Clonorchis sinensis (family Opisthorchiidae) is an important foodborne parasite that 

has a major socioeconomic impact on ~ 35 million people predominantly in China, 

Vietnam, Korea and the Russian Far East. In humans, infection with C. sinensis causes 

clonorchiasis, a complex hepatobiliary disease that can induce cholangiocarcinoma 

(CCA), a malignant cancer of the bile ducts. Central to understanding the epidemiology 

of this disease is knowledge of genetic variation within and among populations of this 

parasite. Although most published molecular studies seem to suggest that C. sinensis 

represents a single species, evidence of karyotypic variation within C. sinensis and 

cryptic species within a related opisthorchiid fluke (Opisthorchis viverrini) emphasise 

the importance of studying and comparing the genes and genomes of geographically 

distinct isolates of C. sinensis. Recently, we sequenced, assembled and characterised a 

draft nuclear genome of a C. sinensis isolate from Korea and compared it with a 

published draft genome of a Chinese isolate of this species using a bioinformatic 

workflow established for comparing draft genome assemblies and their gene 

annotations. We identified that 50.6% and 51.3% of the Korean and Chinese C. sinensis 

genomic scaffolds were syntenic, respectively. Within aligned syntenic blocks, the 

genomes had a high level of nucleotide identity (99.1%) and encoded 15 variable 

proteins likely to be involved in diverse biological processes. Here, we review current 

technical challenges of using draft genome assemblies to undertake comparative 

genomic analyses to quantify genetic variation between isolates of the same species. 

Using a workflow that overcomes these challenges, we report on a high-quality draft 

genome for C. sinensis from Korea and comparative genomic analyses, as a basis for 

future investigations of the genetic structures of C. sinensis populations, and discuss 

the biotechnological implications of these explorations. 
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3.1. Introduction 

 

Parasitic flatworms (phylum Platyhelminthes; class Trematoda) include 

socioeconomically important foodborne pathogens that are responsible for some 

neglected tropical diseases that affect humans and other vertebrates, particularly in 

Asian countries (Furst et al., 2012; Torgerson, et al., 2015). For example, Clonorchis 

sinensis causes clonorchiasis, which impacts ~ 35 million people predominantly in 

China, Vietnam, Korea and the Russian Far East (Lun et al., 2005; Qian et al., 2012). 

More than 13.5 million people are infected with C. sinensis in China and the Republic 

of Korea alone (Qian et al., 2012). Clonorchiasis is a chronic hepatobiliary disease that 

can induce cholangiocarcinoma (CCA), a fatal cancer of the biliary system. Despite C. 

sinensis being classified as a Class I carcinogen by the International Agency for 

Research on Cancer (Choi et al., 2004, 2011), the complex biology of C. sinensis and 

the persistent cultural practice of eating raw fish have impeded efforts to control 

clonorchiasis and associated CCA in many regions of Asia. 

The life cycle of C. sinensis commences when its eggs are ingested by a freshwater 

snail (e.g., bithynid) (Kaewkes 2003). Within the snail, a miracidium emerge from each 

egg, transforms into a sporocyst, which then undergoes asexual reproduction to 

eventually produce cercariae. Cercariae leave the snail, penetrate the skin of a 

freshwater cyprinid fish and encyst as metacercariae in tissues (Kaewkes 2003). When 

the definitive host ingests an infected fish, encysted metacercariae pass through the 

gastrointestinal tract, excyst in the small intestine and the juvenile flukes pass through 

the ampulla of Vater to establish in the biliary and/or pancreatic ducts. Within the 

intrahepatic biliary tree, the worms rapidly mature into hermaphroditic adults, which 

produce fertilised eggs that are released via faeces into the environment.  

Chronic C. sinensis infection causes cholangitis, fibrosis, cholecystitis and associated 

cancer (CCA) (Qian et al., 2016). Despite the impact of clonorchiasis, no vaccines are 

available to prevent infection, and integrated control programs rely on health education, 

community awareness of the disease and chemotherapy with praziquantel - the only 

drug in current use to treat this disease (Oh et al., 2014). Although these strategies can 

be effective at controlling clonorchiasis, the prevalence of infection remains high in 

endemic areas due to the cultural practice of eating raw freshwater fish and because       

C. sinensis does not induce a protective immune response in humans (Oh et al., 2014; 

Qian et al., 2016). The repeated and prolonged use of a single drug can increase the risk 
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of C. sinensis developing resistance to praziquantel (Tinga et al., 1999) and highlights 

the importance of developing alternative methods to prevent infection, including novel 

approaches to perturb cellular processes in C. sinensis within the mammalian host (Qian 

et al., 2016). To underpin these alternative approaches, a detailed understanding of the 

molecular biology of this parasite is required. 

In 2010, the first transcriptome of adult C. sinensis was assembled de novo (Young 

et al., 2010), and in 2011 the first draft genomes of a Chinese isolate (designated here 

as Cs-c2) was published (Huang et al., 2013a; Wang et al., 2011). Profiling of the 

transcriptomes of eggs, metacercariae and adults (Yoo et al., 2011) and selected tissues 

of adult worms (Huang et al., 2013a) have provided transcriptional evidence of gene 

regulation throughout the life cycle of C. sinensis. This new genomic resource provided 

first insights into the molecular biology of this worm. For instance, the C. sinensis 

genome encodes genes required for fatty acid metabolism but lacks genes essential for 

fatty acid biosynthesis which are present in other eukaryotes, suggesting that C. sinensis 

has evolved to depend on host lipids (Huang et al., 2013a; Wang et al., 2011). In addition, 

predicted excretory-secretory products (ESPs) and tegumental proteins have been 

characterised and reported to include known flatworm antigens and other 

immunomodulators (Bian et al., 2014; Chen et al., 2014; Huang et al. 2012a, 2013b; 

Liang et al., 2014). This knowledge has led to a new understanding of complex host-

pathogen interactions (Hu et al., 2014; Li et al., 2014a; Liang et al., 2014; Chen et al., 

2015; Wang et al., 2014, 2017a) and has the potential to guide vaccine development 

(Huang et al., 2012a; Chen et al., 2014). 

Thus far, it has been assumed that a reference genome of a single C. sinensis isolate 

is sufficient to represent all geographically distinct isolates of this species (Wang et al., 

2011; Huang et al., 2013a). However, some studies have shown that C. sinensis from 

China and Korea have a karyotype (2n = 56) (Park and Yong 2001) that is distinct from 

that (2n = 14) of the Russian Far East (Zadesenets et al., 2012), suggesting the existence 

of cryptic species. Reports of significant genetic differences between geographically 

distinct isolates of Opisthorchis viverrini, a related opisithorchiid fluke, provides 

evidence that cryptic species occur (Saijuntha et al., 2007; Laoprom et al., 2009; 

Kiatsopit et al., 2011). Studies exploring genetic variation within C. sinensis have 

predicted low divergence among parasite populations using a small number of genetic 

loci (Lee and Huh, 2004; Le, et al. 2006; Cai et al., 2012; Liu, et al. 2012; Tatonova, et 

al. 2012, 2013; Sun et al. 2013; Chelomina et al., 2014). Recently, we compared 
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mitochondrial genomes of C. sinensis isolates from Korea (designated Cs-k1 and Cs-k2; 

Cai et al., 2012; Wang et al., 2017b), China (Cs-c1; Cai et al., 2012) and Russia 

(designated Cs-r1; Shekhovtsov et al., 2010) and also observed limited genetic variation 

within and among these isolates (Wang et al., 2017b). However, no study has yet 

assessed genetic variation in C. sinensis at the whole nuclear genomic level. In other 

flatworm species, a genome sequence survey approach was used to characterise 

variation within Fasciola hepatica (see Cwiklinski et al., 2015), Schistosoma mansoni 

(see Clement et al., 2013; Crellen et al., 2016) and Schistosoma japonicum (see Young 

et al., 2015; Yin et al., 2016). These studies assumed that an existing genome was a 

suitable reference template for the mapping of sequence reads, to identify nucleotide-

level variants between or among isolates. An alternative approach would be to 

independently assemble genomes from geographically distinct isolates and then to 

establish levels of genome synteny and genetic variation within syntenic regions of 

individual genomes. This alternative approach is more applicable when it is unclear that 

a single reference genome is suitable for comparative analysis of isolates within a 

suspected species complex, such as C. sinensis. 

Here, we review a validated bioinformatic workflow system, designed for the 

comparison of draft genome assemblies and derived gene annotations. Using this 

workflow, we compare a draft genome of a Korean C. sinensis isolate (Cs-k2) with that 

of Chinese C. sinensis isolate (Cs-c2; Huang et al., 2013a) and reveal a high level of 

nucleotide similarity within the syntenic regions of the two genomes and identified two 

variable genes that encode proteins likely to participate in lipid metabolism and linked 

to the life of C. sinensis in the host’s biliary system. By comparing aligned syntenic 

blocks between the draft genomes, we estimate nucleotide variability between the 

isolates, and assess synonymous and nonsynonymous mutations in protein-coding 

genes involved in diverse biological processes. The present article emphasises the 

challenges associated with genomic comparisons and encourages future investigations 

of the involvement of variable genes in host-parasite relationships, and their biological 

and biotechnological relevance. 
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3.2. Material and methods 

 

Metacercariae of C. sinensis were isolated from naturally infected cyprinoid fish, 

Pseudorasbora parva, in the Jinju-si, Gyeongsangnam-do province, South Korea using 

established approaches (Sohn et al., 2006). In brief, fish were ground and digested in 

pepsin-hydrochloric acid (HCl) (0.01% pepsin (Sigma) in 0.1 M HCL) for 2 h at 37°C; 

then, metacercariae were isolated by sieving (0.5 mm aperture), washing and 

sedimentation in physiological saline. The identity of metacercariae was confirmed by 

light microscopy (40-times magnification) using established methods (Sohn 2009). 

Subsequently, helminth-free, inbred Syrian golden hamsters (Mesocricetus auratus) 

were infected with metacercariae (n = 50) as described previously (Sohn et al., 2006), 

in accordance with protocols approved by the Gyeongsang National University animal 

ethics committee. Juvenile (2 week-old) or adult (8 week-old) worms were collected 

from the bile ducts of euthanased hamsters, and worms were cultured in vitro to allow 

them to regurgitate caecal contents (Young et al., 2010). Subsequently, all 

developmental stages of C. sinensis were washed separately and extensively in 

physiological saline, snap-frozen in liquid nitrogen and then stored at -80 ºC. 

High molecular weight genomic DNA (> 15 µg) was isolated from 95 adult (8 week-

old) worms using an established protocol (Brindley et al., 1989). The DNA amount was 

determined using a Qubit fluorometer employing the dsDNA HS kit (Invitrogen), 

according to the manufacturer’s instructions. DNA integrity was verified by agarose gel 

electrophoresis. Whole genome amplification (WGA) using the REPLI-g Midi Kit 

(Qiagen) and 200 ng of genomic template was used to produce the required amount of 

DNA for the construction of the 10 kb library. Short-insert (170 bp and 500 bp) and 

mate-pair (800 bp, 2 kb, 5 kb and 10 kb) genomic DNA libraries were constructed and 

paired-end sequenced using TruSeq sequencing chemistry employing the HiSeq 2000 

sequencing platform (Illumina) (Supplementary File 3-1). The sequence data produced 

from each genomic DNA library were verified, and low quality sequences, base-calling 

duplicates and adapters removed using established methods (Li et al., 2010). Briefly, all 

sequences produced from short-insert libraries were corrected via majority voting over 

aligned k-mers (n = 17) (Li et al., 2010). In addition, reads were filtered if: (1) > 10% 

of the read contained continuous adenosine mono-phosphates (poly-A) or ambiguous 

(designated as ‘N’) bases;  (2) > 65% of all bases in small insert-size libraries (i.e. < 800 

bp) had a Phred quality of < 8; (3) > 80% of all bases in large insert libraries (2 kb, 5 kb 
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and 10 kb) had a Phred quality of < 8; (4) reads were PCR duplicates (i.e. identical); (5) 

reads contained matches to Illumina adaptor sequence; and (6) paired-reads from 500 

bp and 800 bp libraries overlapped by > 10 bp (< 10% mismatch). The final quality of 

each library was verified using the program FASTQC 

(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/).  

Paired-end sequence data from all genomic DNA libraries were used to assemble the 

draft genome using the assembler SOAPdenovo2 r240 (Li et al., 2010). Initially, short-

insert, paired-end reads were used to assemble contigs employing a k-mer value of 35 

bp. Using all paired-end reads (from short-insert and mate-pair libraries), contigs were 

joined iteratively into scaffolds using a step-wise process, with > 3 read pairs required 

to form a connection. HaploMerger v2.0.0 (Huang et al., 2012b) was used to remove 

scaffold redundancy and re-scaffold using large-insert (2 kb, 5 kb and 10 kb) libraries 

and SSPACE v3.0 (Boetzer et al., 2011). Using data from small-insert (170 bp, 500 bp) 

libraries, gaps were closed using the program GapCloser v1.12 

(http://soap.genomics.org.cn/about.html). 

A full poly(A)-selected transcriptomic sequencing approach (RNA-seq) was applied 

to metacercarial, juvenile and adult stages of Cs-k2. In brief, total RNA was isolated 

from metacercaria (n = 200), juvenile (n = 40) or adult (n = 10) stages using the TriPure 

reagent (Roche), according to manufacturer’s protocol, and then treated with DNase I 

(DNase-Free, Ambion). Total RNA amounts and integrity were verified by using a 2100 

BioAnalyzer (Agilent). Polyadenylated (polyA+) RNA was purified from 5-20 μg of 

total RNA using Sera-mag oligo(dT) beads, fragmented to a length of 160-240 base 

pairs (bp), reverse-transcribed using random hexamers, end-repaired and adaptor-

ligated according to the manufacturer’s protocol (Illumina). Ligated products of ~168 

bp were excised from agarose and then PCR-amplified (15 cycles). Products were 

purified using a MinElute column (Qiagen) and subjected to paired-end RNA-seq using 

HiSeq 2000 (Illumina) and assessed for quality and adaptor sequence.  

Repetitive element libraries, which were then used for repeat masking by the 

program RepeatMasker (4.0.5) (Tarailo-Graovac and Chen 2009), were de novo 

predicted using RepeatModeler (1.0.8) (Tarailo-Graovac and Chen 2009) and 

LTR_FINDER (Xu and Wang 2007). The annotated and unknown repetitive elements 

identified by both programs were merged into separate ‘annotated repeat’ and 

‘unknown repeat’ databases, respectively. Initially, the repetitive regions of the genome 
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were annotated and hard-masked using the program RepeatMasker (Tarailo-Graovac 

and Chen 2009) with the ‘annotated repeat’ database. Then, the hard-masked genome 

was further annotated for repetitive elements and hard-masked using RepeatMasker 

with the ‘unknown repeat’ database. Other repetitive elements, such as simple repeats, 

satellites and low complexity repeats, were also annotated using RepeatMasker. Then, 

a consensus repeat annotation library for the draft genome was created by merging all 

the RepeatMasker output files (extension '.out') derived from the above steps using the 

program ProcessRepeats within the RepeatMasker package (Tarailo-Graovac and Chen 

2009). In addition, Transfer RNA (tRNA) genes were predicted using the program 

tRNAscan-SE (1.3.1) (Lowe and Eddy 1997) with default settings. By searching against 

the Rfam database (12.1) (Griffiths-Jones et al., 2003) using the program INFERNAL 

(1.1.1) (Nawrocki et al., 2009), non-coding RNAs (e.g., ribosomal RNA) were 

identified in the C. sinensis draft genome. 

 

3.2.1. Gene prediction, assessment and curation 

 3.2.1.1. Independent gene prediction 

An independent Cs-k2 gene set was predicted using available genomic and 

transcriptomic data and the MAKER2 software framework v2.3.8 (Holt and Yandell, 

2011).  

First, transcriptomic support for each gene element was generated. This included: the 

identification of genomic regions encoding transcripts, identified by mapping RNAseq 

reads of both Korean (Cs-k1) and Chinese (Cs-c1 and Cs-c2) isolates (BioProject ID: 

PRJDA72781) to the assembled Cs-k2 (Korea) genome using TopHat2 v2.1.0 (Trapnell 

et al., 2014), identifying transcript locations using Cufflinks v2.2.1 (Trapnell et al., 

2014), and assembling a transcriptome via both genome-guided and de novo methods 

using the program Trinity v2.2.0 (Haas et al., 2013) with the same RNAseq reads. The 

program Transdecoder 2.1.0 (http://transdecoder.sf.net) was used to select full-length 

transcripts from the assembly. These high-quality transcripts were used as a training set 

for ab initio gene prediction tools.  

Second, we conducted ab initio gene prediction using the programs AUGUSTUS 

v3.1 (Stanke et al., 2008), SNAP v6.7 (Korf 2004) and GENEMARK v4.2.9 (Lukashin 

and Borodovsky 1998). The resultant ab initio gene predictions were then combined in 

the MAKER2 framework, together with the Cufflinks transcript models, genome-

guided and de novo-assembled transcripts and proteomes from representative 
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trematodes with published genomes, including F. hepatica (see Cwiklinski et al., 2015), 

O. viverrini (see Young et al., 2014) and S. mansoni (see Berriman et al., 2009). Further 

curation of the MAKER2 gene set was undertaken using the program Evidence Modeler 

(EVM) (Haas et al., 2003). In brief, the PASA pipeline v2.0.2 (Haas et al., 2003) was 

used to infer evidence based gene model candidates using high-quality Trinity 

transcripts. To infer an independent predicted gene set, these candidates were then 

combined with all putative gene models and the mappings of transcripts and proteins 

derived from the results of MAKER2, and given to the program EVM (Haas et al., 2003).  

 

3.2.1.2. Gene transfer 

Due to the differences between the gene prediction methodologies of Cs-c2 (Huang et 

al., 2013a) and Cs-k2, genes predicted in one genome may not be predicted in the other. 

Therefore, we downloaded the FASTA file (Accession number: GCA_000236345.1) of 

Cs-c2 genome and the corresponding GFF annotation file from WormBase (Howe et al., 

2016) and used the program RATT (Otto et al., 2011) to transfer the protein coding gene 

models from the Cs-c2 genome to the Cs-k2 genome using the evidence of co-linear 

blocks and sequence homology. The coordinates of the transferred genes were compared 

to those of the independently predicted gene models. The transferred Cs-c2 genes that 

coincided to the intergenic areas and opposite strands of the predicted Cs-k2 gene 

models were identified and added to the EVM gene set. 

 

3.2.1.3. Gene set annotation and curation 

Amino acid sequences of the combined gene set were subjected to BLASTp search 

(default settings, E-value: 10-8) (Altschul et al., 1997) against protein databases of           

O. viverrini (see Young et al., 2014), F. hepatica (see Cwiklinski et al., 2015) and             

S. mansoni (see Berriman et al., 2009) and the NCBI non-redundant protein database 

(Pruitt et al., 2007), Kyoto Encyclopedia of Genes and Genomes (KEGG) (Kanehisa 

and Goto, 2000) and UniProtKB database (The UniProt Consortium, 2017). The 

BLASTp results were used to annotate and characterise protein functions. Based on 

similarity to KEGG orthologous gene terms, protein classes and biological pathways 

were assigned using KEGG PATHWAY (Kanehisa et al., 2007) and KEGG BRITE 

(Kanehisa et al., 2007) hierarchy information. In addition, we searched for conserved 

domains in the predicted proteins using the program InterProScan (Quevillon et al., 

2005) using default settings. The results were then used to assign GO categories 



 
 

 72 

(Ashburner et al., 2000) to the predicted genes. For the prediction of secreted proteins, 

SignalP v4.0 (Nielsen et al., 1997) and TMHMM v2.0 (Krogh et al., 2001) were used 

to identify signal peptides and transmembrane domains in predicted proteins, 

respectively. We defined genes encoding signal peptides (but not transmembrane 

domains) as putative ES proteins, whose cellular location was predicted using the 

program MultiLoc2 v26-10-2009 (Blum et al., 2009). ES proteins predicted to be 

secreted to lysosome and extracellular environment represented the final ES molecular 

set. 

The functional annotation for each protein was used to select the final gene set. 

Repetitive elements within the predicted gene set were identified and removed if the 

description of their orthologous groups in the KEGG, Swiss-Prot and InterPro databases 

contained repeat-related keywords (e.g., mobile, transposon, transcriptase, transposase, 

transposable) and RepeatMasker identified an overlapping repetitive region (> 80%) 

within the protein-encoding sequence. Putative multi-copy gene families were identified 

by grouping predicted coding domains against themselves using the program 

OrthoMCL v.2.0.4 (Li et al., 2003). Inferred multi-copy gene family members without 

protein functional description were removed from the gene set if single exon genes 

overlapped in repetitive regions by more than 20% or multi-exon genes overlapped in 

repetitive regions by > 80%. Finally, the remaining genes were analysed using the 

program Transdecoder v.2.1.0 (http://transdecoder.github.io) to resolve coding regions 

that present complete open reading frames (ORF) (i.e. contain start and stop codons). 

The genes (with complete ORFs) containing > 80% repetitive regions and < 20% 

transcriptomic data-covered regions and the un-resolved genes (without complete ORFs) 

containing > 80% repetitive regions or < 20% transcriptomic data-covered regions or 

with only one exon were discarded. The remaining genes with < 30% of repetitive 

regions and the genes associated with KEGG, Swiss-Prot or InterPro databases were 

retained in the final gene set. Following these filtering steps, the final gene set was 

subjected to the program BUSCO v1.1 (Benchmarking Universal Single-Copy 

Orthologs) to assess completeness (Simao et al., 2015). 

The predicted protein-encoding genes were classified and labelled based on the 

presence of InterProScan conserved domains and their matches to the items in the Swiss-

Prot database (E-value: 10-8). Genes without matches to either database were labelled 

as hypothetical proteins. All genes were renamed with the locus tag “CSKR”. After the 
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curation of gene descriptors and the removal of overlapped genes, the final gene set of 

Cs-k2 was deposited in NCBI database under Bioproject PRJNA386618. 

 

3.2.2. Orthologous protein groups 

 

Orthologous protein groups of C. sinensis (Cs-k2 and Cs-c2) and of other representative 

trematodes whose genomes are published - O. viverrini (see Young et al., 2014),               

F. hepatica (see Cwiklinski et al., 2015) and S. mansoni (see Berriman et al., 2009) - 

were inferred using the program OrthoMCL (Li et al., 2003) using default parameters. 

Results were presented as an Edwards-Venn diagram (Edwards 2004) (modified from 

https://commons.wikimedia.org/wiki/File:Edwards-Venn-five.svg), created using the 

list of orthologous groups and a custom PERL script. 

 

3.2.3. Comparison of gene sets 

 

Based on nucleotide similarity, coding sequences of the two C. sinensis draft genomes 

(Cs-k2 and Cs-c2) were grouped using OrthoMCL (Li et al., 2003) employing default 

settings. Groups that contained only one Cs-k2 gene and one Cs-c2 gene were defined 

as single-copy gene pairs (SCGPs). The coding sequences of defined SCGPs were also 

subjected to the BLAST-Like Alignment Tool (BLAT) for comparison of aligned 

regions. The coverage and identity of aligned blocks of coding and gene regions of each 

SCGP were calculated using the BLAT alignment file and a custom PERL script that 

calculated the proportion of total coding domain or gene region length that was aligned. 

 

3.2.4. Genome sequence alignment and synteny analysis 

 

To detect homologous sequences between the draft genomes of Cs-k2 and Cs-c2, 

aligned genome scaffolds and regions of synteny were identified. First, to estimate 

overall nucleotide identity, a map of aligned nucleotide blocks between the masked and 

unmasked Cs-k2 and Cs-c2 genomes was created using the program nucmer employing 

the default settings and retaining matches with a minimum nucleotide identity of 90% 

(Kurtz et al., 2004). Only alignment blocks of > 200 nucleotides in length within paired 

scaffolds with > 10,000 aligned nucleotides were retained. Next, paired SCGPs, the 

genome scaffold coordinates of each SCGP and OrthoCluster (Vergara and Chen, 2010)  
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were used to identify syntenic blocks that contained two or more SCGPs with a 

conserved gene order. To determine the nucleotide identity and assess variant effects 

within syntenic blocks, the unmasked nucleotide sequence of each Cs-c2 syntenic block 

(including 3’- and 5’- 10,000 nucleotide extensions) was aligned to the corresponding 

Cs-k2 scaffold using the nucmer and dnadiff packages within the program MUMmer3 

and using a minimum alignment length of 200 nucleotides and a minimum identity of 

95%. The coverage of the alignments was calculated using the GFF files, BEDTools 

v2.21.0 (Quinlan and Hall 2010) and a custom PERL script that used the intersection 

results from each BED file to calculate the total alignment length and the proportion of 

total scaffold length aligned.  

Images to visually compare regions of nucleotide identity and synteny between the 

two draft genomes were created using Circos (v0.69) (Krzywinski et al., 2009). For each 

Circos plot, the order of chromosomes was optimised using the tool orderchr employing 

default settings (Krzywinski et al., 2009). To represent genome synteny, Cs-k2 scaffolds 

containing syntenic blocks  with ≥ 10 SCGPs were displayed with their corresponding 

Cs-c2 scaffolds with ≥ 5 SCGPs. The largest Cs-k2 scaffold and nucleotide aligned Cs-

c2 scaffolds were selected to represent the relationship between aligned nucleotide 

regions (from MUMmer3) and regions of synteny. 

 

3.2.5. Identification of variable and invariable genes  

 

Inferred nucleotide differences within the syntenic blocks were identified using the 

nucmer alignment output and using the show-snps package in MUMmer3 employing 

default settings (Kurtz et al., 2004). The location of alternative and reference 

nucleotides was summarised in a Variant Call Format (VCF) file and used, with the Cs-

k2 gene annotation GFF file, to annotate variant effects with SnpEff (Cingolani et al., 

2012) using default settings. Nucleotide differences in coding regions of Cs-k2 gene 

models were reported if such differences and insertion/deletion events did not change 

the function and/or position of splice sites, or start or stop codons. The final number of 

synonymous and non-synonymous mutations within coding regions was summarised 

using custom PERL scripts. Nucleotide differences in Cs-k2 coding regions were used 

to calculate the pairwise nucleotide identity of SCGPs conserved in the Cs-c2 and Cs-

k2 genomes, and SCGPs with a pairwise nucleotide identity of < 98% were reported as 

variable. SCGPs with a pairwise nucleotide identity of > 99.8% were reported to be 
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conserved. Functional annotation of variable SCGPs was inferred from the description 

of associated orthologous groups in the KEGG, Swiss-Prot and InterPro databases 

(Bairoch and Apweiler, 1999; Kanehisa and Goto, 2000; Quevillon et al., 2005).  

 

3.3. Results 

  
3.3.1. High quality nuclear genome for C. sinensis from Korea (Cs-k2)  
 

From 54.8 Gb of high quality sequence reads representing ~90-fold genome coverage, 

we initially produced an assembly of 601 Mb in size (longest scaffold = 2.2 Mb, N50 = 

314 kb, N content = 3.9%). Following the removal of redundancy, this assembly was 

re-scaffolded and gaps were closed (Table 3-1; Supplementary File 3-1), achieving a 

predicted genome size of 562,768,885 bp (BioProject: PRJNA386618; Accession no. 

NIRI00000000; 562.77 Mb) in 2,776 scaffolds with a GC-content of 43.95%. These 

steps increased the N50 value from 314 kb to 1.6 Mb. The size and GC-content of the 

draft genome of Cs-k2 were similar to the Cs-c2 draft genome (Accession no. 

GCA_000236345.1; 547.29 Mb; 4,348 scaffolds; 44.05% GC-content) (Huang et al., 

2013a) (Table 3-1). The mean length of the assembled Cs-k2 scaffolds (longest scaffold 

= 8.86 Mb, N50 = 1,629 kb) was greater than that of the assembled Cs-c2 scaffolds 

(longest scaffold = 2.05 Mb, N50 = 417 kb), with more gaps supported by mate-pair 

physical coverage than Cs-c2 scaffolds (total = 3.16% and 0.03% ambiguous nucleotide 

(N) content in Cs-k2 and Cs-c2 scaffolds, respectively). The Cs-k2 draft genome was 

independently annotated and then used for comparative analyses of genomes and gene 

sets (Tables 3-1 and 3-2). 

 

3.3.2. Repetitive elements 
 

Approximately one third (33.32%) of the genome assembly for Cs-k2 encodes repetitive 

elements, and most (29.4%) were interspersed repeat elements (Supplementary File 3-

2). A similar proportion of repeat elements was recorded in the Cs-c2 draft genome 

(32%). For the interspersed repeat elements, the percentages of LTR retrotransposons, 

long-interspersed nuclear element (LINE)-like and short-interspersed nuclear element 

(SINE)-like elements in Cs-k2 (LTR: 2.25%; LINES: 19.54%; SINES: 0.27%) were 

also consistent with those identified in the Cs-c2 genome (LTR: 1.97%; LINES: 15.07%; 
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SINES: 0.13%). Fewer annotated repetitive regions in Cs-k2 (5.08%) were unclassified 

compared with the Cs-c2 genome (14.32%).  

 

3.3.3. Gene prediction and annotation 
 

We predicted and curated 14,538 protein-encoding genes from the repeat-masked draft 

genome of Cs-k2; 13,643 of these genes were supported by transcriptomic data (Table 

3-2; Supplementary File 3-3). Average gene length (15,556 bp), coding sequence length 

(1,437 bp) and exon length (234 bp) in the Cs-k2 gene set were similar to the published 

13,634 gene set of Cs-c2 (average gene length: 17,761 bp; average coding sequence 

length: 1,591 bp; average exon length: 232 bp) (Huang et al., 2013a) (Table 3-2). More 

complete benchmarking eukaryotic single-copy orthologs (BUSCO) were identified in 

the Cs-k2 gene set (n = 555; 65%) than in that of Cs-c2 (n = 493; 58%), and fewer 

BUSCO groups were predicted to be fragmented or missing in Cs-k2 (79/209) than in 

Cs-c2 (116/234) (Table 3-2). 

From the annotation of the 14,538 Cs-k2 protein encoding genes (Supplementary 

Files 3-3 and 3-4), we inferred 8,696 (59.82%) proteins with one or more Pfam (n = 

6,288; 43.25%), PANTHER (n = 7,772; 53.46%), PRINTS (n = 1,234; 8.49%) and 

PIRSF (n = 251; 1.73%) conserved amino acid domains, 9,737(66.7%) proteins 

homologous (BLASTp, E-value ,≤10-8) to proteins submitted to Swiss-Prot (n = 7,090; 

48.77%) and/or Kyoto Encyclopaedia of Genes and Genomes (KEGG) (n = 9,367; 

64.43%) databases. Proteins annotated with KEGG orthologous gene terms (n = 3,591) 

were mapped to 245 KEGG pathways and 43 KEGG BRITE protein families. Using 

KEGG BRITE (Supplementary File 3-5), we identified 276 peptidases, 332 kinases, 313 

phosphatases, 91 GTP-binding proteins, 151 ion channels, 311 transporters and 161 

receptors. Cysteine (n = 90, 32.5%) and metallo- (n = 75, 27.0%) peptidases formed the 

most abundant peptidase families among the aspartic, cysteine, metallo-, serine and 

threonine peptidases identified within the Cs-k2 gene set. Of the 313 phosphatases 

classified, most were serine/threonine (256) or tyrosine phosphatases (34). We also 

identified 91 GTPase, 71 small, monomeric G-proteins, 20 heterotrimeric G-proteins 

and 150 ion channel proteins including 55 voltage-gated cation channels. Classified 

receptors (n = 161) included 70 GPCRs (54 Class A rhodopsin family-proteins). The 

Cs-k2 draft genome encoded 207 predicted ES (excretory-secretory) proteins 

(Supplementary File 3-6), including 101 proteins with KEGG (n = 97), Pfam (n = 59), 



 
 

 77 

PANTHER (n = 63) and SWISSPROT (n = 61) annotation. Based on KEGG BRITE 

annotation, ES proteins included 10 peptidases, 4 collagen proteins, 3 Niemann-Pick C2 

(NPC2) proteins, 1 hydrolase and 1 glycosyltransferase. 

 

3.3.4. Trematode orthologs 
 

Proteins predicted for Cs-k2 were compared with those of Cs-c2 and three other species 

of trematode, O. viverrini, F. hepatica and S. mansoni (Fig. 3-1 and Supplementary File 

3-7). Of the 13,259 orthologous groups identified in all species, 8,394 groups contained 

proteins common to Cs-k2 and one or more trematode species and 8,398 groups were 

common to Cs-c2 proteins and one or more trematode species (Supplementary File 3-

7). The predicted proteomes of C. sinensis clustered mostly into common orthologous 

groups with O. viverrini (7,887 for Cs-k2, and 7,812 for Cs-c2), followed by F. hepatica 

(6,295 for Cs-k2, and 6,427 for Cs-c2) and S. mansoni (5,798 for Cs-k2, and 5,937 for 

Cs-c2) (Supplementary File 3-7). A total of 791 orthologous groups were common to 

Cs-k2 and one or more other trematode species, but were not detected in the Cs-c2 gene 

set (Supplementary File 3-7). In contrast, 795 groups were common to Cs-c2 and one 

or more other trematode species, but were not found in the Cs-k2 gene set 

(Supplementary File 3-7). Combining orthologous groups in Cs-k2 and Cs-c2, 4,796 

orthologous groups were common to all flatworms; 157 or 261 supplementary groups 

were common to Cs-k2 or Cs-c2 and the other flatworm taxa assessed here (Fig. 3-1). 

Differences between the Cs-k2 and Cs-c2 gene sets were further investigated by the 

identification and pairwise alignment of orthologous single copy C. sinensis gene pairs 

(SCGPs). 

 

3.3.5. Genomic comparisons 
 

In total, 7,886 SCGPs (54.24% of the Cs-k2 gene get) were identified in Cs-k2 and Cs-

c2 gene sets, with 6,733 (85.38%) and 3,421 (43.38%) aligning across 50% and 90% of 

their total sequence lengths, respectively (Table 3-2). A total of 2,464 (31.25%) SCGPs 

shared conserved splice site and start/stop codon positions. The gene order of inferred 

SCGPs (n = 7,886) was used to identify and characterise conserved syntenic blocks 

between the Cs-k2 and Cs-c2 draft genomes. 
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To compare nucleotide identity across all scaffolds, repeat masked and unmasked 

Cs-k2 and Cs-c2 genomes were aligned (Table 3-3; Supplementary File 3-8). Using 

masked genomes, ~ 319 Mb (56.73%) of 610 Cs-k2 scaffolds were aligned (average 

length = 1,323 bp) to Cs-c2 genome scaffolds for an alignment length of > 200 

nucleotides. Using unmasked genomes, ~ 512 Mb (90.17%) of 640 Cs-k2 genome 

scaffolds were aligned to Cs-c2 genome scaffolds for an alignment length of > 200 

nucleotides (average length = 9,601 bp) (Table 3-3; Supplementary File 3-8). Scaffolds 

with one or more aligned nucleotide blocks represent ~99% and ~98% of the size of the 

Cs-k2 and Cs-c2 genomes, respectively (Table 3-3). Based on the location of 6,421 

SCGPs with conserved gene order (81.4% of total SCGPs) in Cs-k2 and Cs-c2 genome 

scaffolds, 1,827 syntenic blocks (total length = 285 Mb; 50.6% and 51.3% of the Cs-k2 

and Cs-c2 genomes, respectively) were identified (Fig. 3-2; Supplementary File 3-8). 

Syntenic blocks included a minimum of two and a maximum of 18 genes, and were 

contained within 484 Cs-k2 scaffolds (total length = 532 Mb) and 1,262 Cs-c2 scaffolds 

(total length = 455 Mb). Scaffolds with one or more syntenic blocks represents 96% and 

~83% of Cs-k2 and Cs-c2 genome size, respectively (Table 3-3). Within aligned 

syntenic blocks, Cs-k2 and Cs-c2 genome scaffolds shared 99.1% nucleotide identity 

with an average length of 153,712 nucleotides (Fig. 3-3; Table 3-3). For comparative 

purposes, aligned nucleotide and syntenic blocks in Cs-k2 genome scaffold sc00000020 

are presented with corresponding Cs-c2 scaffolds (Fig. 3-3). In this example, most 

aligned nucleotide blocks were contained within syntenic blocks (with conserved gene 

order); however, several aligned nucleotide blocks were also observed in scaffolds with 

predicted gene and repetitive sequence annotation, but were not predicted as syntenic 

(Fig. 3-3). 

 

3.3.6. Variable and invariable genes 
 

Nucleotide conservation and variation between Cs-c2 and Cs-k2 were then determined 

within the coding domains of 5,379 SCGP Cs-k2 gene models in aligned syntenic blocks 

(Supplementary File 3-9). Nucleotide differences were observed in intronic (398,727 

nucleotide differences; 4.32 per kb) and exonic (15,096 nucleotide differences; 1.72 per 

kb) regions, and included 6,863 non-synonymous and 8,233 synonymous mutations 

within coding domains. Most SCGPs were relatively well conserved, with 68.20% 

(3,669) aligning with a pairwise nucleotide identity of > 99.8% (Supplementary File 3-
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9). Fifteen variable SCGPs (0.28% of total) with synonymous and nonsynonymous 

mutations had an observed pairwise nucleotide identity of ≤  98% (Table 3-4, 

Supplementary File 3-10). These variable genes included six genes with functional 

annotation inferred from KEGG and/or InterProScan databases (Table 3-4, 

Supplementary File 3-10), cathepsin-D peptidase (CSKR_13438s; 96.17% pairwise 

nucleotide identity), two Niemann-Pick C2 (NPC2) proteins (CSKR_9510s and 

CSKR_11331s; 96.99 and 97.38%, respectively), a calponin-like protein (CSKR_709s; 

97.40%), histone 2A (CSKR_482s; 97.62%) and a homologue of protein FAM161A 

(CSKR_2578s; 97.86%). 

 

3.4. Dicussion 

 

Previous studies using a small panel of genetic loci or whole mitochondrial genomic 

data suggested genetic variation among geographically distinct C. sinensis isolates is 

limited (Lee and Huh 2004; Le et al., 2006; Cai et al., 2012; Chelomina et al., 2014; 

Liu et al., 2012; Tatonova et al., 2012, 2013; Sun et al., 2013; Wang et al., 2017b), a 

finding that is not consistent with karyotypic variation recorded among C. sinensis 

isolates (Park and Yong, 2001; Zadesenets et al., 2012). Here, we explored the genome 

of a C. sinensis isolate from Korea (Cs-k2), and characterised genome-wide nucleotide 

variation between Cs-k2 and a published genome for an isolate from China (Cs-c2). 

Unlike most studies that have relied on mapping short sequence reads to an existing 

reference genome (Jirimutu et al., 2012; Clement et al., 2013; Huang et al., 2014a; 

Crellen et al., 2016; Hane et al., 2017), here we utilised an independently assembled 

genome to unambiguously explore syntenic blocks and identify regions of sequence 

variation between the two isolates.  

A comparison of the two genomes (Cs-k2 and Cs-c2) and corresponding gene sets 

revealed the presence of unique orthologous protein groups for each isolate and 

identified syntenic blocks covering ~ 50% of the two genomes. Limited synteny 

between these genomes suggests a lack of assembly contiguity and/or genetic 

distinctiveness in structure and composition; thus, at this time-point, a single draft 

reference genome is not representative of C. sinensis isolates from distinct geographical 

areas. Similar results have also been reported in previous genome comparisons (Li et 

al., 2014b; Zhou et al., 2017). Based on these findings, we suggest that genetic 
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investigations by genome sequence survey (GSS) should quantify read-mapping rates 

to both genomes before selecting an annotated reference. Identification and curation of 

syntenic blocks containing unambiguously aligned sequences between the two 

genomes enabled the quantitation of nucleotide variation in coding domains of SCGPs. 

The syntenic blocks and evidence of genetic variation identified here are expected to 

be useful for ensuing population genetic studies of C. sinensis isolates from 

geographically distinct areas, which should further validate this conclusion. In addition, 

the methodology applied here provides a cost-effective way to define variable genetic 

markers by a direct comparison of draft genomes, which could be applied more broadly, 

without needing to achieve chromosomal contiguity in assembly.  

Defining synteny between Cs-k2 and Cs-c2 revealed varying levels of contiguity 

between the two assemblies. For example, one Cs-k2 scaffold often aligned to multiple 

Cs-c2 scaffolds, and vice versa. In total, fewer Cs-k2 scaffolds (n = 484, 532 Mb) were 

aligned to more Cs-c2 scaffolds (n = 1,262, 455 Mb), and the aligned Cs-k2 scaffolds 

contained a larger proportion of the total genomic content than in Cs-c2. Statistical 

indicators support the quality of the genomic assemblies (Table 3-1). Interestingly, the 

N50 value of the Cs-k2 assembly was three times higher than that of Cs-c2, although 

the total number of Cs-k2 scaffolds was less than that of Cs-c2. Multiple factors could 

contribute to such a difference in contiguity. First, Cs-k2 DNA was isolated from 95 

adult worms, which might have contained more euchromatin and, hence, improved 

sequence coverage of the genomic DNA template and a more complete genome 

assembly. Second, the DNA libraries constructed for Cs-k2 had insert sizes of 170 bp 

to 10 kb, while those of Cs-c2 ranged from 300 bp to 5 kb (Huang et al., 2013a). Paired-

end reads with larger insert sizes, spanning longer genomic regions, can lead to 

improved assembly quality (van Heesch et al., 2013). Moreover, a difference in the 

assembly and post-assembly workflows for the Cs-k2 and Cs-c2 genomic data sets (cf. 

Myers et al., 2000; Li et al., 2010; Huang et al., 2013a) would have led to the 

distinctiveness in quality between the Cs-k2 and Cs-c2 draft genomes. Using our 

workflow steps (section 2), the N50 value of the Cs-k2 assembly increased from 314 

kb to 1.6 Mb. Similar improvements have been reported also in other studies using a 

similar approach (Hane et al., 2014; Huang et al., 2014b). Compared with the relatively 

high cost of PacBio-sequencing genomes of organisms with genomes of more than 100 

Mb in size, the present approach established here provides a cost-effective alternative 

for sequencing and assembly. 
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The high-quality Cs-k2 assembly provided a solid foundation for the prediction of 

the gene set for C. sinensis, which was assessed for quality using the benchmark 

BUSCO groups (Simao et al., 2015). The results (Table 3-2) showed that the Cs-k2 

gene set is more complete than that of Cs-c2. Improvements to the gene-prediction 

workflow often lead to a more complete gene set and the incorporation of multiple data 

sets, including the proteomes of related taxa and gene transcription evidence, usually 

reduce the probability of predicting invalid gene models (Elsik et al., 2014). In our 

workflow system, proteomes of related trematode species were included, and 

transcriptomic data derived from the two C. sinensis isolates were compared with ab 

initio gene predictions conducted using the gene set merger programs Maker2 and EVM, 

in order to infer the final gene set. The Cs-c2 gene models that aligned to the Cs-k2 

genome in regions where no existing gene model was predicted were also included to 

increase the completeness of the Cs-k2 gene set. Gene transfer has been used frequently 

to annotate new or refined genome assemblies with existing gene models of the same 

species (e.g., Protasio et al., 2012; Otto et al., 2014). In addition to differences in the 

gene set completeness predicted using the BUSCO groups (Simao et al., 2015), the 

inference of orthologous groups using data from other trematodes revealed differences 

between the two C. sinensis gene sets. Orthologous groups shared by flatworms but not 

present in either the Cs-k2 or Cs-c2 gene set further support the differences observed 

in the contiguity of assembly and/or the distinctiveness in genomic structure and 

composition. This observation may also reflect the difference in the assembly and 

annotation methodologies applied to the two genomes. For instance, within syntenic 

blocks, the predicted gene structures (linked to start and stop codons, and splice sites) 

often varied between Cs-k2 and Cs-c2, which was supported by the distinctiveness in 

alignment coverage between SCGPs (i.e. single-copy gene pairs). To unambiguously 

assess genetic variation between the two isolates, we focused on establishing genetic 

variation in syntenic blocks. 

The high degree of shared nucleotide identity between aligned syntenic blocks 

suggests limited divergence between Cs-k2 and Cs-c2, which is consistent with previous 

genetic studies of C. sinensis (see Lee and Huh 2004; Le et al., 2006; Wang et al., 2011; 

Cai et al., 2012; Liu et al., 2012; Sun et al., 2013; Chelomina et al., 2014; Tatonova et 

al., 2012, 2013). Nonetheless, we did detect a large number of nucleotide differences in 

intronic and exonic regions. The lower density of nucleotide differences in the exonic 

areas (1.725 per kb) compared with intronic areas (4.32 per kb) is consistent with the 
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selective pressure to preserve codons in mature messenger RNAs (Betts et al., 2001). 

However, fewer observed non-synonymous nucleotide differences (6,863) than 

synonymous nucleotide differences (8,233) in the coding domains of SCGPs provided 

weak support for selective pressure within the coding domains of the C. sinensis SCGPs. 

A possible explanation is that molecular changes in some SCGPs are adaptive or neutral, 

which requires more work to determine the selective pressure on individual genes in the 

future. In general, single-copy genes tend to be more conserved (Han et al., 2014), the 

number of nucleotide differences detected per kb in exonic regions of the single copy 

genes in C. sinensis (1.72 per kb) is markedly lower than that in S. japonicum (average 

of 6.4 per kb) (Young et al., 2015), and 68.20% (3,669 of 6,069) of the SCGPs were 

found to be highly conserved (> 99.8% nucleotide identity) in the present study. Only 

15 SCGPs had a nucleotide identity of less than 98%. Collectively, these findings might 

be explained by hermaphroditism (Saijuntha et al., 2008). In O. viverrini, self-

fertilization has been suggested to cause heterozygote deficiency due to a relative low 

parasite burden within the mammalian host (Kiatsopit et al., 2014), although similar 

observations have not been reported for C. sinensis by other researchers. Detailed 

genomic comparisons of large numbers of individuals of C. sinensis from a broad 

geographical range is now required to confirm the low genetic variation and variable 

gene set we predicted in this study.  

Surprisingly, among the translated products of the 15 variable SCGPs, we identified 

two NPC2 proteins containing a conserved MD-2 related lipid-recognition domain. The 

NPC2 protein is a lipid-binding protein involved in lipid transportation and chemical 

homeostasis (Xu et al., 2007). Four NPC2 genes have been shown to be highly 

transcribed (FPKM of > 100) in the oral sucker of C. sinensis (see Huang et al., 2013a). 

We also identified a family of 40 proteins with NPC2-like lipid-binding domains in Cs-

k2 compared with 25 in O. viverrini (see Young et al., 2014), suggesting an expansion 

of this gene family in some opisthorchiid flukes with weaker purifying selection and 

rapid evolution of the group (Francino, 2005). Interestingly, of the 11 nucleotide 

differences identified in one of the variable NPC2 genes (CSKR_11331s), nine were 

non-synonymous, which is consistent with a rapid evolution of this gene. Future studies 

should explore NPC2 genes and proteins in C. sinensis and related liver flukes to assess 

variation among geographically distinct isolates and to determine the functional 

relevance of this gene family. 
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Here, we focused on single nucleotide differences within syntenic blocks. Without 

a high level of contiguity, direct comparison between draft genomes of the same species 

remains a challenging task. Most of the previous intraspecific genome comparison 

studies have been conducted between draft assemblies and a complete or near-complete 

reference genome (Hester et al., 2013; Huang et al., 2014a; Hane et al., 2017; Zhou et 

al., 2017). In these studies, the detection of structural variation has relied on the relative 

location of mapped sequences to the reference. In the absence of an assembly with 

chromosomal contiguity, it is not possible to reliably identify structural variation and 

the genetic variation located at the ambiguous (gap) or un-assembled areas. With the 

decreasing cost of third-generation sequencing techniques (cf. Korhonen et al., 2016), 

we hope that it will be possible to produce a complete C. sinensis genome in the near 

future to establish a broader range of genetic and structural variation. For now, the new, 

high-quality draft genome for C. sinensis from Korea provides a sound basis for future 

investigations of the genetic structures of C. sinensis populations in Asia.  

 

3.5. Conclusions 

 

This article highlights the technical challenges of comparing draft genome assemblies, 

to estimate the magnitude of genetic variation between isolates of a particular species. 

We report on a practical workflow that we have developed to overcome these 

challenges. Using this workflow, we revealed a high level of nucleotide similarity 

within the syntenic regions of the two genomes and identified two variable genes that 

encode proteins likely to participate in lipid metabolism and linked to the life of C. 

sinensis in the host’s biliary system. Further studies should explore the involvement of 

these variable genes in host-parasite relationships in a biotechnological context. 
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Table 3-1 Characteristics of the Clonorchis sinensis draft genomes. 
Characteristics of genome assembly Korean isolate (Cs-k2) Chinese isolate (Cs-c2) 

Total size of scaffolds (before post-assembly*) (bp) 562,768,885 (601,230,684) 547,288,241 

Number of scaffolds (before post-assembly) 2,776 (218,683) 4,348 

Longest scaffold (before post-assembly) (bp) 8,861,937 (2,207,854) 2,050,842 

Shortest scaffold (before post-assembly) (bp) 501(100) 300 

Number of scaffolds > 1kb; > 100kb; > 1Mb 1564; 542; 204 (7113; 1598; 37) 4,016; 1,411; 44 

Mean/median scaffold size (bp) 202,727/1,175 (2,749/135) 125,871/ 23,185 

N50 scaffold length (before post-assembly) (bp) 1,628,761 (313,682) 417,486 

Genomic DNA GC content (excluding Ns) 43.95% (43.84%) 44.05% 

N content 3.16% (3.92%) 0.03% 
*Statistics of initial assembly   
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Table 3-2 Features of the Clonorchis sinensis gene sets. 
Gene set features Korean isolate (Cs-k2)a Chinese isolate (Cs-c2)b 

Gene number (transferred genes) 14,538 (804) 13,634 

Genes supported by transcriptomic data  13,688 - 

Gene length (average bp ± s.d.c) 15,556 ± 17369 17,761 ± 19,228 

Coding domain length (average bp ± s.d.) 1,437 ± 1464 1,591 ± 1,567 

Exon length (average bp ± s.d.) 234 ± 323 232 ± 297 

Exon number per gene (average ± s.d.) 6.14 ± 5.62 6.8 ± 6.40 

Complete BUSCOs (%) 555 (65%) 493 (58%) 

Complete duplicated BUSCOs (%) 64 (7.5%) 62 (7.3%) 

Fragmented BUSCOs (%) 79 (9.3%) 116 (13%) 

Missing BUSCOs (%) 209 (24%) 234 (27%) 

Total BUSCO groups searched (%) 843 (100%) 843 (100%) 

   

SCGPsd 7,886 7,886 

SCGPs with > 50% alignment coverage 6,733 6,733 

SCGPs with > 90% alignment coverage 3,421 3,421 

SCGPs with 100% alignment coverage 2,464 2,464 
a Filtered and curated gene set of a Korean isolate, Cs-k2  
b Published gene set of a Chinese isolate, Cs-c2 
c Standard deviation 
d Single copy gene pairs identified in the two gene sets 
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Table 3-3 Pairwise nucleotide identity and synteny between Clonorchis sinensis draft genomes.  
Block features Korean isolate (Cs-k2) Chinese isolate (Cs-c2) 

Length of each aligned block (masked; unmasked)a 1,323 ± 1,319; 9,601 ± 11,807 1,322 ± 1,317; 9,591 ± 11,799 

Total aligned nucleotides  

(masked; unmasked) b 

319,305,900 (56.73%); 

512,007,250 (90.17%) 

318,806,533 (58.25%); 

511,940,867 (93.54%) 

Aligned scaffolds (masked; unmasked)c 610; 640 2142; 2374 

Total size of scaffolds with aligned nucleotidesb 

(masked; unmasked) 

557,353,501 (99.04%); 

558,116,334 (99.17%) 

535,103,559 (97.77%); 

539,840,071 (98.64%) 
   

Number of syntenic blocks  1,827 1,827 

Total number of SCGPs in syntenic blocks 6,421 6,421 

Blocks per scaffold (min; max; average) 2; 18; 3 2; 18; 3 

Block length  155,915 ± 130,281 153,712 ± 128,164 

Total length of syntenic blocksb 284,856,993 (50.6%) 280,831,525 (51.3%) 

Number of syntenic scaffolds 484 1262 

Total length of syntenic scaffoldsb 540,285,816 (96.0%) 454,624,656 (83.1%) 

Average identity of blocks 99.10% 99.10% 
a Average nucleotide base pairs (bp) ± standard deviation 
b Length (bp) and percentage of the total size of scaffolds 
c Scaffolds containing one or more syntenic blocks 
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Table 3-4 Summary of nucleotide differences (NDs) in annotated, variable single copy gene pairs 

with ≤ 98% pairwise nucleotide identity in coding domains. 

GeneID 

Non-synonymous 

NDs (%) 

Synonymous 

NDs (%) 

Identities 

(%) 

Length of coding 

domains (bp) Gene product 

CSKR_13438s 31 (2.82%) 11 (1.00%) 96.17% 1,098 Cathepsin D 

CSKR_9510s 5 (1.37%) 6 (1.64%) 96.99% 366 Niemann-Pick C2 protein 

CSKR_11331s 9 (2.14%) 2 (0.48%) 97.38% 420 Niemann-Pick C2 protein 

CSKR_709s 1 (0.22%) 11 (2.38%) 97.40% 462 Calponin putative 

CSKR_482s 3 (0.79%) 6 (1.59%) 97.62% 378 Histone H2A 

CSKR_2578s  23 (1.12%)  21 (1.02%)  97.86% 2,058 Protein FAM161A 
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Fig. 3-1 Comparison of the predicted proteomes of Korean and Chinese 

Clonorchis sinensis isolates with respect to other trematode species.  

Venn diagram of orthologous protein groups between Korean (Cs-k2) and Chinese 

(Cs-c2) C. sinensis isolates and Opisthorchis viverrini, Fasciola hepatica and 

Schistosoma mansoni. The numbers represent the number of orthologous groups 

shared between these species/isolates. 
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Fig. 3-2 Circos plot of syntenic blocks aligned between draft genomes of Korean 

and Chinese isolates of Clonorchis sinensis.  

Each blue segment is a Clonorchis sinensis Korea isolate (Cs-k2) scaffold with at least 

10 single-copy gene pairs (SCGPs) conserved within aligned C. sinensis China isolate 

(Cs-c2) scaffolds. Each red segment is a Cs-c2 scaffold with at least 5 SCGPs aligned 

within Cs-k2 scaffolds. Each line connecting Cs-k2 and Cs-c2 scaffolds represents a 

SCGP between the two genomes with a line colour unique to each Cs-k2 scaffold.  
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Fig. 3-3 Representative Circos plot of nuclear and syntenic block alignment 

between draft genomes of Korean and Chinese isolates of Clonorchis sinensis. 

Summary of the Clonorchis sinensis China isolate (Cs-c2; red scaffolds) scaffolds > 10 

kbp aligned to the largest C. sinensis Korea isolate (Cs-k2; sc0000020; blue scaffold) 

scaffold. Light grey ribbons connect Cs-k2 and Cs-c2 scaffolds within aligned 

nucleotide blocks (length > 200bp). Light green ribbons connect Cs-k2 and Cs-c2 

scaffolds aligned in syntenic blocks with conserved gene order. The outer histogram 

track (orange bar chart) represents the percentage coverage of repetitive regions in non-

overlapping 25 kb sliding windows. The inner histogram track (purple bar chart) 

represents the total number of genes in non-overlapping 25 kb sliding windows. 
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Chapter 4 - Schistosoma japonicum: improving our 

understanding of population genetic variation in China using 

an expanded genomic data set 
 

 

Abstract 

 

Schistosoma japonicum is an important blood fluke that infects humans and more than 

40 animal species in East Asia. The implementation of schistosomiasis control over the 

past decades has significantly reduced the prevalence of schistosomiasis japonica in 

humans and bovines in China. The changing distribution of intermediate hosts of S. 

japonicum caused by the construction of the Three Gorges Dam (TGD) and floods 

highlights a need to re-examine the population structuring of this parasite. Here, we 

inferred the genetic relationships between two independent nuclear genomic data sets 

for S. japonicum, and estimated selective pressures on S. japonicum populations. We 

confirmed significant genetic differentiation between isolates from Southwest region 

(SW) and central and lower reaches of the Yangtze River (CL). We observed 

inconsistent topologies between concatenated and coalesced phylogenetic trees 

constructed, suggesting incomplete lineage sorting (ILS) and/or frequent introgression 

of this parasite. We also identified genes that appear to relate to local adaptations of the 

life cycle of S. japonicum. The present study highlights the technical challenges 

associated with combining independent data sets and estimating genomic variation 

within and among S. japonicum populations represented by isolates (of pooled adult 

worms). Future population genetic studies should focus on genomic sequencing from 

individual worms. 
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4.1. Introduction 

 

Schistosomiasis is a neglected tropical disease that affects more than 250 million people 

globally (Colley et al., 2014; WHO, 2015). Of six species of Schistosoma which can 

cause disease in humans, Schistosoma japonicum is the only schistosome for which 

zoonotic transmission is considered important in East Asia. After asexual production in 

a snail intermediate host, the cercariae of this parasite can infect humans as well as a 

range of species of wild and domesticated animals as definitive hosts to complete its 

complex lifecycle. S. japonicum is endemic to regions along the central and lower 

reaches of the Yangtze River (CL) and in the mountainous regions of Southwest China 

(SW). It is also present in parts of the Philippines and parts of Indonesia (Colley et al., 

2014; Soares Magalhaes et al., 2014). 

In China, with over 60 years of nationwide schistosomiasis control and 

environmental modification (Wang et al., 2009; Collins et al., 2012; Cao et al., 2016; 

Xu et al., 2016), the transmission source of this parasite has been constantly changing. 

For example, in humans, the number of infected patients in China has reduced from 12 

million in 1950s to 77,200 in 2014 (Ross et al., 2001; Sun et al., 2017; Wang et al., 

2017), and domestic animals have become the most significant reservoirs for zoonotic 

transmission (Rudge et al., 2013). In China, more than 75% of current transmission is 

attributable to bovines in the CL regions (Guo et al., 2006; Gray et al., 2009). The 

distribution of intermediate hosts of S. japonicum, Oncomelania hupensis, also 

determines the current distribution of this parasite. Since the 1950s, the geographical 

range of O. hupensis has reduced by 25% (Shi et al., 2016), particularly following the 

completion of the Three Gorges Dam (TGD) in 2006. A reduction in water flow along 

the Yangtze River and its tributaries correlated with a reduction in the prevalence and 

density of snails, likely as a result of marshlands receiving less water each summer 

(Zhou et al., 2016). These changes have been predicted to accelerate the reduction of S. 

japonicum populations (Zhou et al., 2016). However, previous studies provide 

conflicting evidence for (Ding et al., 2017) and against (Yin et al., 2016a) recent 

bottlenecks in S. japonicum populations in the CL regions. To better understand 

transmission and population dynamics of S. japonicum in these regions, in-depth 

investigations of the population genetic structure(s) of this parasite are required 

(Steinauer et al., 2010). 
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Studies have shown significant genetic differentiation between populations of S. 

japonicum from SW and CL regions of China (Shrivastava et al., 2005; Zhao et al., 

2009; Zhao et al., 2012; Yin et al., 2015a; Young et al., 2015). Based on the phylogeny 

of 119 mitochondrial genomes of isolates from major endemic areas, Yin et al. (2015) 

concluded that SW and other southeast Asian lineages originated from one of the CL 

populations, coinciding with human migration and the spread of rice planting. This 

hypothesis has been further supported by the relative lower genetic diversity found in 

SW regions compared with that of CL populations (Zhao et al., 2012; Yin et al., 2015a; 

Yin et al., 2015b), which could be a signal of founder effects, if the novel population 

was established by a small number of individuals from the original population (Ellegren 

and Galtier, 2016). Presently, the genetic structure of S. japonicum within CL regions 

remains unresolved (Yin et al., 2015a). For instance, many studies speculate that most 

CL regions actually comprise multiple, “migrated” S. japonicum lineages (Shrivastava 

et al., 2005; Rudge et al., 2009; Lu et al., 2010; Zhao et al., 2012). This hypothesis is 

consistent with a diversification of the intermediate snail host of S. japonicum in the 

CL regions (Zhao et al., 2010), suggesting to be the result of the frequent flooding of 

the Yangtze River and “driving” the proposed widespread dispersion and complex 

migration of S. japonicum (see Zhao et al., 2012; Attwood et al., 2015). Due to the 

evidence of genetic hybridisation in some schistosomes (Webster et al., 2013; Leger 

and Webster, 2017), the dispersion hypothesis and potential hybridisation between 

sibling lineages of S. japonicum warrants testing. 

Hypotheses regarding dispersal of S. japonicum have been tested mostly using 

microsatellite and/or mitochondrial sequence data sets (Zhao et al., 2012; Attwood et 

al., 2015; Bian et al., 2015; Yin et al., 2015a; Yin et al., 2015b; Yin et al., 2016a; Ding 

et al., 2017). Mitochondrial gene sequences do not provide phylogenetic data that is 

sufficiently informative to resolve genetic relationships of population variants of S. 

japonicum, particularly in the CL reaches (Zhao et al., 2012; Young et al., 2015). 

Furthermore, conclusions derived from the analysis of microsatellite markers have been 

inconsistent with those of mitochondrial markers (Yin et al., 2015a). To address such 

limitations, genetic variation has been explored in protein-coding genes of the nuclear 

genome, including genes essential for adapting to different habitat types and/or a novel 

subspecies of the intermediate host (Li et al., 2017). For example, a single gene 

encoding a tegumental protein, SjT22.6, was reported to be under positive selection and 

readily differentiated SW and CL populations of S. japonicum (Li et al., 2017). This 
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finding was consistent with a whole-nuclear genome investigation which explored 

variation in functional genes in a genome-wide manner, and further assisted in 

establishing the evolutionary relationships of geographically distinct S. japonicum 

isolates using a high throughput sequencing-based approach (Young et al., 2015; Yin 

et al., 2016b). However, inconsistencies in predicted relationships were still observed 

among independent studies. For example, although two lake/marshland isolates 

(AHGC and SJ2) were collected from the same county (Guichi, Anhui Province), 

AHGC clustered with the SW mountainous populations in one study (Yin et al., 2016b), 

whereas SJ2 clustered with the CL lake/marshland populations in another (Young et al., 

2015). These inconsistencies might have resulted from biological factors (micro-habitat 

of isolates or well-mixed populations), but they may also relate to technical issues 

pertaining to sample size or genome sequence coverage. Clearly, these aspects warrant 

further exploration. 

In the present study, we re-examined the structuring and substructuring of S. 

japonicum population in the CL and SW regions of China through analyses of two 

independent nuclear genomic data sets. These data were used to construct concatenated 

and coalesced phylogenetic trees using protein-coding or intronic regions, and explore 

intra- and inter-species selective pressures on genes of S. japonicum. Through these 

efforts, we revealed a clear genetic differentiation between SW and CL populations, 

and a predominant selective pressure on the S. japonicum genome. The present study 

highlights some salient technical challenges associated with selecting a reliable 

approach for phylogenetic analyses and population genomic studies of S. japonicum, 

considering the potential hybridisation of mixed lineages and dynamic changes in the 

rate of evolution (e.g., local adaptation and relaxed selection) in particular contexts. 

 

4.2. Material and methods 

 

Schistosoma japonicum samples 

Sixteen isolates of S. japonicum adults were used in this study. Nine of these isolates 

(Group 1; labelled with a prefix “N”) represented eight populations from regions along 

the central and lower reaches of the Yangtze River (CL) and one mountainous 

population from SW (Fig. 4-1A; Table 4-1; Supplementary File 4-1). These isolates 

were collected as part of a previous study (Zhao et al., 2012) aimed at continuously 
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sampling population diversity of S. japonicum and O. hupensis. Briefly, adult worms 

were raised in mice, with each mouse infected with 40 cercariae shed from multiple 

snails representing each population/location (Supplementary File 4-1). Six weeks 

following the infection, adult worms were retrieved by perfusion from mesenteric veins 

using 0.9% NaCl, pooled, washed extensively in saline and stored in 95% ethanol at 

4°C. Group 2 included seven isolates of adult worms (SJ1-SJ7; Table 4-1) that were 

previously whole genome sequenced (Bioproject PRJNA286685; Young et al., 2015), 

including five populations (SJ1-SJ5) from CL regions and two mountainous 

populations (SJ6 and SJ7) in the SW (Fig. 4-1A). Adult worms for each location were 

produced in rabbits infected with 1000 cercariae from 10 snails (3 snails for SJ6) in 

1999 (Chilton et al., 1999). SJ1 had been passaged in the laboratory through mice and 

snails for 20 years (Chilton et al., 1999). 

 

Genomic DNA library construction and sequencing of Group1 adult worms 

Group 1 worms representing each population were pooled for DNA isolation 

(Supplementary File 4-1) using established method (Zhao et al., 2012). Total DNA was 

quantified by Nanodrop (ThermoFisher), and DNA integrity was assessed by agarose 

gel electrophoresis. High-quality genomic DNA was used to construct short-insert 

genomic DNA libraries using a TruSeq DNA library construction kit (Illumina) and 

paired-end sequenced as 100 nucleotide (nt) reads using the HiSeq-2500 platform 

(Illumina). 

 

Sequence read mapping, library normalisation, and identification and curation of 

nucleotide polymorphisms 

First, low quality bases (Phred quality: < 25), adapters and reads of < 50 nt in length 

were removed using Trimmomatic v.0.32 (Bolger et al., 2014) and sequence quality 

was confirmed using FastQC v.0.11.2 

(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Next, high-quality reads 

were mapped to scaffolds of the published reference genome of S. japonicum (SjRef; 

Bioproject PRJEA34885) (Zhou et al., 2009) using Bowtie2 v.2.2.5 (Langmead and 

Salzberg, 2012), and read alignments were stored in the BAM format. Each BAM file 

was sorted, duplicates were removed, insertion-deletion events curated and the quality 

of read alignments established using PICARD tools v.1.123 
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(http://broadinstitute.github.io/picard) according to best practice (i.e. GATK guidelines) 

(McKenna et al., 2010). To adjust for variability in library sizes between the datasets 

derived from Groups 1 and 2, BAM files were down-sampled, so that each library 

contained 21 million random pairs of reads that were mapped to the S. japoncium 

reference genome using SAMtools v.1.6 (Li et al., 2009). An MPILEUP format file was 

created from each down-sampled BAM file using SAMtools, and the frequencies of 

SNPs were estimated using the program VarScan v.2.3.7 (Koboldt et al., 2009) with the 

following settings: --min-coverage: 5 -- min-reads: 5 -- p-value: 0.95, and stored in 

VCF format. In each VCF file, SNPs were removed if the reference allele had an 

ambiguous nucleotide (N) or if SNPs were common to all Group 1 or all Group 2 

datasets. Reported SNP variants were annotated based on their genomic locations and 

predicted coding effects using SnpEff v.4.0e (Cingolani et al., 2012) and a GFF 

annotation file available for the reference genome SjRef. 

 

Selection of consensus SNPs and construction of S. japonicum gene groups 

Nucleotide positions in the reference genome with a SNP at greater than 50% allelic 

frequency in at least one library (consensus SNP) were selected for further processing. 

When a consensus SNP was called by VarScan v.2.3.7 (Koboldt et al., 2009) in one or 

more library, alternative alleles in any other library with greater than 50% allelic 

frequency were also recorded as a consensus SNP. To predict the coding domains for 

each S. japonicum library, consensus SNPs were transferred to the reference genome 

sequence using VCFtools v.0.1.12b, vcf-consensus (Danecek et al., 2011) and coding 

domains and amino acid sequences were extracted from each genome using GAG 

v.2.0.1 (http://genomeannotation.github.io/GAG) and the annotated SjRef genome 

(Zhou et al., 2009). Intronic sequences were extracted from each genome using the 

program gffread (Trapnell et al., 2010) and the SjRef genome. For both CRs and IRs, 

the intersections between shared and unique consensus SNPs among the 16 isolates 

were summarised and visualised using the R package UpSetR v.1.3.3 (Lex et al., 2014). 

Coding and intronic consensus SNPs were also subjected to principal component 

analysis (PCA) using the R package SNPRelate v 1.8.0 (Zheng et al., 2012). 

Single-copy gene groups (SCGGs) in coding and intronic regions were selected from 

the S. japonicum gene sets if: (1) < 80% nucleotide identity to other S. japonicum coding 

domain; (2) < 10% ambiguous nucleotides (Ns) within coding or intronic domains; (3) 
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coverage of ≥ 5 mapped reads to more than 80% of the coding or intronic domains in 

all libraries; and (4) no internal stop codons within the SjRef reference coding domain.  

 

Assessing genetic variation and construction of phylogenetic trees 

To compare geographic and genetic distances among isolates, the pairwise geographic 

distance between isolates was calculated from the longitude and latitude of the sampling 

locations and using the R package “geosphere” (https://github.com/cran/geosphere). 

Pairwise genetic distance between isolates was estimated from the concatenated coding 

and intronic sequences of SCCGs and using the “dist.dna” function within the R 

package “ape” v.5.1 (Paradis et al., 2004) and applying the with TN93 nucleotide 

substitution model. Spearman's rank correlation coefficient between geographic and 

genetic distance among all isolate pairs, isolate pairs within CL or SW and between CL 

and SW were calculated in R v.3.3.2 (Team, 2013) and plotted using the R package 

“ggplot2” (Wickham and Chang, 2008). 

Coding (CR) and intronic (IR) nucleotide regions of SCGGs were subjected to 

phylogenomic analysis using Bayesian inference (BI), maximum likelihood (ML) and 

coalescent-based summary methods. For BI, the concatenated CRs or IRs were 

subjected to BI analysis using MrBayes v.3.2.2 (Ronquist et al., 2012), with the general 

time reversible (GTR) and invariant and discrete gamma model. Trees were constructed, 

employing the Monte Carlo Markov chain method (n chains = 4) over 500,000 

generations, with every 200th tree being saved; 25% of the first saved trees were 

discarded to ensure a convergence of the nodal split frequencies. Consensus (50% 

majority rule) trees were constructed from all remaining trees, with nodal support 

expressed as a posterior probability (pp). For ML, the same concatenated sequences 

were subjected to the phylogenetics program RAxML v.8.2.9 (Stamatakis, 2014) using 

GTR model, and setting four discrete rate categories. Nodal support values were 

inferred from 100 bootstrap replicates. Consensus trees (50% majority rule) were 

created using sumtrees.py in the DendroPy v.4.1.0 (Sukumaran and Holder, 2010). 

Trees were displayed and re-labelled using the program Figtree v.1.4 

(http://tree.bio.ed.ac.uk/software/figtree/). 

A coalescence approach to tree construction was also applied, following established 

methods (Jarvis et al., 2014; Mirarab et al., 2014). First, individual majority rule gene 

trees were constructed from the CRs or IRs of each gene using RAxML and using the 
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GTR substitution model. Then, CR or IR gene trees were subjected to the program 

ASTRAL v.3 (Mirarab et al., 2014) to construct a coalesced “summary” tree. To 

construct such a tree, the topologies of all possible quartet trees around internal 

branches were compared, and concordant branches among genes were used to construct 

the final tree. Posterior probability (PP) support for an internal branch was estimated 

from the frequency of quartet trees sharing compatible topologies (Sayyari and Mirarab, 

2016). Quartet frequencies were used to derive estimates of internal branch lengths in 

coalescent units (Degnan and Rosenberg, 2006).  

 

 

 

Calculation of interspecific divergence and intraspecific polymorphism  

Single-copy orthologous (SCO) coding sequences shared by S. japonicum and S. 

mansoni (Berriman et al., 2009) were identified using the program OrthoMCL (v.2.0.4) 

(Li et al., 2003) using default settings. The resultant groups that contained only one       

S. japonicum gene and one S. mansoni gene were selected as SCOs. Codons of                   

S. japonicum and S. mansoni orthologs were aligned using PRANK v.170427 using 

default settings (Loytynoja and Goldman, 2010). Gaps that were longer than 1/3 of an 

alignment length were removed. The average number of nonsynonymous and 

synonymous substitutions per site between S. japonicum and S. mansoni (dN, dS) and 

the average number of nonsynonymous and synonymous polymorphism per site within 

S. japonicum (πN, πS) were calculated employing an established method (Chen et al., 

2009). Nonsynonymous or synonymous sites were calculated using nucleotide 

differences and an established protocol (Ina, 1995). Nucleotide diversity (π) of each 

coding sequence was estimated by calculating the average pairwise nucleotide 

differences per site. Spearman correlation coefficient and Fisher’s exact test were 

performed in R v.3.3.2 (Team, 2013).  

The McDonald-Kreitman test was used to compare interspecies nonsynonymous 

(Dn) and synonymous (Ds) divergent bases with intraspecies nonsynonymous (Pn) 

and synonymous (Ps) polymorphic bases (McDonald and Kreitman, 1991). The 

nonsynonymous and synonymous nucleotide differences in retained codon-based S. 

japonicum and S. mansoni orthologue alignments were designated as Dn and Ds, 

respectively. Pn and Ps were calculated based on the consensus SNPs that were 

combined and merged from all S. japonicum data sets. For each gene, Dn, Ds, Pn, Ps 
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values constitute a 2´2 contingency, the significance of which was determined using 

Fisher’s exact test (p < 0.05). All the significant SCGGs were subjected to the test of 

direction of selective forces: DoS = Dn/(Dn+Ds)-Pn/(Pn+Ps) (Stoletzki and Eyre-

Walker, 2011). Positive and negative DoS values indicate adaptive and 

balancing/relaxed selection, respectively. Significantly enriched protein families 

containing representatives with homology (BLASTP, E-value, 1e-05) to proteins 

submitted to the Kyoto Encyclopedia of Genes and Genomes (KEGG) Brite hierarchy 

database (Kanehisa et al., 2011; Xie et al., 2011) were determined using the Fisher’s 

exact test (p < 0.05).  

We compared the frequency of the consensus SNPs between SW and CL isolates, 

to identify fixed SNPs in each region. SNPs present in all SW isolates, but absent from 

most CL isolates (n  ³ 10 of 13 isolates) were inferred to be fixed SNPs in SW 

population. SNPs present in most CL isolates (n ³ 10 of 13 isolates), but were missing 

from the SW isolates were inferred to be fixed SNPs in CL populations. SCGGs with 

more than 3 non-synonymous fixed SNPs were recorded to relate to high amino-acid 

variability. Functional annotation of the these SCGGs was inferred from a previous 

annotation of S. japonicum (Young et al., 2015). 

 

4.3. Results 

 

Illumina sequencing data and pre-processing of reads 

Nine Group 1 libraries were constructed and whole-genome sequenced. Each Group 1 

library contained 8 to 12 Gb of clean sequence data (NCBI BioProject accession 

number: PRJNA354903), comprising 71.7-109.8 million high quality reads 

(Supplementary File 4-1). Overall, 80.4% to 89.2% of these reads mapped to the 

reference genome, with 80.4% to 89.2% of them mapping as pairs (Supplementary File 

4-1). Whole genome sequence data for each Group 2 library contained 16 to 20 Gb of 

high quality genomic sequence data, comprising 159.2 to 203.6 million high quality 

reads (NCBI BioProject accession number: PRJNA286685; (Young et al., 2015)), and 

82.6% to 88.0% of these reads mapped to the reference genome, and ~95% mapped as 

pairs. Because of the observed differences in sequence mapping depth between Group 

1 (16.94-fold to 26.42-fold) and Group 2 (34.73-fold to 41.99-fold) libraries 
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(Supplementary File 4-2), all 16 libraries were normalised by down-sampling to 21 

million paired reads (42 million reads in total). 

  

SNP calling, consensus SNPs filtration, and coding regions extraction 

Normalised data sets were used to infer 1,643,746 ± 262,616.3 final consensus SNPs 

(ranging from 1,267,537 to 2,092,259 SNPs) with high quality (> 34) and uniform read 

coverage (Table 4-1). Of these, 71.7% (n = 911,779 to 1,492,913), 26.6% (n = 333,505 

to 561,682) and 1.8% (n = 22,253 to 37,664) of SNPs were within intergenic, intronic 

and protein-coding regions, respectively (Table 4-1). 

After filtering for predicted paralogs and excluding gene regions with low read 

mapping coverage, we curated SNPs located in 7,986,150 bp of mapped coding region 

from 6,978 SCGGs, and 29,033,261 bp of mapped intronic region from 4,638 of these 

SCGGs, which collectively represent 9.2% of the S. japonicum genome assembly. 

These SCGGs contained 84,304 to 145,760 consensus SNPs within curated gene 

regions of all 16 isolates, of which 12% (n = 9,946 to 17,180) and 88% (n = 74,358 to 

128,580) were located in coding and intronic regions, respectively. Within the coding 

regions, we identified 4,579 to 8,143 non-synonymous and 5,367 to 9,037 synonymous 

SNPs in each isolate (Table 4-2). For all the SCGGs, the average number of SNPs per 

kb of the coding regions ranged from 1.25 to 2.15 and 2.56 to 4.43 for intronic regions. 

Subsequently, we compared the number of consensus SNPs unique to, or shared by, 

the 16 isolates (Fig. 4-2). The 30 largest unique or intersecting SNP sets were comprised 

of between 3,822 to 259 and 25,870 to 2,114 SNPs in coding and intronic regions, 

respectively. The 8 largest SNP sets in coding and intronic regions were unique to the 

isolates with the most called consensus SNPs when compared to the reference genome 

(Fig. 4-2). For example, isolates SJ7, SJ6, N1, N8 and N10 contained the most total and 

unique SNPs in both coding and intronic regions, whereas isolates N24, N31 and SJ3 

contained the least SNPs in both regions (Fig. 4-2, Table 4-2). In the intersections of 

two or more isolates, SW isolates shared the most common SNPs in both coding and 

intronic regions. For example, SJ7 and SJ6 share 697 and 5,576 common SNPs within 

coding and intronic regions, respectively, most of which were also common to the third 

SW isolate (N10). In comparison, very few SNPs (< 250 within coding regions and < 

2000 within introns) were common among all 13 CL isolates. 

PCA of consensus SNPs in coding and intronic regions showed relatedness among 

the 16 isolates (Fig. 4-2C,D). The first and second principal components explained 
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25.19 % of variation in coding regions (Fig. 4-2C) and 23.82 % of variation in intronic 

regions (Fig. 4-2D). Using both coding and intronic SNPs, we observed clear division 

of SW and CL isolates, and little apparent population structure among the CL isolates, 

apart from the divergence of N1 and N8 isolates. 

 

Correlation between geographic and genetic distance 

Pairwise comparisons among all 16 isolates suggest a modest but significant correlation 

(n = 120 comparisons; rs = 0.58; p-value < 1×10-11) between genetic and geographic 

distances (Fig. 4-3). However, no significant correlation was observed for the pairwise 

comparison among CL (n = 78 comparisons; rs = 0.16; p-value = 0.16) and SW (n = 3 

comparisons; rs = 1; p-value = 0.33) isolates alone or pairwise comparison between the 

SW and CL isolates (n = 39 comparisons; rs = 0.26; p-value = 0.11).  

 

Phylogenomic relationships of 16 S. japonicum study populations  

Concatenated coding and intronic data sets. Concatenated sequences of: (1) coding 

regions (CRs) and (2) intronic regions (IRs) of consensus SCGGs were subjected to 

Bayesian inference (BI) and maximum likelihood (ML) analyses. Maximum likelihood 

trees inferred from coding regions (CR-ML) and intronic regions (IR-ML) had variable 

tree topologies (Fig. 4-4A,B). For both ML analyses, SW isolates formed a well-

supported group, to the exclusion of all CL isolates (bootstrap values > 90%), although 

the relationships between the three SW isolates in this group were not entirely 

consistent (Fig. 4-4A,B). For the CL isolates, N8 and N1, N37 and N21 and SJ4 and 

SJ5 grouped with high nodal support (> 50 %). In the IR-ML tree, isolate N22 was 

positioned basal to other CL isolates, with strong support, and for Group 2 isolates, SJ1 

to SJ5 consistently clustered with high nodal support (BS >90%). The trees build from 

coding region data by BI did not converge, and thus, no consensus tree was produced. 

The tree constructed by BI analysis of intronic data converged to produce a tree that 

was consistent with that built by ML (Fig. 4-4B). In the IR-BI tree grouped N1, N8, 

N21, N37, N9 and N31 with high nodal support (posterior probability = 0.997). Here, 

N9 and N31 grouped with strong nodal support (posterior probability = 1). Hence, the 

reliability and accuracy of the inferred trees varied markedly. For example, the CR-ML 

tree only had 5 of 13 possible internal nodes with BS > 90%, whereas the IR-ML tree 

had 9 of 13 possible internal nodes with bootstrap (BS) > 90% (Table 4-3). In addition, 

the IR trees had longer internal branch lengths (IR 0.00083; CR 0.00062) and lower 
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negative log likelihood values (IR -45,666,864 ± 5290.55; CR -11,779,789 ± 5088.11) 

than the CR trees. 

 

Coalesced gene tree. To investigate how the phylogenetic signals of each gene affect 

the topology of ML and BI trees, we constructed a coalesced tree for each data set (CR, 

IR) using trees constructed from individual SCGGs. Average bootstrap support for 

nodes in individual gene trees was low (CR 2.3%; IR 19.2%; Table 4-3). An unrooted, 

coalesced summary tree (CS) tree was then inferred for CR and IR data sets with the 

ML trees for each bin (Figure 4-4C,D). Agreement between gene trees and their 

corresponding CS tree was reported as the proportion of quartet tree topologies 

congruent with the input gene trees and summarised as a normalised branch quartet 

score which was used to derive localised posterior probability support for each node 

(Fig 4-4C,D and Table 4-3). Generally, the nodal support for CR-CS (Fig. 4-4C) and 

IR-CS (Fig. 4-4D) trees was low. Although some groups were consistent among CS, 

ML and/or BI trees, the nodes within the CS trees frequently had lower PP support 

(from 0.37 to 1 PP). In addition, both CS trees had fewer supported branches than the 

CR and IR trees, with 4 of 13 and 5 of 13 branches with PP > 0.95 in the CR-CS and 

IR-CS tree, respectively. Approximately 40% of the quartet trees (normalised branch 

quartet score ~ 0.4) were represented in the CS trees for both data sets (Fig 4-4C,D and 

Table 4-3). Consistent with the trees constructed from the concatenated coding and 

intronic data sets, both CS trees supported a clear separation of SW and CL isolates and 

the grouping of isolates N37 and N21 and SJ4 and SJ5. In addition, the IR-CS tree 

supports the grouping of isolates SJ1, SJ4 and SJ5 as well as N1 and N8.  

 

Genetic divergence and polymorphism within and between schistosome species 

Genetic variation within the protein-coding region of each S. japonicum SCCG was 

characterised by quantifying and comparing average nucleotide diversity of 

synonymous (πS) and nonsynonymous polymorphisms (πN) within species isolates 

(Table 4-4). Of the curated 6,978 S. japonicum SCGGs, 1,564 contained no 

synonymous polymorphisms (πS = 0) and were excluded from further analysis. The 

remaining 5,414 SCGGs had an average nucleotide diversity (π) of 0.0021 ± 0.0020 

(average ± standard deviation) and a πN/πS ratio of 0.2995 ± 0.4372 (average ± standard 

deviation) (Table 4-4). Only a weak but significant correlation (rs = 0.28; p-value < 
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2.2e-16) was observed when π and πN/πS were compared for each S. japonicum gene 

(Table 4-4). A significant correlation between π and πN/πS was also observed when 

considering distinct geographic regions (CL isolates, rs = 0.27; p-value = 2.2e-16 and 

SW isolates, rs = 0.37; p-value = 2.2e-16). 

Subsequently, we characterised genetic variation between schistosome species, 

using the S. mansoni reference genome (Bioproject PRJEA36577) (Berriman et al., 

2009; Protasio et al., 2012) as a representative of this species. First, we identified 3,317 

predicted S. japonicum and S. mansoni orthologues from the 6,978 S. japonicum 

SCGGs (Table 4-4) and removed 567 genes containing no interspecies synonymous 

polymorphisms (dS). We then quantified the nucleotide diversity between species at 

both nonsynonymous and synonymous positions in the remaining 2,750 orthologues. 

Between the two schistosomes, the average number of nonsynonymous (dN) and 

synonymous (dS) substitutions per site was 0.1493 ± 0.0913 and 0.7368 ± 0.2511 

(average ± standard deviation), respectively. The ratio of nonsynonymous and 

synonymous nucleotide polymorphisms between species (dN/dS) was 0.2186 ± 0.1387 

(average ± standard deviation) (Table 4-4) and correlated with nucleotide 

polymorphisms within all S. japonicum isolates (πN/πS) (rs = 0.45; p-value = 2.2e-16) 

and within distinct geographic regions (CL isolates , rs = 0.45; p-value = 2.2e-16 and 

SW isolates, rs = 0.43; p-value = 2.2e-16) (Fig. 4-5). Differences in interspecific 

nonsynonymous (Dn) and synonymous (Ds) divergence and intraspecific 

nonsynonymous (Pn) and synonymous (Ps) polymorphisms were then used to predict 

that 217 genes were under significant selection pressure (Fisher’s exact test; p-value < 

0.05). Based on estimates of direction of selective force (DoS) for S. japonicum and S. 

mansoni orthologues (McDonald-Kreitman Test; Supplementary File 4-4), 193 and 24 

of these genes were under adaptive and balancing/relaxed selection, respectively (Fig. 

4-5 and Supplementary File 4-4). Only 51.8% (n=100) of these genes encode proteins 

homologous (BLASTP; E-value < 1e-05) to curated KEGG proteins with protein family 

and/or pathway annotation. Among the 82 annotated genes under adaptive selection 

(DoS > 0), no pathways were significantly enriched, and only the transcription factors 

(ko0003; 14 of 142 transcription factors within orthologues; Supplementary File 4-5) 

were significantly enriched (Fisher’s exact test; p-value < 0). Among those transcription 

factors, three genes contained Cys2-His2 zinc finger (C2H2-ZF) domains, and four 

contained helix-turn-helix domains. 
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We also compared the frequency of the consensus SNPs between SW and CL 

isolates to identify fixed SNPs for each geographic location. We identified 1,060 SNPs 

in all the SW isolates (SW-SNPs) that were absent from at least ten CL isolates (n  ³ 

10 isolates) and 502 SNPs (CL-SNPs) present in at least ten CL isolates (n ³ 10) but 

absent from all the SW isolates. For SW isolates, the 1,060 SW-SNPs were within the 

gene regions of 741 SCGGs, 14 of which had amino-acid variability linked to > 3 non-

synonymous SNPs, including a methionine sulfoxide reductase, a G protein-coupled 

receptor and a calcium-activated potassium channel protein (Table 4-5 and 

Supplementary File 4-6). For CL isolates, the 502 CL-SNPs were within the gene 

regions of 434 SCGGs, 3 of which had amino-acid variability, including a glucose-6-

phophate 1-dehydrogenase. 

 

4.4. Discussion 

 

Here, we combined two whole genome data sets and re-analysed the population genetic 

structure of S. japonicum. To do this, we constructed concatenated and coalesced 

phylogenetic trees using nucleotide sequences representing coding and intronic regions. 

Despite the low phylogenetic resolution of CR trees, the inferred relationships among 

Group 2 isolates were generally compatible with the previous publication (Young et al., 

2015), being consistent in geographic distribution. In contrast, geographic associations 

were not clear for the Group 1 isolates. Most Group 1 isolates did not group with 

geographically adjacent isolates, except for N21 and N37, suggesting a complex 

geographic distribution of S. japonicum. Coincidently, a severe flooding event occurred 

along the Yangtze River in 1998, followed by the completion of the Three Gorges Dam 

in 2006. Given that the two groups of isolates were sampled at very different time points, 

marked temporal changes of the distribution of S. japonicum might have occurred in 

the last few decades, leading to a complex dispersal pattern for this parasite in the CL 

regions of China. 

Nonetheless, all phylogenetic trees showed clear genetic differentiation between SW 

and CL isolates, supporting the hypothesis that SW population originated from one of 

the CL populations about 5,000 years ago, following human migration and the spread 

of rice planting (Yin et al., 2015a). A significant correlation was found between genetic 

and geographic distance among the 16 isolates, which is likely to relate to geographic 
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isolation due to the mountain ranges and river gorges separating the SW and CL regions. 

The possible effect of these geographical barriers appears to be observed also in the 

Three Gorges Area located between SW and CL regions, where schistosomiasis is not 

endemic (Zhou et al., 2010). Another possible explanation for this genetic 

differentiation would be a local adaptation to distinct subspecies of O. hupensis in the 

mountainous regions of Southwest China (O. hupensis robertsoni) versus the 

lake/marshland CL regions (O. hupensis hupensi) (Zhao et al., 2010; Attwood et al., 

2015). Given that geographically distinct lineages of O. hupensis differ in their 

susceptibility to S. japonicum infection (Cross et al., 1984; He et al., 1990), SW and CL 

isolates might have gradually adapted to and proposed in respective local environments. 

During such adaptation, distinct gene alleles might have been favoured and thus led to 

further genetic distance between SW and CL isolates. 

Surprisingly, although the IR and CR trees separated SW and CL isolates, there were 

clear differences in the phylogenetic support in these trees. Compared with CRs, IR 

consensus trees had longer internal branch lengths, lower negative log-likelihood 

values, and more internal nodes with a high nodal support (BS > 90%). IR trees are 

usually constructed using significantly more phylogenetically informative sites (Jarvis 

et al., 2014), which was attributed here to a longer alignment length (IR: 29 Mb vs CR: 

8 Mb) and a greater SNP density (IR: 2.56 to 4.43 per kb; CR: 1.25 to 2.15 per kb). In 

complex cases, limited informative sites can create error-prone phylogenetic signals 

(Xi et al., 2015) and, thus, reduce the accuracy of the tree. Herein, the lower resolution 

of CR trees may be the result of too few informative sites, but other possibilities, such 

as convergent evolution, need to be considered (cf. Poulin and Randhawa, 2015), given 

the reported convergence of genes linked to proteolysis in S. mansoni, a related 

schistosome (Clément et al., 2013). In contrast, the lack of strong natural selection in 

IR regions (Saeb, 2015) relates to more polymorphic sites, which lends greater power 

to overcome inconsistent phylogenetic signals and, hence, provides better support for a 

more reliable phylogeny. 

For comparative purposes, consensus SNPs were also used to construct individual 

gene trees that were summarised as coalesced “summary” (CS) trees for coding and 

intronic regions. Overall, CS trees were usually congruent with concatenated sequence 

trees; however, CS trees only represented 40% of the gene trees. Discrepancies between 

individual gene trees and CS trees are quite common (Kutschera et al., 2014; Shipham 

et al., 2015) and might reflect a more accurate evolutionary scenario compared with 
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trees based on concatenated sequences. Given the proposed complex dispersal of this 

parasite in CL regions (Yin et al., 2015a), the low proportion of compatible gene trees 

could be caused by incomplete lineage sorting (ILS) and/or introgression (Long and 

Kubatko, 2018). ILS occurs when ancestral polymorphisms retained in descendant 

lineages do not completely match the evolutionary relationships among lineages, which 

occur more frequently in recently diverged lineages or lineages derived from a larger 

ancestral population (Rogers and Gibbs, 2014). Based on the hypothesised evolutionary 

history of S. japonicum (Yin et al., 2015b), large-scale dispersal of this parasite in China 

was not likely to occur until 22,000 years ago (Yin et al., 2015a), which might have led 

to a genome-wide ILS in populations or subpopulations.  

Another explanation for the phylogenetic discrepancies is introgression. Frequent 

introgression can result in decreasing posterior probabilities, underestimates of branch 

length and may alter the topology of a CS tree (Leaché et al., 2013; Kutschera et al., 

2014). Both ILS and introgression can strongly confound the inference of a phylogeny. 

However, disentangling the effect of ILS and introgression is challenging due to their 

similar “footprints” of genetic variation (Leaché et al., 2013). Nonetheless, our results 

indicate that phylogenetic relationships that have been inferred using a few genetic 

markers should be interpreted with caution. With the decreasing cost high throughput 

sequencing, genome-wide information should be obtained and utilised to achieve robust 

phylogenies.   

Another factor that deeply affects genetic variation is the nature and extent of natural 

selection (Akey et al., 2004). The relatively low dN/dS of S. japonicum and S. mansoni 

orthologs shows that most nonsynonymous mutations in these genes were deleterious 

and, hence, have been removed by negative selection. Surprisingly, we observed a 

positive correlation between πN/πS and dN/dS, suggesting a consistent natural selection 

on both deep and recent timescales. Although most common S. japonicum/S. mansoni 

orthologs were inferred to be under purifying selection, 193 orthologs were predicted 

to be under a long-term, positive selection. Genes encoding transcription factors were 

significantly enriched, including three containing Cys2-His2 zinc finger (C2H2-ZF) 

domains. In humans, most genes encoding C2H2-ZF domains are also adaptive and 

regulate a diverse range of genes (Najafabadi et al., 2015). Given the rapid lineage-

specific expansions of the C2H2-ZF family in many species (Emerson and Thomas, 

2009), the adaptive C2H2-ZF proteins identified might also have evolved rapidly to 

regulate existing genes in response to environmental changes. Interestingly, another 
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adaptive gene encoding a methionine sulfoxide reductase (Msr) contains seven 

nonsynonymous SNPs that were fixed in the SW isolates; an ortholog of this gene has 

been reported to be highly transcribed in the eggs of S. mansoni and predicted to play 

a role in repairing oxidised methionine residues (Oke et al., 2009). More broadly, this 

enzyme has been reported to reduce oxidative stress and aid the survival of the 

schistosomes in the intermediate host (Oke et al., 2009). Given that S. japonicum infects 

two distinct subspecies of O. hupensis in SW and CL regions, respectively, the 

nonsynonymous fixed SNPs in the Msr gene may reflect a recent adaptation to distinct 

intermediate host taxa (Zhao et al., 2010). Further studies are required to explore the 

role(s) of the Msr gene in schistosomes and other flatworms and their evolution. 

In the present research, we explored genetic variation among S. japonicum 

populations based on the sequencing data of pooled individual worms (Pool-Seq). In 

such studies, it is possible to infer population statistics for individual pools (isolates), 

including nucleotide diversity and allelic frequency (Nolte et al., 2013; Guo et al., 2015; 

Kapun et al., 2016; Dal Grande et al., 2017); however, this approach requires deep 

sequencing of many (n > 50) pooled, possibly unrelated individuals (cf. Schlötterer et 

al., 2014). Meeting Pool-Seq requirements for flatworms can be challenging due to their 

large genome size and clonal replication in the snail intermediate host. Distinct clones 

of cercariae in individual snails can ultimately lead to significant variation in the genetic 

composition of adult worms among different definitive host individuals (Prugnolle et 

al., 2005). Another issue is that population statistics may be unreliable for pools of 

worms in temporal studies of S. japonicum conducted, for example, along the Yangtze 

River, particularly given that flooding, at distinct time points, might have led to a 

mixing of distinct S. japonicum lineages, complicating interpretation. Hence, instead of 

characterising population statistics for each pool, we elected to focus on constructing a 

phylogeny based on consensus SNPs. With the decreasing cost of the high-throughput 

sequencing, we expect that whole-genome sequencing of large-scale individual worms 

should be feasible in the near future and enable the inference of genetic relationships 

among individuals prior to the estimation of population statistics.  

 

4.5. Conclusions 
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By constructing the phylogeny of S. japonicum, we confirmed the genetic 

differentiation between SW and CL isolates, and revealed evidence of dramatic 

temporal distributional changes of this parasite in CL regions. Applying multiple 

phylogenetic techniques, we improved the accuracy of the phylogenetic construction, 

and identified the importance of intronic regions for future phylogenetic inferences 

using whole genome sequence data. Within the genome, high proportions of 

inconsistent gene trees suggest a genome wide ILS and/or a relatively frequent 

introgression, which might be associated with a complex dispersal history of S. 

japonicum. Interestingly, we identified genes that are under positive selection and found 

evidence for the adaptation of the parasite to local intermediate hosts. The present study 

identifies and emphasises the technical challenges associated with studying genetic 

variation in S. japonicum and other flatworms using pooled worms. With a decreasing 

cost of the high-throughput sequencing, the focus should be on using whole genome 

data sets from large numbers of individual worms for detailed population genetic 

investigations. 
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Table 4-1 Summary of the final consensus SNPs in each population after down-sampling and filtration. 

Isolate 

code 

Sample location 

(County, Province) 

No. of SNP 

called 

Average allelic 

frequency (%)* 

Mapping 

depth* 

Genotype 

call quality* 

Intergenic 

SNPs 

Coding 

SNPs 

Intronic 

SNPs 

Sequencing 

depth within 

coding domains* 

N1 Zongyang, Anhui 1,936,137 83.45 ± 18.89 12.31 ± 6.77 34.34 ± 6.14 1,379,308 

(71.24%) 

36,181 

(1.87%) 

520,648 

(26.89%) 

14.23 ± 6.62 

N8 Honghu, Hubei 1,863,304 82.11 ± 17.47 12.33 ± 7.37 34.32 ± 6.03 1,327,769 

(71.26%) 

34,417 

(1.85%) 

501,118 

(26.89%) 

14.46 ± 14.61 

N9 Xinjian, Jiangxi 1,364,921 74.47 ± 15.38 11.94 ± 6.69 34.50 ± 5.35 980,372 

(71.83%) 

24,022 

(1.76%) 

360,527 

(26.41%) 

13.95 ± 12.07 

N10 Xichang, Sichuan 1,844,939 81.15 ± 16.65 12.43 ± 7.48 34.16 ± 5.90 1,317,972 

(71.44%) 

34,227 

(1.86%) 

492,740 

(26.71%) 

14.64 ± 7.86 

N21 Jianglin, Hubei 1,638,431 78.30 ± 16.61 12.13 ± 6.52 34.42 ± 5.64 1,174,111 

(71.66%) 

29,671 

(1.81%) 

434,649 

(26.53%) 

14.32 ± 8.93 

N22 Jinzhou, Hubei 1,447,217 74.85 ± 15.71 12.23 ± 7.01 34.60 ± 5.31 1,039,775 

(71.85%) 

25,669 

(1.77%) 

381,773 

(26.38%) 

14.46 ± 7.05 

N24 Yangxin, Hubei 1,267,537 72.28 ± 14.60 11.95 ± 6.55 34.69 ± 5.10 911,779 

(71.93%) 

22,253 

(1.76%) 

333,505 

(26.31%) 

14.01 ± 10.73 

N31 Dongtinghu, Hunan 1,329,657 73.93 ± 15.44 11.75 ± 5.99 34.58 ± 5.27 956,050 

(71.90%) 

23,241 

(1.75%) 

350,366 

(26.35%) 

13.97 ± 10.77 

N37 Jianglin, Hubei 1,633,765 77.69 ± 16.82 12.13 ± 6.74 34.44 ± 5.55 1,170,244 

(71.63%) 

29,016 

(1.78%) 

434,505 

(26.60%) 

14.27 ± 8.68 

SJ1 Jiashan, Zhejiang 1,751,097 77.58 ± 16.15 11.80 ± 5.75 34.41 ± 5.31 1,252,396 

(71.52%) 

30,216 

(1.73%) 

468,485 

(26.75%) 

13.67 ± 8.49 

SJ2 Guichi, Anhui 1,443,885 73.50 ± 15.10 11.84 ± 5.47 34.61 ± 4.99 1,037,180 

(71.83%) 

24,573 

(1.70%) 

382,132 

(26.47%) 

13.76 ± 7.72 

SJ3 Yongxia, Jiangxi 1,368,776 72.76 ± 14.74 11.70 ± 5.48 34.62 ± 4.95 986,931 

(72.10%) 

22.993 

(1.68%) 

358,852 

(26.22%) 

13.51 ± 7.41 

SJ4 Wuhan, Hubei 1,650,198 76.29 ± 15.92 11.83 ± 5.55 34.47 ± 5.22 1,184,008 

(71.75%) 

28,025 

(1.70%) 

438,165 

(26.55%) 

13.65 ± 6.60 

SJ5 Yueyang, Hunan 1,606,912 75.54 ± 15.74 11.75 ± 5.53 34.47 ± 5.16 1,153,590 

(71.79%) 

27,065 

(1.68%) 

426,257 

(26.53%) 

13.56 ± 6.81 

SJ6 Tianquan, Sichuan 2,060,895 82.51 ± 16.42 12.01 ± 6.22 34.17 ± 5.68 1,472,301 

(71.44%) 

36,684 

(1.78%) 

551,910 

(26.78%) 

13.91 ± 6.38 

SJ7 Dali, Yunnan 2,092,259 81.69 ± 16.92 12.37 ± 8.06 34.12 ± 5.60 1,492,913 

(71.35%) 

37,664 

(1.80%) 

561,682 

(26.85%) 

14.21 ± 6.76 

*mean ± standard deviation 
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Table 4-2 Summary of SNPs in coding and intronic regions of 6,978 single-copy gene groups in each 
isolate. 
Isolate  

code 

Total  

SNPs 

Retained  

intronic SNPs 

Intronic 

SNPs 

per 1 kb* 

Retained 

coding  

SNPs 

Coding 

SNPs 

per 1 kb* 

Non-

Synonymous  

SNPs 

Synonymous  

SNPs 

N1 137,205 120,441 (87.78%)  4.15 16,764 (12.22%) 2.10 7,840 8,924 

N8 131,985 116,254 (88.08%) 4.00 15,731 (11.92%) 1.97 7,278 8,453 

N9 91,411 80,789 (88.38%) 2.78 10,622 (11.62%) 1.33 4,775 5,847 

N10 129,954 114,212 (87.89%) 3.93 15,742 (12.11%) 1.97 7,399 8,343 

N21 112,007 98,572 (88.01%) 3.40 13,435 (11.99%) 1.68 6,178 7,257 

N22 97,498 85,973 (88.18%) 2.96 11,525 (11.82%) 1.44 5,383 6,142 

N24 84,304 74,358 (88.20%) 2.56 9,946 (11.80%) 1.25 4,579 5,367 

N31 88,449 78,216 (88.43%) 2.69 10,233 (11.57%) 1.28 4,776 5,457 

N37 110,961 97,837 (88.17%) 3.37 13,124 (11.83%) 1.64 6,069 7,055 

SJ1 118,386 104,991 (88.69%) 3.62 13,395 (11.31%) 1.68 6,146 7,249 

SJ2 95,234 84,354 (88.58%) 2.91 10,880 (11.42%) 1.36 5,029 5,851 

SJ3 89,553 79,365 (88.62%) 2.73 10,188 (11.38%) 1.28 4,695 5,493 

SJ4 110,153 97,753 (88.74%) 3.37 12,400 (11.26%) 1.55 5,665 6,735 

SJ5 107,388 95,354 (88.79%) 3.28 12,034 (11.21%) 1.51 5,534 6,500 

SJ6 142,442 125,816 (88.33%) 4.33 16,626 (11.67%) 2.08 7,711 8,915 

SJ7 145,760 128,580 (88.21%) 4.43 17,180 (11.79%) 2.15 8,143 9,037 
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Table 4-3 Summary of phylogenetic analyses of the Schistosoma japonicum coding and 

intronic region data sets. 
Features Coding regions Introns 

Concatenated sequence approach   

Bootstrap support (BS) of the 13 branches 

(branches >90%; >50%; Mean %) 
4;5;50 9;9;79 

MLa Internal branch length (BS >50%) 0.00062 0.00083 

ML Bootstrap Likelihoodb -11,779,789 ± 5088.11 -45,666,864 ± 5290.55 

BIc likelihood  

(run1; run2) 
- 

-44,291,865.54; 

-44,292,093.00 

Summary tree approach   

Normalised quartet score for coalesced 

summary tree 
0.405 0.422 

a Maximum likelihood 
b Average ± standard deviation 
c Bayesian inference 
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Table 4-4 Characteristics of nucleotide diversity, polymorphism and divergence among schistosomes and 

among/between Schistosoma japonicum isolates in the central and lower reaches of the Yangtze River 

(CL) and in the mountainous regions of Southwest China (SW). 

Type of 

analysis 
Total CL SW 

S. japonicum 

and S. mansoni 

dNa    0.1493 ± 0.0913 

dSa    0.7368 ± 0.2511 

dN/dSa    0.2186 ± 0.1387 

πa 0.0021 ± 0.0020 0.0020 ± 0.0019 0.0028 ± 0.0026  

πNa 0.0012 ± 0.0015 0.0011 ± 0.0015 0.0015 ± 0.0020  

πSa 0.0057 ± 0.0054 0.0054 ± 0.0052 0.0078 ± 0.0074  

πN/πS*a 0.2995 ± 0.4372 0.2950 ± 0.4436 0.2432 ± 0.3173  

πN/πS vs. πb  0.28; p-value < 2.2e-16 0.27; < 2.2e-16 0.37; p-value <2.2e-16 

dN/dS vs. πN/πSb 0.45; p-value < 2.2e-16 0.45; < 2.2e-16 0.43; p-value<2.2e-16  
a Average (± standard deviation) nucleotide differences per site 
b Spearman correlation coefficient (rs); p-value 
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Table 4-5 Genes with most fixed SNPs in Schistosoma japonicum genes between central and lower 

reaches of the Yangtze River (CL) and in the mountainous regions of Southwest China (SW).  

 

  

Regions Genes Polymorphic sites Annotation 

SW    

 Sjp_0059310 Pn:7/29; Ps:3/14 Methionine sulfoxide reductase, MK adaptive genes 

 Sjp_0071550 Pn:4/14; Ps:2/14 5-hydroxytryptamine receptor 7 G protein-coupled receptors 

 Sjp_0067610 Pn:4/17; Ps:4/18 Calcium-activated potassium channel  

CL    

 Sjp_0026090 Pn:4/9; Ps:2/17 glucose-6-phosphate 1-dehydrogenase 
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Fig. 4-1 Map of locations of the 16 isolates. This map includes 9 geographical 

populations (isolate with N prefix) in Group 1 (red circles) and 7 geographical 

populations (isolates with SJ prefix) in Group 2 (blue circles). The Yangtze River and 

other major rivers and lakes are shown in light blue colour. Boundaries of countries and 

provinces are shown as orange lines. The map was generated and modified based on 

the resources of www.naturalearthdata.com. 

 



 
 

 136 

 

Fig. 4-2 Consensus SNPs distribution and principal component analysis of      

Schistosoma japonicum from 16 locations in China. UpSet plot showing the distribution of 

consensus coding SNPs (A) and intronic SNPs (B) of the 16 isolates. The black vertical bars 

and the numbers on top represent frequency of unique SNPs in each intersection of isolate 

group(s). Black dot(s) below each vertical bar showing the isolates that present the SNPs. The 

lined dots show that the intersection is the common unique SNPs shared between two or more 

isolates. The number of consensus SNPs in each isolate is shown by horizontal blue bars on 

the bottom left of the figure. Principal component analysis (PCA) with consensus SNPs 

located in coding regions (C), introns (D) are shown as 2-dimension plots. The two axes 

represent two most crucial components. The percentage of variance for each component is 

shown within brackets. Each isolate is shown as circle with corresponding colour. 
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Fig. 4-3 Correlation between genetic distance and geographical location. Red dots 

represent isolate pairs from central and lower reaches of Yangtze River (CL). Green 

dots represent isolate pairs from Southwest (SW) region. Blue dots represent pairs 

comprised of one SW isolate and one CL isolate (SW-vs-CL). Spearman’s rank 

correlation coefficient (rs) and the corresponding p-value (p) for each group and all the 

pairs are listed at the right. 
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Fig. 4-4 Phylogenetic relationships of Schistosoma japonicum from 16 locations in China. 

(A) Majority rule maximum likelihood (ML) tree constructed using concatenated nucleotide 

sequences of coding regions single copy gene groups (SCGGs). (B) Majority rule ML tree 

constructed using concatenated nucleotide sequences of intronic regions of SCGGs. Nodal 

bootstrap or posterior probability values on ML trees are indicated in the following order: 

ML/BI. (C) Coalesced summary tree constructed using nucleotide sequences of coding regions 

of SCGGs. (D) Coalesced summary (CS) tree constructed using nucleotide sequences of 

intronic regions of SCGGs. Nodal posterior probability values are shown on each CS tree.  
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Fig. 4-5 Estimation of neutrality index of coding sequence. The two axes showing 

logarithmic values (base: 10) of the ratio of interspecific nonsynonymous (dN) and 

synonymous (dS) divergence per site and the ratio of intraspecific nonsynonymous (πN) 

and synonymous (πS) polymorphisms per site for each single copy gene shared between 

Schistosoma japonicum and S. mansoni. Genes with a significant McDonald-Kreitman 

result (Fisher’s exact test, p < 0.05) are shown in red or blue. Within these genes, the 

genes with a positive direction of selection force (DoS) value are indicated as blue dots. 

And the genes with a negative DoS value are indicated as red dots. Genes with a non-

significant Fisher’s exact test value are shown in green dots. 
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Chapter 5 - General discussion 
 

 

The aims of this thesis were to: (1) assess sequence variation in the mitochondrial (mt) 

genomes between multiple Clonorchis sinensis isolates; (2) sequence, assemble and 

annotate a nuclear genome of a Korean isolate and compare it with that of the published 

genome of a Chinese isolate; and (3) explore the population structure of         

Schistosoma japonicum in China and detect genes under positive selection in 

geographically distinct locations. All of these aims were achieved.  

 

The purpose of this chapter is to summarise the main research achievements, to discuss 

aspects relating to the methods developed in this thesis, the genetics of C. sinensis,        

S. japonicum and parasitic helminths, more generally, and to identify some key topics 

for the future investigations. 

 

5.1. Mitochondrial genomes of C. sinensis 

 

In Chapter 2, a deep sequencing-bioinformatics approach was used to sequence and 

define a reference mitochondrial (mt) genome for an isolate of C. sinensis from Korea 

(Cs-k2). Compared with traditional polymerase chain reaction (PCR) and/or cloning 

methods (e.g., Le et al., 2001; Notsu et al., 2002; Gibson et al., 2007), the deep 

sequencing approach allows the assembly of high-quality reference mt genomes in a 

time- and cost-effective manner (Goldman and Domschke, 2014). By using this 

approach, the specific identity of Cs-k2 was unequivocally confirmed based on mt 

genomic sequence and size, genome composition and gene order. In addition, the whole 

mt genome sequences from isolates from Korea (Cs-k2 and Cs-k1), China (Cs-c1) and 

Russia (Cs-r1) (Shekhovtsov et al., 2010; Cai et al., 2012) were aligned and compared, 

and the amino acid sequence data were used to infer phylogenetic relationships among 

the four isolates and other representative trematodes. The relatively small number (24) 

of variable amino acids led to an unresolved relationship of the four isolates, whereas 

the pairwise nucleotide diversity in the whole mt genome overcame this problem, which 

might be partly contributed by the variable sites in the non-coding regions and, hence, 

warrants future consideration and investigation.  
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In mammalian mtDNA, a strong selective force is responsible for more synonymous 

than non-synonymous mutations (Stewart et al., 2008). In mice, nonsynonymous 

mtDNA mutations in protein-encoding genes are rapidly eliminated from mtDNA 

during the reproductive stage, suggesting a negative selection against amino acid 

changes (Stewart et al., 2008). Currently, genetic loci under selective forces have been 

reported in a number of mtDNA studies (e.g., Nachman et al., 1996; Hung and Zink, 

2014), which would have impacts on demographic studies using mtDNA markers. For 

example, selective forces could result in patterns similar to demographic changes 

(Bazin et al., 2006; Ramirez-Soriano et al., 2008) and might increase the difficulty in 

interpreting key population estimators, such as effective population size (Ne) and 

Tajima's D (Tajima, 1989). 

In addition, we observed gene-specific mutations in the mt genomes that were not 

associated with the geographical origins of the samples (Chapter 2). For example, for 

nine of the 12 mt genes, the lowest level of nucleotide variation was between the two 

Korean isolates. However, for two (cox1 and cox2) of the other three genes, the lowest 

level of nucleotide variation was between Cs-k1 and Cs-c1. A similar observation was 

made in a previous study that reports a recombination event of mtDNA within an 

Australian lizard (Ujvari et al., 2007). Traditionally, based on the assumptions of 

homoplasy and strict maternal inheritance, mtDNA has long been believed not to 

recombine (White et al., 2008). However, evidence to the contrary has been reported. 

For example, mitochondrial heteroplasmy and biparental inheritance were both 

observed in animals (Jannotti-Passos et al., 2001; Sutovsky et al., 2004; Breton et al., 

2007). These findings suggest that mitochondria originating from both parents are able 

to exist within the same cell of offspring. Furthermore, the hypothesis of recombination 

in mt genomes is also supported by the presence of mitochondrial fusion mechanisms 

(Yaffe, 1999) and enzymes that function in DNA exchange and repairing in 

mitochondria (Lakshmipathy and Campbell, 1999; Santel and Fuller, 2001). In 

addition, from an evolutionary perspective, recombination could eliminate some 

deleterious mutations from a population (Tsaousis et al., 2005). These studies might be 

able to explain, at least partly, the increasing number of mtDNA recombination events 

reported in plants, fungi and animals (Piganeau et al., 2004; Tsaousis et al., 2005; 

Gibson et al., 2007; Ujvari et al., 2007; Wang et al., 2017c), although these 

recombination signals might also be introduced due to bioinformatic or experimental 

artefacts (Piganeau et al., 2004). Given the evidence of biparental inheritance of 
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mtDNA in Schistosoma mansoni (Jannotti-Passos et al., 2001) and the observed pattern 

genetic variation in C. sinensis, the possibility that recombination occurs occasionally 

in trematodes should not be excluded. Clearly, caution is required when interpreting 

intraspecific variation in mtDNA. 

Chapter 2 identified several potential issues when using mtDNA markers in 

population genetic studies. Such issues have been reviewed previously (see Sunnucks, 

2000; Zhang and Hewitt, 2003; Vilas et al., 2005; Galtier et al., 2009). For example, 

smaller Ne of mtDNA (one half for hermaphrodites) increases the impact of genetic 

drift effect, leading to a rapid allele extinction rate and oversimplification of the real 

population structure (Zhang and Hewitt, 2003). In addition, due to a relatively high 

gene density of the mt genome, allele frequencies are altered by natural selection on the 

nearby locus that is in linkage disequilibrium (Awadalla et al., 1999), and can create 

conflicts in lineage relationships (Galtier et al., 2009). These factors might contribute 

to the reported discordance between mt and nuclear genomic data sets (Toews and 

Brelsford, 2012), which might be the signals of hybridisation and/or adaptive selection 

on mtDNA (Detwiler and Criscione, 2010; Toews and Brelsford, 2012). Hence, a 

number of studies have employed both mtDNA and nuclear DNA markers to ensure an 

accurate estimation of genetic structure (reviewed by Toews and Brelsford, 2012). In 

contrast to mtDNA, the nuclear genome provides a vast amount of relatively neutral 

(e.g., intronic areas) and non-neutral genetic loci (e.g., coding domains that are under 

natural selection) (Kirk and Freeland, 2011). The use of a large number of genetic loci 

can increase the robustness of evolutionary inference (Allendorf et al., 2010), and 

nuclear genomic sequences can assist in this endeavour.  

 

5.2. Nuclear genome of C. sinensis 

 

In Chapter 3, the nuclear genome of a C. sinensis isolate from Korea was sequenced, 

assembled and characterised. In addition, a refined bioinformatic workflow was 

designed and applied to compare this assembly with a previously published draft 

genome of another isolate from China. Using this workflow, nucleotide differences 

were identified and evaluated by aligning nucleotide sequences within the syntenic 

blocks with conserved gene orders (Chapter 3). Given the reported karyotypic variation 

among C. sinensis isolates (Park et al., 2000; Park and Yong, 2001; Zadesenets et al., 
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2012), the workflow developed here could also be used to study genetic variation within 

C. sinensis from Russian Far East in the future. 

Currently, evaluating genetic variation between nuclear genomes of geographically 

distinct isolates can be a major challenge. Most studies have detected genetic variation 

by mapping reads to a reference genome (Jirimutu et al., 2012; Clement et al., 2013; 

Huang et al., 2014a; Crellen et al., 2016; Hane et al., 2017). However, the quality of 

“variation calling” is affected by ambiguous read alignments in repetitive regions 

(Treangen and Salzberg, 2011). In addition, genome-wide comparisons that map to a 

single reference genome may miss strain-specific sequences and structural variations 

(SVs), particularly for geographically distinct isolates. Given the observed karyotypic 

variation observed among C. sinensis isolates (Gao et al., 1987; Gao et al., 1993; Park 

et al., 2000; Park and Yong, 2001; Zadesenets et al., 2012), it is likely that one reference 

genome does not represent all intraspecific populations. Besides a read-mapping 

approach, previous studies have aligned and compared assemblies to a reference 

genome to identify SVs and changes in the sizes of gene families (Xue et al., 2012; 

Hester et al., 2013; Menard et al., 2013; Sun et al., 2015; Ansari et al., 2016; Zhou et 

al., 2017) - based on the assumption that variation can be detected directly from the 

comparison of assemblies and predicted gene sets. This approach is more likely to 

detect evolutionary changes in genomic content, but inferences might be affected by 

sequencing artefacts and/or mis-assemblies, particularly when draft genomes are 

compared (Denton et al., 2014). 

Draft genomes often contain misassembled regions. For instance, based on a linkage 

map, over 43% of the assembly of S. mansoni was found to be incorrect (Criscione et 

al., 2009). Similar findings have also been reported for the genome of the mollusc 

Crassostrea gigas, for which 38.5% of the genomic scaffolds contain mis-assemblies 

(Hedgecock et al., 2015). Factors contributing to these mis-assemblies can relate to 

aspects including contamination during DNA extraction (Hashimoto et al., 2016), 

genomic structure, and systematic errors of sequencing platforms and assemblers, 

resulting in a false estimation of the number of predicted genes (Denton et al., 2014).  

DNA contamination can confound evolutionary conclusions. For instance, 223 

bacterial homologs in the initial human genome assembly were reported as the result of 

horizontal genetic transfer (Lander et al., 2001). Subsequent research, however, 

revealed that most of these homologs were caused by bacterial contaminants (Salzberg 

et al., 2001). In addition to contamination, the presence of heterozygosity and repetitive 
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elements also imposes challenges in achieving a complete and accurate genome 

(Vinson et al., 2005). Heterozygous regions are often assembled into separate loci and, 

hence, can increase the size of draft assemblies and the number of predicted genes (Holt 

et al., 2002; Jones et al., 2004; Hahn et al., 2014).  

Although the level of heterozygosity in animals might be reduced through 

inbreeding, generating inbred lines can be expensive and time consuming (Kajitani et 

al., 2014). Another approach is to allow more mismatches in the alignment of sequences 

to be merged into the same locus during assembly (Hahn et al., 2014). However, such 

an approach would also increase the possibility of tandem repetitive elements 

“collapsing” into one sequence. Presence of repetitive elements is a common reason for 

unsuccessful assemblies. For example, in human genome projects, repetitive elements 

can lead to a loss of ~16% of the reference genome in draft assemblies (Alkan et al., 

2011). In contrast to the repeat-rich human genome, the chicken genome was predicted 

to have a lower repeat content (10%), and 5% of the available reference genome was 

missing from the draft assemblies (Ye et al., 2011). Similar to mammals, C. sinensis is 

a diploid organism and has a relatively high repeat content (~ 33%), which creates 

challenges in addressing these issues (mis-assemblies caused by the presence of 

heterozygosity and repetitive elements) using short-read NGS data alone.  

Another feature of draft assemblies is fragmentation, which increases the number of 

predicted genes within a genome. In humans, the number of predicted genes decreased 

from 30,000 to 40,000 (Lander et al., 2001) to 20,687 (Harrow et al., 2012), with an 

increasing level of contiguity of different assembly versions and a better understanding 

of the non-coding and protein coding genetic elements. In addition, 30% of the human 

reference genes were present in more than one scaffold of draft genome assemblies 

(Alkan et al., 2011). Portions of several gene sequences were identified in up to 200 

scaffolds (Alkan et al., 2011), which further emphasises the importance of correct 

scaffolding and assembly.  

Currently, the detection of mis-assemblies in draft genomes remains a challenging 

task (Muggli et al., 2015). One approach is to compare draft genomes against an "error-

free" reference genome (e.g., QUAST Gurevich et al., 2013). However, for species 

without complete/near-complete genomes, a high-quality reference genome is not 

achievable. An alternative is to detect mis-assembled regions by mapping read data to 

the draft genomes. However, such tools either lack sensitivity or accuracy due to 

ambiguous mapping of short read data. For example, although REAPR (Hunt et al., 
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2013) has a low false-positive rate (FDR) in detecting misassembled regions, this tool 

can only identify a small proportion of such regions (Muggli et al., 2015). Another 

program, misSEQuel, is able to identify most misassembled regions, whereas it has a 

high FDR (Muggli et al., 2015) when using only NGS data. Hence, at the current stage, 

it is not possible to confidently quantify misassembled regions in draft genomes without 

experimental (e.g., physical or linkage map) or long sequence-read data. 

Therefore, for C. sinensis, the risk of incorrectly recording a genetic variant (i.e. a 

“false-positive”) was avoided by exclusively comparing assembled genomic regions 

within syntenic blocks with conserved gene orders (Chapter 3). This method greatly 

simplifies the complex syntenic relationship resulting from the presence of repetitive 

elements (Bourque et al., 2004), which is evidenced by the larger average size of 

syntenic blocks compared with aligned regions (of both masked and unmasked 

genomes) based on nucleotide similarities (Chapter 3). Moreover, because the single-

copy genes within the syntenic blocks were predicted independently with a consistent 

order and orientation on two different assemblies, the inferred gene models should be 

more reliable than those outside of the syntenic blocks. However, using this approach, 

the size of syntenic blocks is still limited by fragmentation. Although several measures 

were implemented to increase the contiguity and completeness of the assembly, such 

as employing DNA from pooled worms, linking scaffolds with large insert size read 

pairs and employing post-assembly program HaploMerger2 (Huang et al., 2012a) to 

remove redundant sequences and improve assembly quality, the sequence contiguity 

does still not represent a chromosome-level assembly. Substantial gaps remained in the 

assembly. One reason for this could be unsuccessful gap filling, which might be related 

to false scaffolding or the presence of repetitive elements (Hunt et al., 2014). Although 

the contiguity of assembly could be further improved through the construction of a 

linkage map (Fierst, 2015) and/or a physical map (Mayer et al., 2012), these approaches 

are time consuming and costly to perform. Another way might be to employ long 

sequence-read data (cf. Korhonen et al., 2016, 2019). With the decreasing cost of third-

generation sequencing, it is expected that assembly contiguity will increase 

significantly in the coming years. In synteny analysis, the improved assembly should 

effectively extend the average size of the syntenic blocks and reduce the number of 

predicted breakpoints relating to mis-assemblies and fragmentation. 

Another consideration is that the accuracy of the method based on single-copy genes 

is highly dependent on the quality of a gene model. For instance, the orthologous genes 
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that are used to define syntenic blocks need to be correctly predicted in both genomes 

being compared; otherwise, the sensitivity for the prediction of syntenic blocks will be 

low. To increase the completeness of the Cs-k2 gene set, evidence from multiple 

sources, including proteomes of relatively close-related species and transcriptomic data 

of the two C. sinensis isolates, was used to predict candidate gene models. These 

candidate gene models were then compared and merged with ab initio gene predictions 

into a consensus gene set using two gene set merger programs (Maker2 and EVM). By 

applying these steps, the Cs-k2 gene set displayed a higher level of completeness 

compared with Cs-c2 (Chapter 3). The orthologous grouping of the proteins, however, 

showed that each isolate still had a substantial number of unique genes, which could 

not be explained by nucleotide differences alone. The number of such unique genes is 

also affected by the quality and fragmentation of the assemblies. For example, one gene 

might be assembled into multiple copies due to heterozygosity (Denton et al., 2014). In 

addition, two very similar genes could be assembled into a single gene due to an 

oversimplification of repetitive regions. Other reasons might be a failed transfer of 

some gene models from Cs-c2 to Cs-k2 or a lack of sufficient transcriptomic evidence 

for all developmental stages to support and refine gene models. Currently, due to the 

requirement of sequence alignment between two genomes (Otto et al., 2011), the 

effectiveness of gene transfer is still limited by sequence fragmentation, which further 

highlights the importance of assembly quality.  

Another reason leading to the incompleteness of gene prediction might be caused by 

a systematic error in the gene filtering procedure. In Chapter 3, a decision tree was 

designed and applied to filter gene candidates. Although a number of factors, such as 

exon number, transcriptomic support, repeat coverage and functional annotation, were 

taken into account, protein-encoding genes might still be filtered out during this step. 

Currently, it is a challenge to capture all the signatures of a functional gene, particularly 

for gene models without close homologs in public databases. Machine learning 

algorithms are quite promising in this area. These algorithms are able to automatically 

divide inputs into different groups through supervised or unsupervised learning of 

defined features (Libbrecht et al., 2015). In this way, a more systematic gene filtering 

approach could be developed in the future to infer accurate gene sets.  
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5.3. Associating patterns of genetic variation of C. sinensis with demographic and 

local adaptation events  

 

Using the workflow designed in Chapter 3, a high degree of nucleotide identity was 

shown in the aligned syntenic blocks, suggesting a relatively low divergence between 

Korean and Chinese isolates. In contrast, the mt genome results (Chapter 2) revealed a 

pairwise nucleotide diversity pattern linked to geographical location. Based on pairwise 

nucleotide diversities in mt DNA, Cs-k2 is close genetically to Cs-k1, followed by Cs-

r1 and Cs-c1. This result is consistent with the previous genetic studies in C. sinensis 

(Park and Yong, 2001; Lee and Huh, 2004; Le et al., 2006; Cai et al., 2012; Liu et al., 

2012a; Tatonova et al., 2012; Tatonova et al., 2013; Chelomina et al., 2014).  

An hypothesis to explain these findings is that this parasite experienced a rapid 

population expansion after the last glacial maximum (LGM) (You et al., 2010; Liu and 

Jiang, 2016). This hypothesis can be derived from the dynamic changes of the living 

conditions of the first intermediate hosts of the flukes. For example, the main first 

intermediate host of C. sinensis, a freshwater snail Parafossarulus manchouricus, is 

usually active when the water temperature is above 12℃ —the snail requires at least 4 

months for the process from mating to the sexual maturity of offspring (Li et al., 1979; 

Chung et al., 1980). Currently, the most northern habitat of the snail hosts is in the 

Amur river basin, near the border between China and Russia. In the glacial period, the 

annual average temperature in North China was predicted to be at least 5℃ colder than 

presently is the case (Liu and Jiang, 2016). Such climate changes would not allow most 

snail hosts of C. sinensis to survive, and, hence, would have limited population growth 

in this geographical region.  

In contrast to North China, several regions in South and Central China had a 

relatively warm and stable climate during LGM and, hence, would have served as 

glacial refugia for different species (You et al., 2010; Qiu et al., 2011). Following the 

LGM, the population of snail hosts and the worms would have rapidly expanded as the 

climate outside of the refugia began to warm up and, hence, became favourable for 

snails to reproduce again (Hewitt, 1999; You et al., 2010). Patterns of genetic variation 

caused by post-glacial expansion have been widely investigated (Hewitt, 1999; Hoarau 

et al., 2007; Provan and Bennett, 2008; Allcock and Strugnell, 2012). For example, 

during the expansion, a low frequency of random mutations would have generated large 
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numbers of haplotypes that are highly similar to the ancestral haplotype, and, hence, 

led to low nucleotide diversity and high haplotype diversity. Such patterns were 

reported in recent studies of C. sinensis (Tatonova et al., 2013; Chelomina et al., 2014). 

Other evidence of post-glacial expansion has also been reported, such as low genetic 

diversity in Northeast China and relatively high diversity in Central and South China 

(Liu et al., 2012a; Tatonova et al., 2012). This pattern is considered to be a signal of 

post-glacial recolonisation (Hewitt, 1999). Due to the smaller size of newly established 

populations, genetic drift causes lower genetic variation at the frontier of the 

recolonised area (Allcock and Strugnell, 2012). Therefore, the population structure in 

an original glacial refugium is usually more diverse compared with that in a previous 

iced territory (Hewitt, 1999). 

Currently, the number of geographically distinct glacial refugia for C. sinensis is 

unclear. However, such information might be gleaned from the genetic changes due to 

isolation for long periods of time. For example, despite the low nucleotide divergence 

within the syntenic blocks, half of the two assemblies could not be aligned in syntenic 

blocks. Besides mis-assembly and genome assembly fragmentation, the lack of synteny 

could be caused by genome rearrangements, including duplication, insertion and/or 

translocation, occurring in geographic isolation. For instance, a long-term geographic 

isolation might have occurred in a glacial refugium on the Korean Peninsula during the 

ice age, as reported for several other animal and plant species (Zhang et al., 2008a; Bai 

et al., 2010; Qiu et al., 2011; Zhang et al., 2016). Furthermore, geographical barriers, 

such as Yalu, the Tumen River and the Changbai Mountains, may have prevented gene 

flow between the Korean Peninsula and the Chinese mainland. Gene flow introduced 

by human migration may also have been limited by the Great Wall (since 220 BC) 

between central and Northeast China.  

In addition to demographic events caused by climate change and human activities, 

environmental differences between China and Korea are also likely to exert selective 

forces and might “drive” the evolution and adaptation of this parasite. Interestingly, this 

study (Chapter 3) showed that most (31/42) nucleotide differences (NDs) in one 

variable gene encoding cathepsin D (CSKR_13438s) are nonsynonymous, a genetic 

pattern that is consistent with adaptive evolution.  

Cathepsins mainly function in protein degradation and might be critical in miracidial 

penetration of the snail host (Yoshino et al., 1993). Hence, beneficial mutations in 

cathepsin genes may increase the fitness of C. sinensis to adapt to a novel intermediate 
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host. Such an ability could also be reflected by the large range of snail hosts 

(representing four families) of C. sinensis (Lun et al., 2005). Compared with                     

P. manchouricus, other snail host species have relatively narrow distributions in East 

Asia. However, all of these regions overlap in the habitats of P. manchouricus, a 

phenomenon that is not likely to be a random event. In contrast, this might also be the 

result of natural selection due to long-term host-parasite interaction (Peters and Lively, 

1999; Decaestecker et al., 2007; King et al., 2011). For example, the increasing density 

of non-host snails living in a particular area could impose strong selective pressure on 

the parasite by reducing its ability to infect susceptible host snails (King et al., 2011; 

Civitello et al., 2015). Therefore, the lineage of C. sinensis that can infect more diverse 

snail hosts is likely to produce more offspring. Another trematode, S. mansoni, was also 

recorded to have an increased fitness in snail host after only 3-4 generations of artificial 

selection (Webster et al., 2007). Hence, it seems reasonable to propose that the Chinese 

liver fluke might also have the capacity to rapidly adapt to new host snails. However, 

no studies have yet been conducted to investigate the compatibility and evolutionary 

relationship between C. sinensis and its snail hosts. This is an area that warrants 

investigation. 

 

5.4. Selecting genetic markers for C. sinensis 

 

In Chapter 3, nucleotide differences (NDs) in the aligned nuclear genomes of                   

C. sinensis isolates were curated. Syntenic blocks, which cover ~ 50% of each genome, 

provided a template for high quality read alignment and variation detection. These 

syntenic blocks (with conserved gene order) serve as a solid foundation for linkage 

disequilibrium and selective sweep analyses. Within the coding regions of orthologous 

genes, 15,096 NDs were identified (Chapter 3). Among them, the number of non-

synonymous NDs and synonymous NDs is more even in nuclear genomes than in mt 

genomes, reflecting a lower level of overall purifying selection on the nuclear genomes.  

Demographic events and/or natural selection might have shaped genetic diversity 

within       C. sinensis. However, for the two pooled isolates analysed herein, there is 

insufficient whole genomic data to differentiate genetic variation patterns linked to 

demographic events and natural selection. Most of the demographic inference methods 

are based on neutral theories and assume that intraspecific variation has little impact on 
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the fitness of an organism (Holderegger et al., 2006). Without considering natural 

selection, the maintenance of genetic variation represents a dynamic balance between 

random mutations and a constant loss of alleles caused by random sampling from a 

given population (“genetic drift”) (Leffler et al., 2012). Within this balance, the rate of 

random mutation and genetic drift correlates positively and negatively with Ne, 

respectively (Hartl, 1980). Based on these assumptions, one could estimate a series of 

population parameters, such as Ne and population differentiation, using observed data 

(e.g., allele frequencies) as well as, for example, mutation and recombination rates 

(Leffler et al., 2012). However, these population parameters need to be interpreted with 

caution for liver flukes due to their complex life cycles (Criscione et al., 2005). For 

example, an increased selfing rate and the variance of clonal reproduction in snail hosts 

could significantly decrease Ne for the parasite (cf. Prugnolle et al., 2005a). 

Furthermore, selfing organisms are expected to have a lower recombination rate, 

reflecting an increased linkage disequilibrium. Therefore, compared with outcrossing 

organisms, natural selection in selfing organisms is expected to act on longer linkage 

disequilibrium blocks and likely to affect larger genomic regions (Thomas et al., 2015). 

To date, the understanding of C. sinensis evolution has been enhanced by studies of 

genetic variation in mtDNA (Park and Yong, 2001; Huang et al., 2012b; Tatonova et 

al., 2013; Chelomina et al., 2014). However, as indicated, there are some limitations 

with using mt genome markers, such as an oversimplification of population structure 

and genetic hitchhiking caused by natural selection and linkage disequilibrium (Zhang 

and Hewitt, 2003; Galtier et al., 2009). Recently, genome-wide microsatellite DNA 

markers have been characterised in C. sinensis (Nguyen et al., 2015). Microsatellite 

markers have been utilised in population analyses due to their neutrality and high levels 

of polymorphism (see Li et al., 2002). However, microsatellite markers usually contain 

more than two alleles at the same locus and have complex evolutionary patterns (Zhang 

and Hewitt, 2003). Furthermore, the mutational mechanisms in microsatellite markers 

are often unclear (Selkoe and Toonen, 2006), and the mutation rates can vary 

substantially among different species (Xu et al., 2000). Due to these limitations, 

microsatellites are unsuitable genetic markers for inferring ancestral states. 

In contrast to neutral loci, non-neutral (or adaptive) loci are impacted by both 

demographic events and selective pressure. The use of non-neutral loci for demographic 

inference, without considering natural selection, might lead to a false conclusion. For 

instance, 5% of non-neutral sites are able to alter the predicted fixation index (FST) 
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value by 30% to 50%, and, hence, would alter the predicted population structure 

(Allendorf et al., 2010). To date, it is still a challenge to effectively detect selection 

signatures (Kirk and Freeland, 2011). Such detection, however, is more frequently 

conducted in humans (Oleksyk et al., 2010), and might be applicable to similar analyses 

in parasites. In addition, these nuclear DNA loci are often found to relate to infection 

and adaptation (Kelley and Swanson, 2008; Oleksyk et al., 2010). For example, the 

NDs identified in Chapter 3 provide valuable information for identifying such loci, and 

might ultimately contribute to the identification of drug and vaccine targets. Besides 

cathepsin D, an adaptive evolutionary pattern was identified for the Niemann-Pick C2 

(NPC2) protein. This protein is predicted to function in lipid transportation and 

chemical homeostasis (Xu et al., 2007). The adaptive evolution of this protein and its 

gene might facilitate C. sinensis to recognise and transport a variety of lipid molecules 

and increase its fitness in the definitive host. It might also have potential as a vaccine 

candidate, as supported by research findings showing that C. sinensis DNA encodes a 

lipid-binding protein that triggers protective immune response in rats (Lee et al., 2006). 

 

5.5. Genetic variation within S. japonicum  

 

Although the direct comparison of genome assemblies can be used to establish levels 

of genetic variation, this approach is computationally intensive, requires a robust and 

effective bioinformatic workflow system and can be challenging, particularly when 

large genomes representing many geographical isolates are compared. For species with 

no evidence of genomic rearrangement linked to a conserved karyotype, mapping short 

read DNA sequence data to a well-assembled reference genome is an efficient, 

alternative approach for estimating population genetic variation. Since schistosome 

species usually have eight pairs of chromosomes (Rollinson et al., 1997; Lawton et al., 

2011), the latter approach was employed in Chapter 4. Here, read data for pooled adult 

worms of S. japonicum representing distinct isolates were individually mapped to a 

reference genome for consensus base-calling to select representative SNPs in non-

repetitive gene regions. Using these SNP data, there was a clear genetic differentiation 

between SW and CL isolates using both concatenated and coalesced phylogenies. In 

contrast to the approach used in Chapter 4, a number of previous population studies 

(using sequence data for isolates of pooled worms) estimated allelic frequency based 
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on statistics for individual pools, and used them to identify adaptive selection and to 

infer inter-population relationships (Nolte et al., 2013; Guo et al., 2015; Kapun et al., 

2016; Dal Grande et al., 2017), with the assumption that DNA libraries for sequencing 

evenly represent genetic variation across all individuals in a pool (Chen et al., 2012; 

Hivert et al., 2018). Applying such libraries and analyses can be challenging in 

flatworms, particularly when genetic variation within and among libraries is high, given 

the potential aggregation of clonal adult worms due to their asexual reproductive stage 

(Prugnolle et al., 2005).  

The complexity of “pooled sequencing” analysis is enhanced when population 

structure is unclear. For example, sampling individuals from a population that contains 

cryptic subdivisions can lead to an underestimate of heterozygosity (Wahlund effect) 

(Wahlund, 1928). This phenomenon has been frequently reported in flatworms (Vilas 

et al., 2003; Saijuntha et al., 2009; Criscione et al., 2011), which might be associated 

with the clonal reproduction within their life cycle (Halkett et al., 2005). Given the 

temporal changes and the high proportion of contradictory gene trees (Chapter 4), such 

cases may be common in S. japonicum. A skewed proportion of individual DNA also 

impedes a comprehensive detection of adaptive loci due to the biased estimation of 

allelic frequency (Chen et al., 2012). To overcome the influences caused by uncertain 

sampling, adaptive loci were identified based on the comparison of different categories 

of genetic variation (McDonald–Kreitman test; McDonald and Kreitman, 1991), 

assuming that both categories are equally affected by the same sampling and 

demographic changes. However, due to the limited information of intrapopulation 

polymorphism and linkage disequilibrium, how those adaptive genes interact with 

flanking regions remains to be explored. In contrast to “pooled sequencing” techniques, 

“individual sequencing” is able to identify genetically identical individuals, which 

enables a reliable estimation of intra-population polymorphism, genome-wide 

haplotype diversity and linkage disequilibrium of target species. With the decreasing 

cost of high throughput sequencing, further exploration should be performed to 

investigate the population structure of S. japonicum and functional relevance of the 

identified adaptive genes in the context of specified inbreeding and demographic 

models. 
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5.6. Future work  

 

The high-quality nuclear genome of C. sinensis isolate from Korea, and genetic markers 

identified in syntenic blocks between Korea and China (Chapter 3) provide a sound 

basis for population genetic investigations of C. sinensis from geographically distinct 

areas. However, given the complex biology of flukes, such investigations require 

careful experimental design and a systematic bioinformatic framework. To achieve this, 

individuals should be randomly sampled from all the endemic areas. Following DNA 

sequencing of individuals, reads should be mapped to the most appropriate reference 

genome for analysis (i.e. Cs-k2 or Cs-c2). After selecting the reference genome and 

calling variants, genetic relationships among individuals should be examined to exclude 

clonal individuals and define population structures preceding further analyses. In 

addition, neutral loci, such as synonymous polymorphic sites and intronic regions, 

should be selected and applied to demographic analyses. Based on the patterns of 

variation and heterozygosity of neutral loci, estimates, such as self-fertilisation rate, 

genetic diversity, recombination rate and historical population size, should be 

calculated (Cutter, 2006; Li and Durbin, 2010; Thomas et al., 2015). These estimates 

are critical to understand the interaction between demographic events, reproduction and 

lineage divergence, and can be used to simulate selective and neutral loci with the same 

demographic history. The comparison between simulated and observed data sets would 

predict patterns of natural selection and demographic events. Based on this information, 

genetic loci related to local adaptive process might be reliably identified. Studying such 

loci will be particularly important when working toward defining new drug and vaccine 

targets. 

 

5.7. Concluding remarks 

 

In this thesis, both mt and nuclear genomes of C. sinensis Korean isolate were 

assembled, annotated and compared with other isolates. The comparison of mt genomes 

(Chapter 2) not only confirmed the specific identity of our specimen, but also 

highlighted potential issues with using mtDNA markers for genetic analyses. In contrast 

to mt genomes, exploring genetic variation in nuclear genomes (Chapter 3) showed 

major promise due to the nature and extent of nucleotide divergence. Although focused 
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mainly on C. sinensis, some of this work extended to an investigation of the population 

genetic structure of a related worm, S. japonicum, in China (Chapter 4) and of genes 

that under positive selection in particular geographical regions.  

To overcome the technical challenges of comparing draft genomes and investigating 

the application potential of nuclear genomes in population genetic studies, a refined 

bioinformatic workflow was established, and successfully used to define high-quality 

syntenic blocks between two genomes. The nuclear genome and the high quality 

syntenic blocks defined in this thesis now serve as a foundation for a future population 

genetic analysis of C. sinensis. The coding regions of these blocks contain a substantial 

number of genetic loci that might serve well for the discovery of new fluke-specific 

intervention targets. 

Compared with coding regions, the genetic variation in the intronic regions showed 

an improved phylogenetic signal at both the whole genome and individual gene levels 

(Chapter 4). The variance of phylogenetic composition among individual genes reflect 

the complexity of pool sequencing, historical events and local adaptation. In future, 

population genomic research of parasitic flatworms should be achieved using whole 

genomic data of representative individuals. Furthermore, a systematic bioinformatic 

framework is required to robustly discover individual variants, infer population 

structure and identify adaptive selection, with the consideration of parasitic life cycle 

and demographic history. Although the present thesis focused on C. sinensis and              

S. japonicum, the findings and the approaches established here have broader 

implications for studies of other flatworm parasites. 
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