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Abstract 

 
The swamp eel Monopterus albus is restricted to fresh water and readily 

adapts to rice field environments. The swamp eel is popular as food, is readily 

transported live and has achieved a wide distribution in tropical and subtropical 

Asia. The principal aim of this study is to investigate the taxonomy and phylogeny 

of M. albus using molecular genetic data, by analysing genetic diversity 

throughout its distribution, with a special focus on populations from Indonesia.  

 Evidence for significant cryptic speciation within M. albus was found 

through DNA barcoding using the COI mitochondrial DNA fragment and a 

population genetic analysis using five microsatellite markers. These data reveal 

two distinct Indonesian forms of M. albus, which are significantly divergent from 

each other in sympatry and from other forms from more northly Asian countries. 

The first form is indigenous to Indonesia occurring on the islands of Java and 

several adjacent islands to the east and the second form is wide spread in 

Indonesia and in other Southeast Asian countries to the north, but may have had 

its distribution modified through human-mediated introductions.  

Integrated analyses of nucleotide sequences from multiple studies and 

gene regions indicate that M. albus is highly diverse genetically and comprises at 

least five cryptic species. Phylogenetic analyses indicate that the southern forms 

are more recently evolved from older lineages established in northern Asia (e.g. 

China and Japan).  

Morphological variation in the two forms of Indonesian Monopterus 

indicate significant size-related variation and phenotypic plasticity. Characters 

were found that correlate with the molecular data thereby supporting the 

presence of two cryptic species of Monopterus in Indonesia and providing a basis 

for their identification in the field. 
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 These findings contribute to the understanding of M. albus taxonomy 

through the discovery of cryptic species in what is best referred to as the M. albus 

species complex. Further, phylogenetic analyses provide a framework for 

understanding the evolutionary diversification and biogeography of this important 

group of freshwater fishes from eastern and Southeast Asia. 
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CHAPTER 1 

 

General Introduction 

 

1.1 Background 

 

Indonesia, with nearly 18,000 islands, is one of the major mega 

biodiversity countries in the world, second only next to Brazil (Rhee et al., 2004; 

Allen and Erdmann, 2012). The archipelago is on a crossroad between two 

oceans, the Pacific and the Indian, and bridges two continents, Asia and 

Australia. The country contributes significantly to two of the world’s 25 

biodiversity “hotspots”, Sundaland and Wallacea, as recognised by Conservation 

International (http://www.conservation.org/where/priorityareas/hotspots/asia/ 

pacific/Pages/asiapacific.aspx, accessed 15 March 2013). The Sundaland 

hotspot covers the western half of the Indo-Malayan Archipelago, and is 

dominated by Borneo and Sumatra. The Wallacea hotspot encompasses 

Sulawesi, the Moluccas, and the lesser Sundas. Both hotspots are considered to 

be the centres of species diversity for a number of major groups of plants, 

mammals, birds, amphibians and reptiles, insects, fishes and marine 

invertebrates (Rhee et al., 2004). For fishes, the total number of freshwater 

species is about 1,400 or 7% of total global diversity (Kottelat et al., 1993; Rhee 

et al., 2004). The number of freshwater species could well be significantly 

increased with further systematic sampling and associated taxonomic studies.  

Freshwater fishes are one of the most important sources of protein in 

Indonesia. Like other countries over exploitation of wild fish stocks and 

environmental degradation has meant that the demand for fish protein can no 
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longer be met from traditional fishing. Thus aquaculture production and 

sustainable management of fish stocks that have not collapsed are of critical 

importance for food security and enhanced income (Dunham, 2004; Chauhan 

and Rajiv, 2010; Morin et al., 2010).  

Molecular genetic information is now widely used to study aspects of the 

ecology or population structure of many species and being considered essential 

to assist with the sustainable exploitation, management and conservation of 

commercially important fish species. Such information is also valuable for genetic 

improvement programs, to further understand population genetic diversity and 

identify cryptic species, and to help ensure that correct taxonomic nomenclature 

is applied (Dunham, 2004; Bertorelle et al., 2009; Gum et al., 2009; Aung et al., 

2010; Singh et al., 2010; Saltgiver et al., 2012; Thaulow et al., 2012; White and 

Last, 2012).  

Species of the family Synbranchidae are a group of economically 

important freshwater fishes worldwide. Within this family, species of the genus 

Monopterus are especially popular due to their reputation as delicious food, their 

ability to survive and grow in poorly oxygenated waters, and as they can be 

transported live. Approximately 13 species of Monopterus are currently 

recognized, with the majority of species from Africa and Asia, especially India 

(Rosen and Greenwood, 1976; Bailey and Gans, 1998; Menon, 1999; Gopi, 

2002; Nguyen, 2005; Britz et al., 2011; Kottelat, 2013; Eschmeyer, 2015). Of the 

12 species presently recognized in Asia, two species are recognised to be native 

to Indonesia, the swamp eel Monopterus albus Zuiew and M. javanensis 

Lacépède. The species, M. albus, is character poor and phenotypically plastic, 

which has lead to an extensive and confusing taxonomic nomenclature. Rosen 

and Greenwood (1976) found that this species has been described under 13 

species names and variously placed within six different genera. However, the 
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current opinion is that only one polytypic species is present across its large 

geographic range encompassing western Indonesia, including Sumatra, Java, 

Bali, Lesser Sundas, Sulawesi, and the Mollucas, and in Southeast Asia 

extending into India and China (Kottelat et al., 1993; Berra, 2007).  

Monopterus albus is found mainly in warm, freshwater environments such 

as muddy creeks, swamps, canals, and rice fields. It is easily recognised by its 

distinctive cylindrical snake-like body with tapered tail and small eyes and the 

absence of scales and fins. The species reaches about 30-100 cm in length with 

brown or black colouring dorsally and light-brown colouring ventrally. The gill 

openings are merged into a single slit underneath the head while the mouth is 

large and protractile and both upper and lower jaws have tiny teeth. The skin 

produces a thick mucous layer making these eels difficult to hold (Rosen and 

Greenwood, 1976; Kottelat et al., 1993; Berra, 2007).  

In its native habitat M. albus is epigean and mainly nocturnal, consuming 

a variety of invertebrates such as crustaceans and insects, and sometimes 

vertebrates including small fish and tadpoles. However, their food habits depend 

on the presence of other predators. If no other predators are present they 

become primary predators in ponds, when other predators are present they 

subsist on smaller aquatic invertebrates (Hill and Watson, 2007; Shafland et al., 

2010). 

Reproductively the species is a protogynous hermaphrodite and has a 

distinctive process of sexual development. Monopterus albus usually spawn 

throughout the year. After spawning their eggs are commonly laid in a bubble 

nest located in shallow waters. All young M. albus hatch as females. After 

spending the first part of their life as females, some eels transform into large 

males. The change from female to male can take up to a year (Liem, 1963).  
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Monopterus albus has the ability to crawling on land to migrate. However, 

their migration are restricted due to the fish often become confined in mud burrow 

until rains come (Graham, 1997). Therefore, M. albus is considered as a non-

migratory species with limited tolerance of brackish water, resulting in only limited 

powers of dispersal other than potentially within continuous catchments (Cai et 

al., 2008; Matsumoto et al., 2010). A consequence of this life cycle is an 

increased likelihood of reproductive isolation between populations leading to 

genetic divergence, and over sufficiently long periods of time the possibility of 

speciation (Ferguson, 2002).  Indeed, this life cycle is thought to be an important 

factor in accounting for high diversity of the swamp eels worldwide. Thus, even 

within the Indonesian archipelago, there is a possibility that M. albus may consist 

of several cryptic species. Alternatively, the species may have high levels of 

genetic similarity among widely separated populations due to recent dispersal 

facilitated by humans due to their significance for food and their hardiness in 

relation to transportation and translocation to new aquatic environments. It is also 

possible that both factors, cryptic speciation and translocation, have created 

complicated geographic patterns of genetic variation and diversity. Thus, the 

current taxonomy of M. albus may not represent the true biodiversity of this 

“species” which could represent a complex of cryptic species.  

 

1.2. Taxonomic History of Swamp Eels 

 

The first scientific descriptions of synbranchid swamp eels were by Zuiew 

(1793) and Bloch (1795). The nomenclature, number of species, and the inter- 

and intra-generic relationship have long been uncertain and confused. The 
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taxonomic classification of swamp eels was revised by Regan (1912), Rosen and 

Rumney (1972), and Rosen and Greenwood (1976) based on morphological and 

anatomical studies.  Although these authors investigated in detail a combination 

of morphological and osteological features, the taxonomic disputation and 

confusion relating to these fish has remained. Over more recent years the 

taxonomic status of swamp eels has been investigated by different authors using 

molecular markers. However, these studies focused on the status of populations 

occurring on separate landmasses and islands and used different genes making 

them difficult to compare (Collins et al., 2002; Perdices et al., 2005; Cai et al., 

2008; Valdez-Moreno et al., 2009; Matsumoto et al., 2010; Cai et al., 2012).  

 

1.2.1. Family Synbranchidae 

 

 The Synbranchidae is the only family of the Suborder Synbranchoidei 

established by Swainson (1838) and is currently considered to be represented by 

2 subfamilies, 4 genera and 22 species (Table 1.1) (Rosen and Greenwood, 

1976; Talwar and Jhingran, 1992; Bailey and Gans, 1998; Menon, 1999; Gopi, 

2002; Nguyen, 2005; Britz et al., 2011, Kottelat, 2013; Eschmeyer, 2015). The 

recognised members of Synbranchidae are widely distributed in tropical and sub-

tropical regions ranging from northern South America, West Africa, East Indies, 

Indo-Malayan Archipelago, eastern Asia north to Japan, to northern Australia 

(Figure 1.1) (Rosen and Greenwood, 1976; Kottelat et al., 1993; Pusey et al., 

2004; Berra 2007).  
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Table 1.1 The currently recognised members of Synbranchidae and their 
distributions. 
 

 
Subfamily 

 
Genus 

 
Species 

 
Distribution 

 
Macrotreminae 
Rosen and 
Greenwood 1976 

 
Macrotema 
Regan 1906 

 
Macrotema caligans 
Cantor 1849 

 
Thailand and Malay 
Peninsula 

    

Synbranchinae 
Swainson 1838 

Synbranchus 
Bloch 1795  

Synbranchus marmoratus 
Bloch 1795 

Nothern South 
America 

   
Synbranchus madeira 
Rosen and Rumney 1972 

 
Bolivian Amazon 

  
Ophisternon 
M’Clelland 
1845 

 
Ophisternon bengalense 
M’Clelland 1845 

 
Indo-Malayan 
region, Philiphine 
Islands, New 
Guinea, India, 
Indochina 

  Ophisternon gutturale 
Richardson 1844 

Northern Australia 
and Southern New 
Guinea 

  Ophisternon candidum 
Mees 1962 

North West Cape, 
Western Australia 

   
Ophisternon afrum 
Boulenger 1909 

 
Portuguese Guinea, 
along the west 
African coast from 
Guinea Bissau to 
the Nigler delta 

  Ophisternon infernale 
Hubbs 1938 

Caves of Yucatan, 
Mexico 

   
Ophisternon 
aegnigmaticum  
Rosen and Greenwood 
1976 

 
Northern South 
America 

  
Monopterus 
Lacépède 
1800 

 
Monopterus albus  
Zuiew 1793 

 
East Indies, Indo- 
Malayan 
Archipelago, 
Eastern Asia north 
to Japan 

  Monopterus eapeni 
Talwar and Jhingran 
1992 

 
India 

   
Monopterus boueti 
Pellegrin 1922 

 
Liberia, West Africa 
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Table 1.1. Continued 
 

 
Subfamily 

 
Genus 

 
Species 

 
Distribution 

   
Monopterus cuchia  
Hamilton 1822 

 
India, Pakistan, Nepal, 
Burma 

   
Monopterus fossorius  
Nayar 1952 
 

 
India 

  Monopterus indicus  
Silas and Dawson 1961 
 

India 

  Monopterus desilvai  
Bailey and Gans 1998 
 

Srilangka 

  Monopterus roseni  
Bailey and Gans 1998 
 

India 

  Monopterus digressus  
Gopi 2002 
 

India 

  Monopterus ichthyopoides 
Britz, Lalremsanga, 
Lalrotluanga, and 
Lalramliana 2011 
 

India 

  Monopterus bicolor  
Nguyen and Nguyen 2005 
 

Vietnam 

  Monopterus dienbienensis 
Nguyen and Nguyen 2005 
 

Vietnam 

  Monopterus javanensis  
Lacépède 1800 

Indonesia (Sunda 
Trait), China, India 
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Figure 1.1. Distribution of the family Synbranchidae (red shading) (after Rosen 
and Greenwood, 1976; Kottelat et al. 1993; Pusey et al, 2004; Berra 2007).  
 
 

One of the earliest systematic studies of the family Synbranchidae was by 

Regan (1912). He used Symbranchidae for the name of the family, in which he 

placed three genera, Symbranchus Bloch, Monopterus Lacépède and Macrotema 

Regan. The three genera were separated based on the shape of the gill opening, 

eye shape, and the number of vertebrae. Three species were originally placed in 

the genus Symbranchus, whereas the other two genera, Monopterus and 

Macrotema, were represented by single species. Regan (1912) did not report the 

name of the three species of Symbranchus. However, he mentioned that the first 

species of Symbranchus was from the brackish water in Central and South 

America while the second and the third species of Symbranchus were from West 

Africa and East Indies respectively. He stated that the species of Monopterus 

was Monopterus javanensis Lacépède from the rivers of southern and eastern 

Asia and he did not explicitly refer to M. albus. He created the genus Macrotema 

for a species that was formerly placed in Symbranchus (S. caligans Cantor). The 

genus Macrotema was distinguished from Symbranchus on the basis of 
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morphological characters, body size and habitat, as it favours more saline 

environments.  

The next taxonomic study of the family Synbranchidae focusing on the 

genus Synbranchus (previously Symbranchus) was conducted by Rosen and 

Rumney (1972). Their study identified a new species of Synbranchus from the 

Rio Medeira system in South America. This new species was distinguished from 

Synbranchus marmoratus Bloch in meristic and morphometric, pigment and 

osteological features. In addition, Rosen and Rumney (1972) reported that the 

new species may be endemic from the Rio Madeira system and was named 

Synbranchus madeirae Rosen and Rumney. 

The current understanding of the systematics of the Synbranchidae is 

largely derived from the revision by Rosen and Greenwood (1976) based on 

anatomical studies. These authors removed the family Alabetidae from the 

synbranchoids and combined, based on osteological features, three families 

(Amphipnoidae, Flutidae, and Monopteridae) into the Synbranchidae. In their 

study, they proposed a new classification with 2 subfamilies, 4 genera, and 15 

species of which 4 species are from the New World and 11 species are from the 

Old World. The division of the family Synbranchidae into 2 subfamilies, the 

Macroteminae and Synbranchinae, was based on the type of gill opening, the 

position of posterior nares, the presence of a caudal fin, and vertebral count. In 

addition, Rosen and Greenwood (1976) split the subfamily Synbranchinae into 

three genera, Synbranchus Bloch, Monopterus Lacépède and Ophisternon 

Regan based on skull anatomy, the fine scale structure of hyoid and gill arches, 

the type of gill opening, the branchial circulatory system and skeleton, and the 

number of vertebrae. 

On the basis of their osteological studies, Rosen and Greenwood (1976) 

supported Rosen and Rumney’s (1972) findings by placing Synbranchus 
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marmoratus and Synbranchus madeirae into the genus Synbranchus. Next, 

Rosen and Greenwood (1976) divided the genus Monopterus into six species, M. 

albus Zuiew, M. boueti Pellegrin, M. cuchia Hamilton, M. fossorius Nayar, and 

two forms originally described under the name M. indicus Silas and Dawson and 

M. “indicus” Eapen. 

The original studies by Regan (1912) and Rosen and Rumney (1972) did 

not place the genus Ophisternon M’Clelland in the family Synbranchidae. 

However, based on the shape of gill opening and osteological features, Rosen 

and Greenwood (1976) proposed that six species formerly placed in the genera 

Synbranchus, Furmastix and Anomatophasm be transferred to the genus 

Ophisternon. Two species of this genus are from the New World and four from 

the Old World. This Gondwanan distribution pattern maybe a reflection of 

distributional patterns before continental drift (Rosen, 1975). The six species of 

the genus Ophisternon (O. bengalense M’Clelland, O. afrum Boulenger, O. 

candidum Mees, O. infernale Hubbs, O. aenigmaticum Rosen and Greenwood, 

and O. gutturale Richardson) proposed by Rosen and Greenwood have six or 

seven branchiotegals that ossify to the tips at all sizes and extend backward 

beyond the ventral tip of cleithrum. These species also have the shoulder girdle 

connected to the skull by a forked post-temporal bone.  

Even though Rosen and Greenwood (1976) investigated in detail the 

anatomy of synbranchoid fishes, they reported that some undescribed species 

collected from the Atlantic slope of Mexico, Guatemala, Honduras, Cuba and 

north eastern South America could not be placed taxonomically without further 

investigations. Their position was subsequently supported by Perdices et al. 

(2005) and Valdez-Moreno et al. (2009) who used molecular genetic data to 

investigate genetic relationships within and between species within the genera 

Synbranchus and Ophisternon.  
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Perdices et al. (2005) reported evidence that the species of the genera 

Synbranchus and Ophisternon have long resided in Mesoamerica. They collected 

species of both genera from 45 South and Central American drainages, and 

Cuba. Their investigation based on nuclear and mitochondrial genetic sequences 

supported the recognition of the Mesoamerican species O. aegnimaticum, but 

their study did not support the monophyly of the species of Synbranchus. Their 

results revealed that the species of Synbranchus from Las Perlas (Pacific 

Panama) appeared to be highly distinct from other Synbranchus species. In 

addition, within the Synbranchus clade the S. marmoratus samples from the 

River Bayano (Pacific region) and South America are very highly divergent 

indicating cryptic speciation. Their study also indicated that S. marmoratus is 

otherwise genetically distinct and also supports what appears to be a cryptic 

species complex consisting of several Brazilian populations. This conclusion is 

also supported by studies on chromosome and genome size variation by Torres 

(2000). For the Ophisternon clade, Perdices et al. (2005) reported that their study 

supported the results of Rosen (1975), who indicated that Ophisternenon 

samples from Cuba were morphologically distinct. Based on their findings, 

Perdices et al. (2005) therefore proposed a revision to the taxonomy of S. 

marmoratus and O. aenigmaticum. However, Perdices et al. (2005) 

recommended more samples of Synbranchus species be examined not only to 

investigate in more detail the morphology and anatomy but also to test their 

taxonomic hypotheses using molecular genetic data.  A DNA barcoding study 

undertaken by Valdez-Moreno et al. (2009) showed that O. aegnimaticum from 

Catemaco Lake (Mexico) and Chisec River (Guatemala) differed genetically by 

9%, which greatly exceeds that normally observed between fish species (Ward et 

al., 2005), again suggesting the presence of cryptic species and the limitation to 

traditional morphologically-based methods for this group of fishes.  
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In summary the results of different studies discussed above, not only 

demonstrate taxonomic uncertainties and disagreements using morphology and 

anatomy but also indicate that more recent molecular genetic studies on species 

of the family Synbranchidae suggest the presence of cryptic speciation and 

significant limitation to the conventional morphology-based taxonomic approach 

to understand the diversity within this group of fishes (Ward et al., 2005).  

 

1.2.2. Genus Monopterus 

 

The genus Monopterus is widely distributed in Asia, except for one 

species, which is found in Liberia (West Africa), and has an especially high 

diversity in India (Figure 1.2.) (Rosen and Greenwood, 1976; Bailey and Gans, 

1998; Menon, 1999; Gopi, 2001; Nguyen, 2005; Berra, 2007; Britz et al., 2011). 

Species of Monopterus are adapted to mainly warm, largely stagnant fresh-

waters such as muddy ponds, swamps, canals, and rice fields (Hill and Watson, 

2007; Shafland et al., 2010). Most of species of the genus Monopterus are 

epigean while two species (M. eapeni Talwar and Jhingran and M. roseni Bailey 

and Gans) are cavernicolous (Bailey and Gans, 1998). 

Much disputation and confusion has centred on the generic name for the 

fish currently placed in the genus Monopterus since it was erected by Lacépède 

(1800) (Rosen and Greenwood, 1976). Rosen and Greenwood (1976) list a total 

of eight generic names associated with this group of eels and they argued for 

Monopterus Lacépède as the valid name of this genus. 
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Figure 1.2. Type localities for valid Monopterus species in Asia. An additional 
species M. boueti (not shown) has the type locality of Monvoria, Liberia, West 
Africa. One important synonym relevant to the current study, M. javanensis, is 
also shown. The large circle and question mark for M. albus indicates uncertainty 
over the exact type locality (Rosen and Greenwood, 1976; Bailey and Gans, 
1998; Menon, 1999; Gopi, 2002; Nguyen, 2005; Britz et al., 2011) 
 

The earliest major taxonomic study of swamp eels was conducted by 

Regan (1912) who considered that the genus Monopterus was monotypic, 

comprising M. javanensis Lacépède. Next, Rosen and Greenwood (1976) placed 

M. javanensis Lacépède as a synonym of M. albus Zuiew based on an 

examination of specimens from Java, Indonesia. 

Rosen and Greenwood (1976) also reviewed a species placed in the 

genus Typhlosynbranchus and two species placed in the genus Amphipnous and 

transferred them to the genus Monopterus. In addition, Rosen and Greenwood 

(1976) transfered one species from the genus Unibranchapertura to the genus 

Monopterus. This resulted in the genus Monopterus being revised to include six 
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species based on the shape of gill opening without lateral folds and internally 

attached to isthmus, the characteristics of the head, the shape of the body, the 

structure of the upper lip, the number of vertebrae, the detailed structure of gill 

arch skeleton and the branchial circulatory system. This revision of the genus 

Monopterus undertaken by Rosen and Greenwood (1976) represent the most 

recent comprehensive taxonomic review of the genus and has been long 

considered the definitive taxonomic study. 

More specifically, Rosen and Greenwood (1976) reviewed the status of 

Unibranchapertura cuchia formerly described by Hamilton (1822) from southern 

Bengal India, Typhlosynbranchus boueti previously described by Pellegrin (1922) 

from Sierra Leonne, Monrovia, Liberia (West Africa), and Amphipnous fossorius 

formerly described by Nayar (1952) from Karamanai River, Trivandrum 

(Travancore State, India). Rosen and Greenwood (1976) transferred the three 

species into the genus of Monopterus based on the number of vertebrae, the 

type of gill opening and the characterization of the gill arch skeleton. 

Next, Rosen and Greenwood (1976) reviewed the status of Monopterus 

indicus Eapen based on Eapen’s depiction (Eapen, 1963) of the specimens from 

Kottayam, Kerala, India. This species was retained in the genus Monopterus due 

to the characteristics of the head and the structure of upper lip even though the 

number of vertebrae for this species (135 abdominal and 24 caudal) deviates 

from that typical of the genus Monopterus. However in their study, Rosen and 

Greenwood (1976) could not give a definitive opinion on the vertebral count until 

more samples became available for further study. Therefore, they retained the 

name “M. indicus” but this now led to confusion with the species formerly 

described by Silas and Dawson (1961) as Amphipnous indicus collected from 

Robbers Cave, Mahableshwar (Satara district, Maharashtra State, India) with its 

transfer to the genus Monopterus. While Rosen and Greenwood (1976) 
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considered that “M. indicus” Eapen and M. indicus Silas and Dawson were 

different species, based on the shape of the body and the characterization of 

dorsal gill arch skeleton, they did not address the nomenclatural issue. The 

confusion was resolved by Talwar and Jhingran (1992) who renamed M. “indicus” 

Eapen to Monopterus eapeni Talwar and Jhingran.  

Talwar and Jhingran (1992) also distinguished two subgenera under the 

genus Monopterus, the subgenus Amphipnous Mϋller and the subgenus 

Monopterus Lacépède, based on the presence of scales on the posterior body 

and the presence of paired suprapharyngeal pouches in the former subgenus. 

On the basis of these characters, the subgenus Amphipnous comprised M. 

cuchia Hamilton, M. indicus Silas and Dawson, M. fossorius Nayar, and M. 

desilvai Bailey and Gans and the subgenus Monopterus comprised M. albus 

Zuiew, M. boueti Pellegrin, M. eapeni Talwar, and M. roseni Bailey and Gans. 

However, Bailey and Gans (1998), who described two new species of 

Monopterus from Marawila, Sri Lanka (M. desilvai) and from Kerala, India (M. 

roseni),  disagreed with the treatment of Talwar and Jhingran as they considered 

it at odds with the conclusions of Rosen and Greenwood (1976). Bailey and Gans 

(1998) considered that these grouping were not monophyletic. The phylogeny 

established by Rosen and Greenwood (1976), based on a range of characters, 

indicated that the African species, M. boueti of the subgenus Monopterus, is 

more closely related to the species of the subgenus Amphipnous than to the 

other species placed in the subgenus Monopterus even though the presentence 

of posterior scales and a suprapharyngeal pouch in these species is absent. The 

subgenus Monopterus would thus be paraphyletic. Until the phylogenetic 

relationships of these species have been further tested, Bailey and Gans (1998) 

recommend that Talwar and Jhingran’s use of the concept of Amphipnous be 

used as a group name rather than as a formerly recognised subgenus. 
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Based on classical morphology-based treatments, Menon (1999) stated 

that Moringua hodgarti Chaudhuri from Abor Hills (Asam, India) is a valid species 

of Monopterus. However, Kottelat (2013) and Eschmeyer (2015) reported that 

this species has to be valid as Moringua hodgarti and considered as species 

incertae sedis in Synbranchidae.  Later, Gopi (2002) described a new species, M. 

digressus, from Kerala India. This species is different from other Monopterus 

species in body size, body shape, absence of eyes, vertebral count, and the ratio 

of precaudal to caudal length. The species has a pair of suprapharyngeal poches 

for aerial respiration but no scales on the posterior body. Due to this combination 

of characters, he could not place M. digressus under the subgenus or species 

group proposed by Talwar and Jingran (1992) without further study. Next, 

Nguyen (2005) reported two new Monopterus species, one from Dien Khanh, 

Khanh Hoa, South Vietnam (M. bicolor) and one from Thanh Luong, Dien Bien, 

North Vietnam (M. diebienensis). Very recently, Britz et al. (2011) reported 

another new species, M. ichthyophoides, from Mizoram, India. This species is 

distinguished from other Monopterus species by having only two, instead of five 

or six branchiostegal rays and a lower number of vertebrae (114-117). As this 

new species has scales in the caudal part of the body they included it in the 

subgenus Amphipnous. Next, Kottelat (2013) and Eschmeyer (2015) explained 

that M. javanensis is considered to be valid species for Southeast Asia region 

based on molecular genetic studies conducted by Collins et al. (2002) and 

Matsumoto et al. (2010).  

A summary of the taxonomic treatments and conclusions of Regan 

(1912), Chauduri (1913), Pellegrin (1922), Nayar (1952), Silas and Dawson 

(1961), Eapen (1963), Rosen and Greenwood (1976), Talwar and Jhingran 

(1992), Menon (1999), Kottelat (2013) and Eschmeyer (2015) is given in Table 

1.2, together with the six new species described by Bailey and Gans  (1998), 
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Gopi (2002), Nguyen (2005), Britz et al. (2011) from India, Srilangka and 

Vietnam. In total, there are 13 species of Monopterus currently recognised mostly 

from India.  

Table 1.2. Summary of the taxonomic classification of species of Monopterus 

After Regan (1912), 
Chauduri (1913), 
Pellegrin (1922), 
Nayar (1952), Silas 
and Dawson (1961), 
Eapen (1963) 

After Rosen and 
Greenwood (1976) 

After Talwar and 
Jhingran (1992) 

After Bailey and 
Gans  (1998), 
Menon (1999), Gopi 
(2002), Nguyen 
(2005), Britz et al. 
(2011), Kottelat 
(2013), Eschmeyer 
(2015) 

 
M. javanensis 

 
M. albus 

 
- 

 
M. javanensis 
M. albus 

Typhlosynbranchus 
boueti 

M. boueti - - 

Unibranchapertura 
cuchia 

M. cuchia - - 

Amphipnous fossorius M. fossorius - - 

Amphipnous indicus M. indicus - - 

M. indicus M. “indicus” M. eapeni  

   M. desilvai 

   M. roseni 

   M. digressus 

   M. ichthyopoides 

   M. bicolor 

   M. dienbienensis 
 

 

The ongoing discovery of new species of Monopterus suggests that the 

diversity within the genus is still poorly known. Therefore, more comprehensive 

and systematic studies of the genus Monopterus are needed to extend the 

morphology based reviews conducted by Rosen and Greenwood (1976) and Britz 

et al. (2011). These studies need to take advantage of molecular genetic data 

due to the morphological conservatism of the group with the very real possibility 

of cryptic speciation and to ensure taxonomic reviews are based on robust 

phylogenetic analyses.  
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1.2.3. The Monopterus albus species complex 

  

Monopterus albus is an economically important freshwater fish in Asia. It 

is popular due to its reputation as delicious food and because it has the ability to 

survive and grow in poorly oxygenated inland waters and to be transported live 

out of water. It occurs widely across East Indies the Greater Sunda Islands, the 

Malay Peninsula, and the Indochinese Peninsula, the Philippines, the southern 

part of East Asia (southeastern China, the Korean Peninsula, the western 

Japanese Archipelago) as well as Southeast Asia (Malaysian and Indonesian 

Archipelago) (see Figure 1.3) (Rosen and Greenwood, 1976; Berra, 2007). The 

species has also been reportedly found in two rivers in north-eastern Australia, 

however these records need to be authenticated, and even if they do occur they 

may be the result of introductions (Allen et al., 2002). In Indonesian M. albus is 

broadly distributed across the islands of Sumatra, Java, Bali, Lesser Sundas, 

Sulawesi, and the Moluccas (Kottelat et al., 1993).  

Since it was first described by Zuiew in 1793 there has been considerable 

taxonomic disputation and confusion centred on this species (Rosen and 

Greenwood, 1976). Firstly, the actual type location remains confused. The type 

specimen is lost and Nichols (1943) predicted that Zuiew’s specimen came from 

Asiatic Russia. However, Eschmeyer in Catalog of Fish 

(http://research.calacademy.org/redirect?url=http://researcharchive.calacademy.o

rg/research/Ichthyology/catalog/fishcatmain.asp, accessed 20 November 2015) 

has indicated Suriname, South America as the species type locality. Secondly, 

the fish species is phenotypically plastic, which has led to an extensive and 

confusing taxonomic nomenclature.  Monopterus albus has 23 synonyms (within 

11 Genera) listed on Fishbase (http://www.fishbase.org/search.php, accessed 15 
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March 2013) and it has been described under nine species names from seven 

different genera according to Eschmeyer (2015). In addition, Rosen and 

Greenwood (1976) considered that the fish species has been described under at 

least 13 species names within six different genera based on morphological 

information from across a number of countries. Rosen and Greenwood (1976) 

undertook morphological and osteological studies of M. albus based on the 

specimens from China (Fukien, Anhwei, Shansi, Hainan, and Yunan), Burma, 

Vietnam, Java (Indonesia), and Okinawa (Japan).  

 
 
Figure 1.3. Distribution map of M. albus (green circles) based on museum 
records (www.lifemapper.org, accessed 15 March 2013), Allen et al. (2002), 
Kottelat et al. (1993); Matsumoto et al. (2010); Cai et al. (2012) and locations 
sampled in this study (Chapter 2). 
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Much of the taxonomic debate has centred on the status of populations 

occurring on separate landmasses and islands. Several studies consider M. 

albus to represent a species complex. Nichols (1943) classified the samples of 

“M. albus” from northern China as Monopterus cinereus Richardson and 

differentiated this fish from southerly Chinese populations on the basis of 

differences in tail length, eye size, coloration, and head shape. However, Rosen 

and Greenwood (1976) considered that the species assigned by Nichols (1943) 

to be a synonym of M. albus based on specimens they investigated from Yunan. 

This is due to Nichols (1943) falling to uncover the peculiar lower jaw and gill arch 

features to the species. More recently, the application of modern molecular 

genetic techniques to the systematics of this species suggest that the taxonomic 

issues involving this species are more complex and far from settled (Collins et al., 

2002; Cai et al., 2008; Matsumoto et al., 2010; Cai et al., 2012) (see below).  

Molecular genetic studies have been used to investigate variation among 

samples of M. albus collected from several countries including Japan, Taiwan, 

Yogyakarta (Indonesia) (Matsumoto et al., 2010), Malaysia, Vietnam, Jakarta 

(Indonesia) and the USA, where the swamp eels has been introduced (Collins et 

al., 2002). These researchers also collected M. albus from several regions in 

China for comparative purposes. These studies used different fragments of the 

16srDNA mitochondrial gene: Collins et al. (2002) used universal primers 16Sar 

and 16Sbr, whereas Matsumoto et al. (2010) adopted the L1567 and H2196 

primers. Results clearly support the existence of at least three cryptic species, 

however, each study has limitations in terms of sampling.  

Cai et al. (2008) also studied genetic variation in M. albus, and based on 

an analysis of four populations from the Sichuan Basin in China using 

mitochondrial control region sequences, found little genetic differentiation among 
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samples. Subsequently, Cai et al. (2012) expanded the geographical sampling of 

M. albus to eight more locations in China. Their results revealed that M. albus fell 

into five genetic lineages based on mitochondrial control region sequences. One 

of these lineages (lineage C) inhabiting inland areas demonstrated the highest 

haplotype diversity (39 from 60) due to its wide distribution, which may have 

resulted from the historical effects of glaciation and inter-regional introduction. In 

addition, this study showed that the three lineages (A, B, and E) inhabiting 

coastal regions were distinct from lineage C. This was considered most likely due 

to isolation from inland areas blocking gene flow between inland and coastal 

populations. The authors did not draw any conclusions regarding the taxonomic 

implications of their findings.  

In summary, the findings of different studies on molecular genetic 

variation support, somewhat tentatively, that populations of the putative species 

M. albus are sufficient differentiated over a significant portion of its distribution to 

flag the existence of as many as three cryptic species. This therefore, justifies 

more detailed molecular taxonomic studies to clarify the status of the “M. albus” 

species complex, especially “M. albus” from Southeast Asia including Indonesia, 

using a greater range of molecular markers and more intensive geographic 

sampling. Additionally, DNA sequence data has the advantage that it can be 

compared with that obtained from previous studies to help clarify whether M. 

albus should be considered as a single variable species, one species with 

several subspecies, or several distinct biological or genealogical species.  
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1.3. Molecular Markers 

 

Genetic information gained from molecular markers is now considered 

essential for effective sustainable exploitation, management, and conservation of 

wildlife and commercially important species (Avise, 2000). In addition, molecular 

genetic data can be used to address taxonomically questions in morphologically 

variable or conservative species and can contribute to the understanding of 

patterns of speciation, evolution and biogeography (Hillis et al., 1996; Avise, 

2000). Molecular genetic markers have been especially useful for the 

identification of genetically divergent wild stocks of conservation significance for a 

number of fish species (Ward and Greewe, 1994; Arif and Khan, 2009; Chauhan 

and Rajiv, 2010). Therefore, relevant techniques used to generate molecular 

markers in this study and relevant fields of genetic research are outlined and 

discussed in the following sections.  

 

1.3.1. DNA Sequencing 

 

DNA sequencing refers to a method for determining nucleotide 

differences among individuals from orthologous gene regions. DNA sequencing 

has become almost routine for numerous kinds of applied research including 

systematics, forensic biology and biotechnology since the first DNA sequences 

were obtained in the early 1970s (Hillis et al., 1996). Following the development 

of the Polymerase Chain Reaction (PCR) procedure, many genetic techniques 

have been development to measure and explore genetic diversity based directly 

or indirectly on DNA sequence difference among many groups of animals, plants 

and microbes. The findings of these studies have been usefully applied to not 
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only genetic improvement programmes but also in conservation management 

(Dunham, 2004; Arif and Khan, 2009) as well as taxonomic and evolutionary 

studies (Hillis et al., 1996; Avise, 2000). 

Direct DNA sequencing has been used to analyse genetic and 

phylogenetic relationship within many groups of animals such as fish (Cowman 

and Bellwood, 2011; Bloom and Lovejoy, 2012; Alda et al., 2013), shrimps (Anker 

and Baeza, 2012; Von Rintelen et al., 2012), gastropods (Greve et al., 2010; 

Modica et al., 2011; Kotsakiozi et al., 2012); frogs (Maciel et al., 2010; Oliver et 

al., 2013), turtles (Yilmaz et al., 2011; Le et al., 2013), birds (Bristol et al., 2013; 

Packert et al., 2013), and camels (Barreta et al., 2013) to give just a few 

examples. Several DNA sequencing studies have been conducted on swamp 

eels. The entire mitochondrial genome of M. albus was sequenced by Miya et al. 

(2001). This study focused on mitogenome sequencing for the study of the higher 

Teleostean phylogeny and unfortunately did not report the sampling location for 

the M. albus specimen sequenced. 

  The gene region most commonly used in DNA sequencing studies of M. 

albus has been the 16S mitochondrial rRNA gene (Collins et al., 2002; Chen, et 

al. 2003; Matsumoto et al. 2010). However studies used a range of 16S primers 

that amplified different fragments of this gene. Collins et al. (2002) used universal 

primer 16 Sar and 16 Sbr (Palumbi, 1996), whereas Chen et al. (2003) designed 

their own primers, and Matsumoto et al. (2010) used primer L1567 (Matsumoto et 

al., 2010) and H2196 (Yamaguchi et al., 2000). Some additional mitochondrial 

gene regions that have been used for M. albus are 12S rRNA (Chen et al., 2003) 

and D-loop (Cai et al. 2008; Cai et al., 2012). No data utilising sequences from 

nuclear gene regions have been published. The advantage of the use of different 

gene regions is that increases the robustness and reliability of systematic 
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conclusions and phylogenetic hypotheses and it is considered unwise to base 

analyses on information from a single gene region or kind (i.e. mitochondrial 

sequences). In fact it is now consider highly desirable, if not essential, to include 

sequences from both mitochondrial and nuclear genes regions to investigate 

species boundaries and genetic relationships between populations and taxa 

(Schonhuth et al. 2012; Santini et al., 2013).  

 

1.3.2. Denaturing Gradient Gel Electrophoresis 

 

Denaturing Gradient Gel Electrophoresis (DGGE) is a very powerful 

genetic fingerprinting tool developed by Fischer and Lerman (1980). DGGE 

utilizes a PCR step to amplify the target DNA fragment, which is then applied to a 

denaturation gradient within a polyacrylamide gel electrophoresis to separate 

sequence variants among the PCR products based on their melting 

characteristics (Fischer and Lerman, 1980; 1983). This melting profile is totally 

dependent on the sequence of the DNA molecule, allows the identification of 

DNA fragments that may differ by as little as a single nucleotide (Myers et al., 

1985; Sheffield et al., 1989).  

Although the method has limitations such as low sensitivity for 

differentiating fragments larger than 500 bp, use of specialised equipment, and 

being time consuming due to the need for preliminary experiments including 

determination of melting behaviour before fragment analysis can take place, the 

method is commonly used for DNA profiling and detecting mutations. It is more 

sensitive than other related methods including single-strand conformation 

polymorphism (SSCP). The DGGE can also use nonradioactive visualization 

methods and is low-cost compared to other molecular genetic screening methods 

(Wallis, 2002; Knapp, 2009).   
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DGGE is widely used for microorganism profiling especially in the fields of 

clinical science (McAuliffe et al., 2005; Baillie and Bouwer, 2011), systematics 

(Gong et al., 2002; Dooms et al., 2007), environmental science (Thornhill et al. 

2009; Kriwy and Uthicke, 2011), and aquaculture (Papakostas et al., 2006). Even 

though the method has many advantages, it has been little used in plants and 

animal genetics. No published molecular genetic studies of swamp eels have 

used the DGGE method.  

 

1.3.3. Restriction Fragment Length Polymorphism 

 

Restriction Fragment Length Polymorphism (RFLP) is one of the most 

well established molecular techniques used to detect variation in a sequence of 

DNA through gel electrophoresis.  In this method, a defined DNA fragment is 

amplified by PCR and then digested with selected restriction endonuclease 

enzymes to generate polymorphic profiles of the species or population 

investigated. Despite the fact that the method has become less used due the 

reduced cost of direct sequencing, this method is still useful for genetic profiling 

or identification of species or populations especially in relation to known variants 

(Dunham, 2004; Dudu et al., 2011). For example the method has been carried 

out to analyse genetic diversity of fish (Cheng and Lu, 2005; Dudu et al., 2011; 

Balaraj and Basheer, 2012), sheep (El-Hanafy and Salem, 2009), bats (Ferreira 

et al., 2005), and aphids (Jalalizand et al., 2012).  
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1.3.4. Microsatellites 

 

Microsatellites consist of multiple copies of short tandem repeats (STRs) 

located in both coding and noncoding regions of eukaryotic genomes and range 

in size from 1 to 6 base pair long (e.g. ACACAC... and GATAGATA...). 

Microsatellites are typically co-dominant markers and are highly polymorphic due 

to a higher rate of mutation compared to other neutral regions of DNA (Arif and 

Khan, 2009; Chauhan and Rajiv, 2010). Microsatellites can be detected by the 

design of PCR primers, which uniquely flank a repeated region. Therefore, a 

single pair of microsatellite PCR primers will be specific for a single locus and 

work for each individual of a species or population and generate allelic data 

based on the amplification of products of different lengths (Ellegren, 2004).  

Microsatellites have been widely used in many areas of genetics including 

population studies and conservation biology. This form of molecular marker can 

be used to describe population structure and population differentiation, and 

investigate evidence for genetic drift and genetic bottlenecks (Sekino et al., 2010; 

Pujolar et al., 2011; Kalinowski et al., 2012). In addition, microsatellites can be 

used to detect sudden changes in population size, effect of population 

fragmentation and mixing of different populations, and to establish parentage and 

genealogical relationships and species boundaries (So et al., 2006; Kanno et al., 

2010; Karaiskou et al., 2011; Kitanishi et al., 2012).  

 Microsatellite markers have been investigated in M. albus by Lu et al. 

(2005), Li et al. (2007), and Lei et al. (2011). Their studies found several markers 

that showed polymorphisms in M. albus. Lei et al. (2011) examined two sets of 

multiplex PCR reactions to facilitate rapid genotyping. The use of multiplexed loci 

using different fluorescent dyes combined with fragment separation on an 
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automated genetic analyser can greatly increase the efficiency microsatellite 

genotyping (Guichoux et al., 2011). 

 

1.4. Application of Molecular Markers 

 

Molecular genetic markers are now considered a major tool or even 

essential for addressing taxonomically problematic organisms, to assist with the 

management and genetic improvement of livestock and crops including 

commercially fished and aquaculture species as well as conserving genetic 

diversity of endangered species, including fish (Chauhan and Rajiv, 2010). The 

application of molecular markers in the fields of genetic research relevant to this 

study are outlined and discussed in the following sections.  

 

1.4.1. Taxonomy and Evolution 

 

 The accurate identification of species is important in all areas of biology 

including biodiversity and conservation-related research. Molecular genetic data 

is used routinely to resolve taxonomic uncertainties and establish hypotheses for 

systematic relationships at various taxonomic levels including the determination 

of species boundaries in phenotypically plastic or conservative organisms. 

Recently, there have been calls for the use of genetic information derived from 

sequences of the mitochondrial cytochrome c oxidase subunit I (mt-DNA COI) 

gene region, refered to as a DNA barcode, as primary data for taxonomic 

classification and identification of organisms (Hebert et al., 2003a,b). For animals, 

the use of 650 base fragment of mt-DNA COI is now being used widely in DNA 

barcoding studies (Ma et al., 2012; Ni et al., 2012; Pèrez-Lozada et al., 2012). 
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However, the use of a DNA barcoding approach for biological classification has 

both strong proponents and opponents. This is due to the view that there will 

always be limitations to an approach to DNA barcoding based on a single source 

of information and the reliance on a simplistic genetic-yardstick approach to 

determining species boundaries (Ferguson, 2002). Other problems that arise 

from reliance on information from a single mitochondrial gene include 

heteroplasmy, discrepancies between maternal and paternal lineages, 

incomplete lineage sorting and disconnections between genetic divergence and 

speciation (Hebert et al., 2003a,b; Moritz and Cicero, 2004; Hajibabaei et al., 

2007; Asgharian et al., 2011). Nevertheless, DNA barcoding can still be useful for 

resolving taxonomic anomalies, for confirming taxonomic identifications and 

identifying taxonomically complex groups, however the limitation of the technique 

need to be clearly understood (Cerutti-Pereyra et al., 2012).  

  Regardless of one’s position on the debate on the utility of DNA 

barcoding, which is still an efficient method for species level identification, there is 

agreement that taxonomic classification at all levels should be consistent with 

evolutionary relationships (Hebert et al., 2003a,b). Thus taxonomic classification 

of organisms should be on the basis that they represent monophyletic groups 

based on rigorous phylogenetic analysis (Mishler and Theriot, 2000; Dornburg et 

al., 2012; Sales et al., 2013). The ready availability of molecular markers, 

especially nucleotide sequences, combined with increasingly sophisticated 

models and methods for phylogenetic reconstruction, means that increasingly 

robust classifications are being developed for many groups of organisms (Avise, 

2000; Knowlton, 2000; Makowsky et al., 2013; McCormack et al., 2013).  

Studies of species relationships or species boundaries have to assume or 

refer to a species concept. However, the subject of species concepts has a large 

and complicated literature. The problem with a consistent species concept is 
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partly due to biological diversity itself, whereby systematists could be dealing with 

microbes, asexual or sexual species and of course the ongoing evolutionary 

process itself with many populations of many species in various stages of the 

speciation process. Biologists also bring to the debate different taxonomic 

philosophies (e.g. biological, classical taxonomic, cladistic or genaological or 

phenetic), use different kinds of data, and focus on either conceptual or 

operational aspects for defining species. All these factors have led to significant 

dissent among biological systematists with one author having identified 24 

different species concepts (Mayden, 1997). The classical taxonomic approach, 

which uses morphological or phenotypic dissimilarity for defining species, is still 

the most commonly used method. However, this concept faces a number of 

problems not least of those of phenotypically plastic species resulting in the 

identification of multiple taxa that may be fully compatible reproductively 

(Agapow, 2004; Bickford et al., 2006).  Conversely, this concept will treat 

organisms that are phenotypically similar as conspecific even though they maybe 

reproductive isolated, a situation that is rarely acknowledged let alone 

investigated (Mallet, 1995; Balakrishnan, 2005).   

Conceptual limitations of the morphological species concept are 

overcome by the biological species concept. This concept defines species as 

interbreeding groups in natural populations, which are reproductively isolated 

from other such groups (Mayr, 2000). The biological species concept has been 

widely adopted by many taxonomists and ecologists as well as molecular 

biologists (Balakhrishnan, 2005; Hausdorf and Hennig, 2010). However, the 

biological species concept has several disadvantages such as inapplicability to 

asexual taxa and fossils and the difficulties involved with the assessment of 

reproductive relationships among allopatric populations and its operation more 

generally. As a result, most taxonomists use a “blended” approach that combines 
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the morphological species concept and the biological species concept to 

delineate species boundaries, by assuming that observed phenotypic “gaps” 

results from reproductive isolation (Mallet, 1995; Wu, 2001a,b; Balakhrishnan, 

2005; Hausdorf, 2011).  

The rise of phylogenetic methods and the increasing use of nucleotide 

data in systematic studies has resulted in the development of several 

phylogenetic or genealogical-based species concepts (Mishler & Theriot, 2000). 

These concepts define a species as a group of individuals derived from a 

common ancestor and identifiable on the basis of a set or combination of derived 

traits, that allows them to be defined as a monophyletic group. While many 

monophyletic groups within genera, may also be biological species, phylogenetic 

species concepts do not have a requirement that “their” species are 

reproductively isolated from one another.  As a result any group of individuals or 

populations that can be diagnosed on the basis of a small number unique traits 

can qualify as “phylogenetic” species. Thus the application of this concept tends 

to encourage extreme division of species into a larger number of small groups 

(Balakhrisnan, 2005; Hausdorf, 2011). 

The use of molecular genetic data and phylogenetic methods are now 

commonplace for taxonomic studies. It is also now widely accepted that studies 

on the significance of morphological evolution, ecological or life history traits and 

biogeographical patterns should be done within a phylogenetic framework (Hillis, 

1998; Page and Holmes, 2003).   
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1.4.2. Phylogenetic Reconstruction 

 

Many methods have been developed for phylogenetic reconstruction 

using nucleotide data and the most common are distance-based, maximum 

parsimony, maximum likelihood, and Bayesian interference. Much has been 

written on the pros and cons of the different approaches and associated 

systematic philosophies (Hillis et al., 1996; Felsenstein, 2003; Hall, 2011; Tamura 

et al. 2011).  

Distance methods require the calculation of a matrix of genetic distance 

values between all pairs of taxa, and the phylogeny can then be estimated from 

these values using a variety of tree building methods (Hall, 2011, Tamura et al., 

2011). The calculation of genetic distance refers broadly to the mean number of 

nucleotide changes per site, but will vary based on the model of nucleotide 

evolution used, or assumed (Felsenstein, 2003; Van de Peer, 2009; Hall, 2011). 

Maximum parsimony is a character-based method that infers a phylogenetic tree 

by minimizing the total number of evolutionary steps required to explain a given 

data set. However, this method is restricted to smaller data sets, especially when 

bootstrapping is required, even with the availability of faster computers (Jin et al., 

2006).  

The basic principle of the maximum likelihood method is to find the 

optimal tree based on an analysis of DNA sequence data with an assumed model 

of evolution. The advantage of the maximum likelihood approaches is that it 

allows robust statistical tests to be performed. Therefore, this method is attractive 

for phylogenetic analysis. However, like parsimony, estimation of optimal trees is 

computationally demanding for large data sets (McCormarck et al., 2009). Lastly, 

an increasingly popular approach to phylogenetic analysis is by Bayesian 

methods. In general, Bayesian inference has similar statistical attributes to 
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maximum likelihood approaches. This is due to the Bayesian inference being 

based on a likelihood function and can use different models of nucleotide 

evolution. Nevertheless, the Bayesian approach is different from other methods 

as it allows prior information about the phylogeny to be specified. The advantage 

of the Bayesian methods is relatively rapid speed, which allows complex 

evolutionary models to be investigated. Bayesian phylogenetic inference uses the 

Monte Carlo Markov Chain method to estimate the best trees (Yang and 

Rannala, 2010; Zhang et al., 2011). 

All phylogenetic tree-building methods require that a robust alignment of 

nucleotides is available.  This is usually straightforward for protein coding genes 

as alignments are based on alignment of codons, however this can become 

complex for RNA and non-coding sequences, especially where divergence levels 

are significant between taxa or OTUs. A number of methods and programs for 

multiple alignments are available and different programs and settings can 

produce different results and it is advisable to check alignments by eye to ensure 

there are no aberrant results (Hall, 2011). However, not all of phylogenetic 

methods require an alignment, This is due to limitation in Multiple Sequence 

Alignment (MSA) (Chan and Ragan, 2013).  Alignment-free methods have been 

supported by some studies, such as the use of  kSNPv2 method (Gardner and 

Hall, 2013), a D2 method (Chan et al., 2014) and a POY method (Wheeler et al., 

2015). Nevertheles, the scalability and robustness of these methods to key 

evolutionary processes remain to be investigated (Chan and Ragan, 2013; Chan 

et al., 2014). 
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1.4.3. Principles of Biological Classification and Numerical Taxonomy 

 

 Biological classification is the process by which biologists group and 

categorize extinct and living species of organisms within a taxonomic framework 

and is the oldest biological discipline (Abbott et al., 1985; Ebach and Williams, 

2004). The goal of classifying is to place an organism into an already existing 

group or to create a new group for it, based on its resemblances to and 

differences from known forms. Therefore, to this end, a hierarchy of categories is 

recognized for the taxon (Gordon, 1987; Mayr and Bock, 2002; Mishler, 2009). 

Biological classification also involves the formal description and naming of the 

organisms. Classification and naming of organisms in the oldest form of biology 

and is often referred to as classical taxonomy as it is based on the assessment 

and description of morphological characters (De Hoog, 1981; Cook, 2010). The 

current system of biological classification is based on the work of Carolus 

Linnaeus who grouped species according to shared physical characteristics. In 

the earlier artificial systems, only a few morphological characters were 

determined. Later on, in the natural system of classification, an increasingly large 

number of morphological characters were taken into consideration. As a result, 

classification of group of organisms was more satisfactory and stable as their 

arrangements increasingly reflected natural (evolutionary) relationship with each 

other (Stevens, 2002; Barkley et al., 2004). Basically, similarities in morphological 

characters, especially those that are unique or derived, are used for grouping 

organisms together, and thereby indicating biologically meaningful relationships. 

On the other hand, dissimilarities or differences in characters can be used for 

separating different organisms within a nested framework of increasing 

dissimilarity. Organism with the greater differences are considered to be 

unrelated or distantly related and as a consequence placed into different higher 
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taxa on the basis of their level of divergence (Wilson, 2004; Dayrat, 2005; Roth, 

2005).  

 Before Linnaeus, the use and application of a generic name and a 

“differentia specifica” for each species were not fixed (Barkley et al., 2004; Reid, 

2009). Linnaeus, then, took every effort to improve the process of the 

“composition” of a species delineation by abolishing unnecessary rhetorics, 

introducing new descriptive terms, and defining their meaning with an 

unprecedented precision. In the late 1740s, he began to use a parallel system of 

naming species with nomina trivialia, which is started with the genus name and 

the specific ephitet (Schuh, 2003). Linnaeus consistently applied nomina trivialia 

to the species of plants in the 1st edition of Species Plantarum (1753) and to the 

species of animals in the 10th edition of Systema Naturae (1758). By consistently 

using these specific epithets, Linnaeus separated nomenclature from taxonomy 

(Ride et al., 1999; Greuter et al., 2000; McNeill et al., 2006). In the nineteenth 

century, the new practise was codified in the first Rules and Laws of 

Nomenclature. The 1st edition of Species Planetarum and the 10th edition of 

Systema Naturae were chosen as starting points for the Botanical and Zoological 

nomenclature respectively. This convention for naming species is referred to as 

binomial nomenclature (Kress and DePriest, 2002; Greuter, 2004). The use of 

binomial nomenclature refers to the genus as a first name and the species as a 

second name. The name of the genus always starts with capital letter and the 

name of species starts with a lower case letter, which is frequently descriptive. 

Nomenclature is now regulated by Nomenclature Codes, which allow names 

divided into ranks (McNeill, 2000; Reid, 2009; Stuessy, 2009).  

 In the more recent systems of classification of organisms, it is now 

generally accepted that classification should reflect or be consistent with the 

Darwinian principle of common descent (Padian, 1999; Winsor, 2009; 
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Chakrabarty, 2010). The long-term impact of Darwinian evolution has been 

different and very important. It has led to the expectation that the basic 

hierarchical arrangement of organisms in a taxonomic schema should be aligned 

with their phylogenetic relationships rather than with a set of discrete and 

arbitrary classes (Sereno, 2005; Podani, 2009; Makowsky et al., 2013).  

A strict application of the Darwinian principle in taxonomy is called 

cladistic taxonomy. The cladistic approach to taxonomy arranges taxa in a 

cladogram, which reflects the evolutionary relationships of the organisms under 

consideration (Queiroz and Gauthier, 1992; Huson and Bryant, 2006; Stuessy, 

2009; Van de Peer, 2009). If a taxon includes all descendants of some ancestral 

form, it is called monophyletic. If it does not it is considered paraphyletic, and if it 

includes other groups that do not share a hypothesised common ancestor it is 

called polyphyletic (Laurin et al., 2005; Pickett, 2005; Queiroz, 2006; Hörandl and 

Stuessy, 2009). The arrangement of the organisms as clades rather than taxa 

means that the process of classification is now more complex and greater 

consideration needs to be given to the process of recognising and naming groups 

of organisms. A new formal code of nomenclature, the PhyloCode, has been 

proposed and is currently under development, however the use and value of this 

approach is still being debated (Berry, 2002; Forey, 2002; Queiroz, 2006; Dayrat 

et al., 2008).  

Biological taxonomy or classification is not static, and opinions about the 

correct status of taxa at all levels and their correct or appropriate placement are 

constantly revised as a result of new research (Grant, 2003; Forey et al., 2004). 

Many aspects of classification will always remain a matter of scientific judgement 

(Niklas et al., 2001; Harris, 2005). Biologists, however, have attempted to view all 

living organisms with equal thoroughness and thus have devised a formal 

classification. The formal classification provides the basis for relatively uniform 
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and internationally understood nomenclature, thereby simplifying cross-

referencing and retrieval of information (Lance et al., 2000; Barkley et al., 2004; 

Ebach and Williams, 2004; Agnarsson and Kunther, 2007; Mishler, 2009). 

Comparison of characters depend to some extent on the purposes of the 

comparison. For identification purposes, a suitable key with attention given only 

to the most important diagnostic characters for the taxon under study should be 

sufficient especially for well know groups (Padial, et al., 2010; Puillandre et al., 

2012). If the taxon is likely to be a new one, its general position is determined by 

observing as many as characters as possible and by comparing them with the 

descriptions and keys in existing and past classifications (Balakhrishnan, 2005; 

Maan and Seehausen, 2011). In making comparisons, resemblances resulting 

from convergence should be identified. In addition, inconspicuous characters, 

including internal anatomy could be of great importance in indicating affinities. 

Although, such characters may be of limited value for identification of a group, 

they may be of the utmost importance in understanding evolutionary relationships 

(Weissing et al., 2011; Fujita et al., 2012; Lim et al., 2012). Therefore, characters 

are often weighted to some extent by taxonomists according to their utility for 

different purposes. However, weighting or non-weighting of characters can be the 

subject of great dispute. On the one hand it has been pointed out that weighting 

characters are often demonstrably arbitrary and imprecise (Agrawal, 2001; 

Podani, 2009; Nosil and Feder, 2012). On the other side, if characters were 

examined equally weighted (which is what people usually mean when they use 

term without weighting or unweighted), some obvious cases of extreme 

convergence would generate obviously abberant classifications. A classification 

based on equally weighted characters is generally called phenetics as opposed 

to phyletics, in which characters are weighted by presumed importance in 
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indicating lines of descent and defining monophyletic groups (Pisani et al., 2007; 

Cook et al., 2010) 

 With the advent of powerful computers, mathematical approaches known 

as numerical taxonomy were developed for estimating phenetic distance with the 

intention to bring a more objective approach to biological classification (Sneath 

and Sokal, 1973). This method has been revolutionary for taxonomy by 

introducing computer-based numerical algorithms and statistical procedures, 

which are now indispensable tools in modern taxonomy, including molecular 

taxonomy (Sneath, 1995; Jensen, 2009; Stuessy, 2009). Numerical taxonomy 

classifies organisms based on their overall similarity. Firstly, a representative set 

of characteristics of a group of organisms are chosen and measured. Then, these 

measurements are used to calculate similarity coefficients between all pairs of 

organisms. The similarity coefficient is a number between 0 and 1, where 1 

indicates absolute identity, and 0 indicates absolute dissimilarity. Finally, the 

similarity coefficients are used to develop a classification system usually based 

on clustering (dendrograms) or ordination (Sneath and Sokal, 1973; Hill, 2005).  

Popular ordination and classification techniques widely used by numerical 

taxonomists are Multiple Discriminant Analysis (MDA) and Principal Component 

Analysis (PCA). MDA is the appropriate statistical technique when the dependent 

variable is categorical such as a set of two or more species or population 

samples and the independent variables are quantitative (i.e. the measured set of 

characters). This approach can support classification by yielding an efficient 

representations of variation in multiple variables and samples in the form of highly 

reduced set of compound variables (dimensions) amenable to straight forward 

interpretation and classification (Duda et al. 2001). PCA is a way of identifying 

correlated patterns of variability among variables, and expressing the data in 

such a way as to highlight their similarities and differences on a reduced number 
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of components, dimensions, factors or axes. This useful statistical technique is a 

common technique for finding patterns in data of high dimensionality (Shlens, 

2009). For example, both approaches have been applied to detect cryptic 

species in groups such as beetles (Arribas et al., 2013) and harvestman (Arthofer 

et al., 2013). However, the limitation of numerical taxonomy is that it will classify 

unrelated organisms together based on overall morphological similarity and does 

not distinguish between analogous and homologous features (Wayne, 1981; 

Warheit, 1992). According to pheneticists the unimportant analogous (i.e. 

convergent) features are usually numerically over-whelmed by the larger number 

of homologous (derived) features (Sneath and Sokal, 1973). 

 Some biologists consider that numerical taxonomy can produce 

quantitative measures of overall differences among groups that can be used to 

establish the maximal difference allowed at each taxonomic level (De Hoog, 

1981; Sneath, 1995). Although such an approach may be possible, many 

difficulties exist (Price et al., 2003; Jensen, 2009). For example an “Order” in one 

authority’s classification may be a superorder or class in another, and it is unlikely 

that agreed upon numerical criteria can be developed to establish a particular 

level of the taxonomic hierarchy. In reality most of the established classifications 

of the better known groups result from a general consensus among practicing 

taxonomists. It also follows that no complete definition of a group can be made 

until the group itself has been recognized, after which common (or defining) 

characters can be formally stated. In addition, as further information is obtained 

about the group, it is subject to taxonomic revision (Lance et al., 2000; Kuntner 

and Agnarsson, 2006; Patterson, 2006). 

  In order to address the problem of dealing with gaps and taxonomic rank 

in classification including delimitation of species, integrative taxonomy should be 

applied. Ideally, morphological, molecular and possibly other data such as 
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reproductive, behavioural and ecological data should be combined (Schlick-

Steiner et al., 2010; Gebiola et al., 2012). This is due to none of the methods 

being ‘superior’ but all having different intrinsic sources of error. For example, 

character convergence (homoplasy) is much more common in morphological 

data than in molecular sequence data, but character reversions are more 

common in the latter (Hickerson et al., 2006). Recently, many taxonomists 

combine morphological, ecological and molecular data to resolve taxonomic 

problems in many organisms including those which are considered as species 

complexes such as the existence of two sympatric species in Cyhopharynx 

furcifer (Cichlidae) from Lake Tanganyika investigated by Takahashi and Hori 

(2012), the reinstatement of Pahonia luteva (Muscidae-Diptera) as a species 

distinct from Phaonia errans by Renaud et al. (2012), the recognition of two 

undescribed species of the genus Tetragonopterus (Charidae) from Central Brazil 

examined by Silva et al. (2013), and the evaluation of taxonomic status of 

leuciscine fish Squalius lucumonis collected from Tiber River (Italy) by Tancioni et 

al. (2013).  

 

1.4.4. Molecular Genetic Studies of Monopterus albus species complex  

 

A variety of molecular genetic techniques have been applied to M. albus 

due mostly to its commercial importance or for ecological reasons relating to 

biological invasion. These studies focused on a range of questions including 

taxonomy, phylogenetic relationships, origin of translocated populations, 

population structure and mitochondrial genomics. Many molecular genetic studies 

of M. albus have been conducted in China based on fish sampled from several 

regions of this country. These include traditional molecular markers such as 

isoenzymes (Yang et al., 2005) and Random Amplified Polymorphic DNA (RAPD) 
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(Liu et al., 2005; Yin et al., 2005) and more recently to include direct sequencing 

of mitochondrial DNA (Cai et al, 2008; Cai et al., 2012) and an analysis of 

microsatellite markers (Lu et al. 2005; Li et al., 2007; Lei et al., 2011). Esterase 

isozymes were used by Yang et al. (2005) to determine the genetic relationships 

of three kinds of M. albus differentiated by body colour from Poyang Lake Region 

(China). This study revealed that esterase isozyme of M. albus in every 

population consisted of two polymorphic loci and exhibited high levels of 

polymorphism. Similarly RAPD was used to investigate polymorphism of M. albus 

in Dongting Lake with 12 out of 20 primers providing reproducible fingerprints (Liu 

et al., 2005). Yin et al. (2005) also used RAPD profiles based on 24 random 

markers to investigate genetic structure of wild and cultured populations in 

several regions in China. While all of these studies reported polymorphisms none 

drew any conclusions relating to taxonomy or species boundaries. Next, direct 

sequencing of the mitochondrial D-loop was conducted on M. albus from several 

locations in Sichuan basin, China (Mianyang, Ya’an, and Longchang populations 

from Sichuan province, and Zhongxian from Chongqing province) by Cai et al. 

(2008). These authors generated 553 base pair sequences consisting of 13 

haplotypes with eight polymorphic sites. They reported that populations from 

Zhongxian were genetically differentiated, but that all the populations showed 

some degree of genetic heterogeneity. The authors suggested that the 

populations should be treated as a monophyletic group and did not make any 

other taxonomically related conclusions (Cai et al. 2008). Cai et al. (2012) 

expanded their earlier study to eight additional geographical sampling locations 

for M. albus in China. These authors generated 501 base pair sequences from 

167 individuals, which comprised 60 haplotypes with 85 variable sites. Their 

results also revealed phylogenetic differentiation of M. albus, based on the 

mitochondrial control region, which fell into five genetic lineages. Furthermore, 
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some researchers examined microsatellite markers for the M. albus collected 

from several regions in China (Lu et al. 2005; Li et al., 2007; Lei et al., 2011). Lu 

et al. (2005) described 31 pairs of primers for microsatellites and found 11 

markers that showed polymorphisms with 3-13 alleles in a study of swamp eels 

from two Chinese populations (Hunan and Guandong) and one population from 

Bengal. Li et al. (2007) investigated 30 microsatellites from a (GT)n-enriched 

genomic library and found polymorphism in 13 microsatellite markers with 2-13 

alleles in a test swamp eel population from China. Next, Lei et al. (2011) 

developed two sets of multiplex loci for PCR to fast genotype 11 loci that showed 

2-20 alleles. In this study they compare genetic diversity of M. albus collected 

from two populations (Zhejiang and Hanan) based on these microsatellite 

markers. 

Other molecular genetic studies of M. albus have been conducted by 

Collins et al. (2002) and Matsumoto et al. (2010). Collins et al. (2002) 

investigated 16S mitochondrial rRNA sequence variation and identified three 

distinct lineages from four populations in the continental United States (Atlanta, 

Georgia; Tampa, Florida, North Miami Florida; and Homestead, Florida). This 

research yielded 18 unique haplotype-locality combinations supporting several 

independent introduction of the species and indicated that at least two or possibly 

three cryptic species are present among the introduced M. albus populations in 

the US. Thus genetic analyses support multiple introductions originating from 

unknown, but different geographic locations from within the species’ natural 

distribution in Asia. The “M. albus” from two populations (Tampa, Florida and 

North Miami, Florida) were similar to samples from Nanning (China) being 

identified as a Monopterus clade C. The “M. albus” from Homestead, Florida 

which is about 40 km from North Miami (Florida) were quite similar to samples 

from Jakarta (Indonesia), Ca Mau (Vietnam), and Kulala Lumpur (Malaysia), and 
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classified as Monopterus clade B. Surprisingly, the samples from Atlanta 

(Georgia) were identified as a third form and denoted as Monopterus clade A, 

most likely originating from Japan or Korea. Based on these results Collins et al. 

(2002), suggested that Monopterus clade B, including specimen from Java 

(Indonesia), should be referred to as Monopterus javanensis while Monopterus 

clade C might represent the true Monopterus albus. It was proposed that 

Monopterus clade A may represent a distinct and possibly unnamed species. 

Next, Matsumoto et al. (2010) undertook a comprehensive molecular 

phylogenetic analysis of mitochondrial 16S rDNA sequence variation in this 

species focusing largely on populations from the north-eastern part of its 

distribution. Based on this study this fish species was found to comprise three 

clades that correlate with geographical location and reproductive behaviour, and 

the authors suggested that the fish species is composed of at least three distinct 

species. They proposed the Japanese main island populations (Honshu and 

Kyushu), Chinese populations (Shanghai) and Taiwan population (Taipei) as a 

single species, and they identified Ryuku Island populations as an endemic 

native species. In addition, they suggested that the Southeast Asia populations  

Puli and Hengchuen (Taiwan), Fuzhou and Haikou (China), and Yogyakarta 

(Indonesia), which have the highest genetic diversity, may include more than one 

species. In this study, Matsumoto et al. (2010) also stated that based on previous 

field observations, the reproductive behaviour of “M. albus” differs significantly 

among the three geographical groups. In the China-Japan populations, the eggs 

are spawned into a foam mass where they are fertilized and are subsequently 

cared for by the male who keeps the larvae in his buccal cavity until the larvae 

begin to respire (Matsumoto and Iwata, 1997). In contrast the Ryuku population, 

the breeding males do not keep the larvae in his buccal cavity, which is narrower 
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(Matsumoto et al., 2007). Lastly, in Southeast Asian populations, the eggs are 

spawned on plant leaves under water where the embryos develop into the larvae 

without parental care (Matsumoto et al., 2010). This data, therefore, supports the 

hypothesis that the swamp eel “M. albus” is a species complex consisting of 

species with differing reproductive biologies. Moreover, the result strongly 

supported Collins et al. (2002) data that “M. albus” introduced into the south 

eastern United States comprises at least three species, two of which are similar 

to forms from Southeast Asia based on their molecular phylogenetic 

relationships.  

The complete mitochondrial DNA nucleotide sequence of M. albus was 

described by Miya et al. (2001, 2003) (GenBank accession number: 

NC_003192). This provides a valuable resource for the design of primers to 

investigate genetic relationship within or between populations of M. albus. For 

instance, the molecular genetic analysis of M. albus populations collected from 

four regions in Sichuan basin (China) analysed by Cai et al. (2008) used primers 

designed from Miya et al’s data. Unfortunately the origin of the specimen 

sequenced by Miya et al. (2001) was not given or was unknown. 

The above results, although derived from data from different gene 

fragments and incomplete or inconsistent sampling raises the possibility that 

multiple species may be present in what is currently referred to as M. albus. The 

studies indicate significant divergence can be present over small geographic 

scales, and so far sampling in the southern part of the species distribution 

especially across the Indonesian archipelago has been limited. 

There have been a number of studies on the reproductive biology of M. 

albus. This is due to M. albus having a small genome size and natural sex 

reversal. Therefore, M. albus is considered to be an ideal vertebrate model for 
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studying molecular mechanisms of sex-determination and evolution of sex 

reversal. Several genes potentially contributed in sexual development of M. albus 

have been investigated such as Sox11 and Sox19 (Liu and Zhou, 2001), SRY-

related genes (Zhou et al., 2002), Sox9a (Lu et al., 2003; Zhou et al., 2003), 

CPY17 (Yu et al., 2003), Sox 17 (Wang et al., 2003), osteoclast-stimulating factor 

(OSF-like gene) (Xia et al., 2004), dmrt1 genes (Huang et al., 2005), vasa-like 

gene (Ye et al., 2007), aromatase (P450arom) and 11β-hydroxilase (P45011β) 

(Yu et al., 2008; Liu et al., 2009). These genes being studies for sex development 

may also be useful for comparative genomic and phylogenetic studies and to 

understand the evolutionary biology of this and related fish species.  

 

1.5. Research Objectives and Thesis Format 

 

The overall aim of this study is to advance the understanding of the 

taxonomy and evolution of the Monopterus albus species complex with a special 

focus on Indonesian populations. Following from this objective there are three 

major components to this thesis. First, this study aims to clarify species 

boundaries in the swamp eel focussing on Indonesian populations. This section 

takes a barcoding and population genetic approach to investigating species 

boundaries. Second a broad based molecular taxonomic and phylogenetic study 

of swamp eel (M. albus) is undertaken using sequences from several gene 

regions, with comprehensive geographic sampling and utilisation of published 

nucleotide data sets. Lastly, an investigation of variation in morphological 

characters within and between selected Indonesian populations is undertaken 

making use of numerical taxonomic methods for comparison with previous 

morphological-based taxonomic treatments and the genetic data. 



45 

 

More specifically, in relation to the format of the thesis, the first research 

chapter (Chapter 2) presents evidences of cryptic species of M. albus using 

barcoding (COI mtDNA) and population genetics (five polymorphic microsatellite 

loci). A more extended study was conducted of COI variation among Indonesian 

populations using Denaturation Gradient Gel Electrophoresis (DGGE). Chapter 3 

extends this study with several phylogenetic analyses of swamp eel populations 

using multi gene sequences from mitochondrial 16SrDNA (two fragments) and 

cytochrome c oxydase subunit I (COI) gene regions and from nuclear RAG-1 and 

1st intron of S7 gene regions. A number of separate analyses were conducted in 

order to utilise sequences from existing studies that used sequenced from 

different 16SrDNA regions by Collins et al. (2002) and Matsumoto et al. (2010).  

Finally, Chapter 4 presents an analysis of morphological variation within and 

between genetically differentiated Indonesian swamp eel populations studied in 

the preceding chapter using univariate, bivariate and multivariate analyses, with 

the broader implications of this study and the prospects for future research 

discussed in Chapter 5. 
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CHAPTER 2 

 

Molecular genetic evidence for cryptic speciation in the 

 Monopterus albus species complex in central Indonesia 

 

2.1. Introduction 

 

Cryptic species complexes are found in many taxonomic groups including 

fishes and provide challenges for both ecologists and taxonomists (Hebert et al., 

2004; Cerutti-Pereyra et al., 2012). Accurate identification of species is 

fundamental not only to biology in general but especially for biodiversity 

conservation and fishery management (Dunham, 2004; Bortolus, 2008; Ladner 

and Palumbi, 2012). As a result taxonomists are increasingly using molecular 

tools routinely to reveal cryptic species and more confidently define species 

boundaries (Zemlak et al., 2009; Ni et al., 2012; Puillandre et al., 2012).  

 Over recent years a popular molecular-based approach to taxonomic 

investigations has been DNA barcoding which uses sequences from an 

approximate 650-bp segment of the cytochrome c oxidase subunit I (COI) 

mitochondrial gene. This has been promoted by the foundation of the Consortium 

for the Barcode of Life (http://www.barcodeoflife.org), which advocates this  

approach as a standard method to support both taxonomic identification, with 

reference to their online database (http://www.boldsystems.org), and the 

discovery of new species of animals (Hebert et al., 2003a,b). This COI-based 

identification system has been applied to a variety of fish taxa including rays and 

sharks (Holmes et al., 2009; Cerruti-Pereyra et al., 2012), salmon and trout 

(Rasmussen et al., 2009), and giant perches (John et al., 2010)  
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Even though DNA barcoding using the relatively fast evolving COI gene 

has been demonstrated to be successful in the identification of closely related 

species and also revealing cryptic speciation and phylogeographic structures 

within a species, it has been a target of criticism (Moritz and Cicero, 2004; Lee, 

2004; Ebach and Holdrege, 2005; Rubinoff et al., 2006). This is due to 

proponents often adopting an artificial or arbitrary distance measure to distinguish 

within and among species variation, failing to consider stochasticity in these 

distance estimates and heterogeneity in evolutionary rates and lacking sensitivity 

to incomplete sampling (Meier et al., 2006; Rubinoff et al., 2006; Whitworth et al., 

2007). An additional criticism relates to the simplistic use of genetic distance to 

construct neighbour-joining trees from these sequences for taxonomic 

interpretation and the problem of applying the biological species concept within 

this context (Cognato, 2006; Nunes et al., 2014). Other issues that can limit the 

effectiveness of DNA barcoding is the occurrence of heteroplasmy and numts 

(nuclear mitochondrial-like sequences), incomplete lineage sorting and 

mitochondrial lineages being discordant from the nuclear geneome, sequencing, 

sequence-editing and database errors and of course misidentification or 

misapplication of names for samples and lack of voucher specimens (Hebert et 

al., 2003a,b; Moritz and Cicero, 2004; Hajibabaei et al, 2007; Buhay, 2009; 

Asgharian et al., 2011).  

As a consequence, it is beneficial if the results of DNA barcoding can be 

supported by other molecular data from rapidly evolving nuclear markers that are 

commonly used in population genetics such as allozyme electrophoresis, 

microsatellite and single nucleotide polymorphisms (SNPs), which are used to 

demonstrate species differentiation including evidence for reproductive isolation. 

The former two techniques are the most commonly used and have the advantage 

of being codominant markers (Austin and Ryan, 2002; Thai et al., 2006; 
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Fassatoui et al., 2009). However, microsatellites are more informative due more 

rapid rates of evolution and higher allelic diversity per locus compared to 

allozymes. SNPs are less informative as they are mostly bi-allelic and therefore 

require the genotyping of far more loci to generate an equivalent amount of 

information (Shaffer and Thompson, 2007; Hausdorf and Hennig, 2010). The 

combination of the use of DNA barcoding and microsatellite markers to 

confidently identify cryptic speciation have been applied in several animals 

including spruce budworm (Lumley and Sperling, 2011), galaxiid fish (Vanhaecke 

et al., 2012), and bees (Hurtado-Burillo et al., 2013) 

Freshwater fish make up one of the most diverse groups of vertebrates 

with over 13,000 species recognised worldwide, and many more species are 

waiting to be discovered and described in the tropics, especially in countries 

where exploratory surveys are still incomplete such as Brazil and Indonesia 

(Lévêque et al., 2008, Allen and Erdmann, 2012). In Indonesia, the total number 

of freshwater fishes is currently about 1,400 or 7% of total global freshwater fish 

species diversity (Rhee et al., 2004). The actual number of species is likely to be 

much higher however, as the application of systematic sampling and associated 

taxonomic studies together with the use of molecular methods for the discovery 

of cryptic species has been relatively limited compared to other parts of the world. 

In Indonesia, it is generally accepted that the common swamp eel belongs 

to the species described as Monopterus albus Zuiew 1793 (Saparinto, 2009; Roy, 

2013). This fish species is one of an important group of freshwater food fish in the 

country with a wide distribution extending across Sumatra, Jawa, Bali, Lesser 

Sundas, Sulawesi and the Moluccas (Kottelat et al., 1993; Berra, 2007). 

However, much debate has centred on delimitation and distribution of the species 

since it was described by Zuiew 1793 (Rosen and Greenwood, 1976). The 

nominal species has a very wide distribution extending from Indonesia in the 
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south to Japan and China in the north. The taxonomy of M. albus in Indonesia is 

largely unknown, as no comprehensive revision has been performed since the 

early taxonomic treatments. As a consequence of recent genetic research it is 

becoming clear that M. albus represents a species complex and the number and 

identify of swamp eel species in Indonesia is an open question.  

No COI-based DNA barcoding studies have been conducted for M. albus 

even though this marker has become widely used for fish groups over the last 10 

years. The relatively limited genetic research on species boundaries and 

population structure of the M. albus species complex has been primarily based 

on nucleotide sequence data from the mitochondrial 16SrDNA gene (Collins et 

al., 2002; Matsumoto et al., 2010) and D-loop (Cai et al., 2008; Cai et al., 2012). 

This research supports clearly the existence of cryptic species of M. albus but 

each study has limitation with respect to sampling especially in Indonesia. The 

studies by Collins et al. (2002) and Matsumoto et al. (2010) only included swamp 

eels from Jakarta and Yogyakarta thus the knowledge of genetic variation of this 

species from Indonesia is quite limited and population genetic variation is poorly 

understood. Furthermore, while microsatellite variation has been investigated in 

swamp eels by Li et al. (2007) and Lei et al. (2011) who developed primers for 

several microsatellite loci they only examined samples collected from China. No 

microsatellite studies have been done for M. albus from any other country.  

Biologically, swamp eels are considered to be non-migratory species and 

are likely to have highly restricted dispersal ability over their geographic range. 

This would favour reproductive isolation between populations leading to genetic 

divergence and over long periods of time, could lead to speciation (Fergusson, 

2002). Thus within the Indonesian Archipelago, consisting of multiple islands, M. 

albus may consist of several endemic cryptic species. Alternatively, the species 

may have high levels of genetic similarity among widely separated populations if 
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dispersal has been facilitated by humans as a result of their popularity as a food 

fish and for aquaculture and their tolerance to transportation. It is also possible 

that both factors, cryptic speciation and translocation, are significant factors 

leading to complicated geographic patterns of genetic diversity within this species 

complex.  

Given the limited observed morphological variability within swamp eels 

(Rosen and Greenwood, 1976), here, I focus on a comprehensive genetic 

analysis of Monopterus albus species complex collected from Indonesia with 

reference to samples from Vietnam and Taiwan. In the first part of this study, I 

use DNA barcoding based on sequence variation at a fragment of the 

mitochondrial cytochrome c oxidase subunit I gene (COI) to determine if there is 

evidence for more than one species within the M. albus species complex over its 

geographic range in Indonesia.  

In a second part to this study, I examined in more detail a complex 

geographic patterns of genetic variation within swamp eels from central Indonesia 

using a combination of Denaturing Gradient Gel Electrophoresis (DGGE), 

mitochondrial cytochrome c oxydase subunit I (COI) gene, and analysis of 

variation at microsatellite loci. DGGE is very powerful genetic fingerprinting tool 

developed by Fischer and Lerman (1980). DGGE was used to efficiently explore 

and assess genetic patterns of variation within and between populations for two 

divergent COI haplotypes revealed in the first part of the study. In addition, I 

carried out an analysis of genetic diversity and population differentiation of 

Indonesian M. albus, using five microsatellite markers for the same individuals 

genotyped for COI using DGGE. 
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2.2. Materials and Methods 

 

2.2.1. Sample collection for COI mitochondrial sequencing 

 

Tissue samples of swamp eels were collected or obtained from Indonesia 

(29 sites), Vietnam (1 site) and Taiwan (1 site) (Figure 2.1). Samples of 

Ophisternon species including Ophisternon bengalense from Maros, South 

Sulawesi (Indoneisa), Ophisternon gutturale from Rapid Creek, Darwin (Australia) 

and Ophisternon sp. from Angurugu River, Groote Eylandt (Australia), were used 

as out-groups. Sampling location, sample code, and sample size details are 

provided in Table 2.1. The tissue samples consisted of 50-100 mg of muscle 

tissue, which was dissected with a sterilized surgical scissor, placed into a 1.5 ml 

screw top cryogenic vial, and preserved in 95% ethanol in the field and stored at  

-20oC in laboratory.  

 

2.2.2. DNA extraction, amplification and sequencing of cytochrome oxydase 

c subunit I (COI) mitochondrial gene: procedures and analysis 

  

  Total genomic DNA was extracted from muscle tissue of each specimen 

using DNeasy blood and tissue kit (QIAGEN, Valencia, CA, USA) according to 

the manufacture’s instructions. Two individuals from each population, except for 

Lake Sentani (Papua) for which only one individual was available, were analysed 

by direct sequencing of the COI mitochondrial gene. The COI mitochondrial gene 

was amplified using primers FishF2 (5’-TCGACTAATCATAAAGATATCGGCAC-

3’) and FishR2 (5’-ACTTCAGGGTGACCGAAGAATCAGAA-3’) (Ward et al., 

2005). The KAPA2G Robust PCR kit (Kapa Biosystems) was used for the 

polymerase chain reaction (PCR). PCR amplifications were conducted in 25 µL 
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reaction volumes containing 10-100 ng of genomic DNA, 0.2 mM of each dNTP, 

2mM MgCl2, 0.014U Tag Polymerase, 0.6 µM of each primer and 1x PCR 

reaction buffer. The thermal cycler profile consisted of a 2 min denaturation at 

94oC followed by 35 cycles of 50 s at 94oC, 2 min at 49oC, and 1.5 min at 72oC. A 

final extension of 6 min at 72oC was performed. Then, PCR products were 

visualized using 1% agarose gels and cleaned using Viogene PCR purification kit 

(Viogene Inc.). Sequence reactions were performed in both directions using the 

Big Dye Terminator Ver. 3.3. sequencing kit (Applied Biosystems), 5-7 µL purified 

PCR product, and 0.8 µM of either primer per reaction. Sequence-reaction 

products were then loaded into an ABI 3130xL Genetic Analyzer (Applied 

Biosystems). Amplicons were sequenced in both forward and reverse directions. 

COI sequences were visualized and edited using SeqMan and Editseq 

Pro Program Lasergene DNASTAR software package (DNASTAR Inc., Madison, 

USA). Sequences were transferred to fasta format and aligned with the opal 

multiple sequence alignment routine implemented by the MESQUITE 2.74 

package (Maddison and Maddison, 2010) and ClustalW in MEGA5 (Tamura et 

al., 2011). Subsequent inspection and editing of the alignments was done 

manually. Chromatograms were inspected for noisy and ambiguous base calling 

and translated to check for stop codons. Noisy tails were trimmed. For each 

individual, sequencing reactions were performed using both forward and reverse 

primers, resulting in a consensus fragment of 514 bp in length. Therefore the 

data set used for phylogenetic analysis was composed only of those sequences 

that consisted of a minimum of 514 bp after trimming. Intraspecific diversity was 

estimated as number of haplotype, haplotype diversity, number of polymorphic 

sites, and nucleotide diversity using the software DnaSP 5.10.01 (Librado and 

Rozas, 2009). Kimura-2-parameter model were used to estimate intraspecific and 

interspecific genetic distance (Kimura, 1980) and was summarised in an NJ tree 
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as this is the standard methodology used in barcoding studies (Hebert et al., 

2003a). The NJ tree with boostrap values (1000 replication) was constructed 

using PAUP* version 4 (Swofford, 2003). Sequences of M. albus (NC_003192) 

and M. cuchia (FJ459508-FJ459511) from GenBank (www.ncbi.nlm.nih.gov) 

were used for comparative purposes. Phylogenetic relationships were also 

estimated using a Bayesian approach. The best-fit model of evolution was 

selected with jModelTest 0.1.1 (Posada, 2008) under the Akaike information 

criterion (AIC) suggested by Posada and Buckley (2004). MrBayes 3.2 (Ronquist 

et al., 2012) was used for Bayesian inference under the best-fit model. The 

analyses were run for 2,000,000 generations with a sampling frequency set to 

every 1000 generation. The analysis was done until the standard deviation of 

split frequencies was below 0.01. The analysis used a relative burn-in of 25% for 

diagnostics. Consensus trees were visualised in FigTree 1.4.0 (Rambaut, 2012). 

Principal Coordinate Analysis (PCoA) based on genetic distance of COI 

mitochondrial gene was carried out in GenAlEx version 6.5 (Peakall and Smouse, 

2012) to examine the patterns of divergence between haplotypes. 

 

2.2.3. Sample collection for Denaturation Gradient Gel Electrophoresis 

(DGGE) of COI variation 

 

As the initial DNA-barcoding part of the study suggested the possibility of 

cryptic speciation and population admixture a more detailed study of COI 

variation was undertaken using DGGE. Guided by the COI barcoding results 

fifteen populations of swamp eels were sampled from several regions in central 

Indonesia. The sample size used for the DGGE procedures was 20 individuals 

from each population. Details of sampling locations and codes are provided in 

Table 2.1. All fish were captured by farmers and fishermen using nets and 
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transported to the laboratory on ice and then frozen. Tissue samples were then 

dissected from each partially thawed fish and placed into 1.5 ml screw top 

cryogenic vials and preserved in 95% ethanol. 

 

2.2.4. DNA amplification, optimization and procedures for Denaturation 

Gradient Gel Electrophoresis (DGGE) of COI variation 

 

A short highly variable fragment of the COI was selected for DGGE 

analysis based on the results of the first part of the study. This fragment is 

approximately 280 bp and allowed discrimination of the two divergent forms of 

swamp eel found in the first part of the study. The DGGE procedure required one 

of the primers to be modified at the 5’ end with a GC-Clamp. The two primers 

designed for DGGE analysis are: EELCOIF (5’-ATAGTMATGCCYAATATAAT 

YG-3’) and EELCOIRGCCLAMP (5’-CGCCCGCCGCGCCCCGCGCCCGTCC 

CGCCGCCCCCGCCCGTRTTAAGGTTTCGRTCRGTG-3’). The KAPA2GRobust 

PCR kit (Kapa Biosystems) was used for the polymerase chain reaction (PCR).  

PCR reactions were performed in 25 µl final volume containing 10-100 ng of 

genomic DNA, 0.2 mM of each dNTP, 2 mM MgCl2, 0.014U Tag Polymerase, 0.6 

µM of each primer and 1x PCR reaction buffer. Reactions were amplified using 

the following cycling conditions: an initial denaturation 94oC for 1 min; 2 cycles of 

30 s at 94oC, 30 s at 48oC, 30 s at 72oC; 2 cycles of 30 s at 94oC, 30 s at 49oC,  

30 s at 72oC; 33 cycles of 30 s at 94oC, 30 s at 50oC, 30 s at 72oC and a final 

extension of 10 min at 72oC. All PCRs were carried out in a Labnet Multigene 

Thermal Cycler (Labnet International Inc., USA). 

DGGE was performed with the Ingeny PhorU-2 apparatus (Ingeny 

International, The Netherlands) as per manual instructions using a gradient mixer 

(Ingeny International, The Netherlands) to form the linear denaturation gradient. 
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Gels were made from acrylamide: bis-acrylamide (ratio - 37.5:1) and were 

polymerized by adding 120 µl of 20% (w/v) ammonium persulphate and 12 µl of 

N,N,N,N,-tetramethyethylenodiamine to 24 ml of polyacrylamide solution. 

Approximately 50 ng of each PCR amplicon mixed with an equal volume of 

loading buffer (0.25% (w/v) bromophenol blue, 0.25% (w/v) xylene cyanol and 

15% (v/v) glycerol was loaded on 6.5% polyacrilamide gels in TAE (1x) buffer. 

Optimal separation was achieved with a parallel denaturing gradient of urea-

formamide ranging from 20% to 40% (100% corresponded to 7M urea and 40% 

v/v formamide). Gels were run for 17 h at 60oC and 75V and stained with SYBR 

Gold (8 µl in 50 ml of 1xTAE) for 15 min. The banding patterns were then 

photographed under a UV transilluminator and analysed using Quantity One 1-D 

analysis software (Bio-Rad, USA). DGGE haplotype frequencies were analysed 

using GenAlEx version 6.5 (Peakall and Smouse, 2012). 

 

2.2.5. Sample collection and Restriction Fragment Length Polymorphism 

(RFLP) amplification procedures prior to microsatellite analysis 

 

Prior to the microsatellite analysis, the Restriction Fragment Length 

Polymorphism (RFLP) method was used to genotype additional samples from 

selected populations. RFLP analysis was chosen as it was quicker and less 

expensive than the DGGE procedure. 

The choice of populations and sample sizes for microsatellite analysis 

were based on the results obtained from phylogenetic analysis of COI 

mitochondrial data and DGGE results. Specifically, microsatellite analysis was 

used to study the population genetics of populations showing admixtures of two 

divergent haplotypes revealed in the first parts of the study. The RFLP procedure 
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was used to allocate additional swamp eel samples to one or other of two 

dominant COI haplotypes resolved by direct sequencing or DGGE analysis.  

Amplified product of the COI mitochondrial gene from 588 samples from 

20 selected populations were digested with SpeI restriction endonuclease in 

order to allocate each individual into one or other of the two dominate haplotypes. 

The Spe1 restriction enzyme was chosen as it cuts one of the fragments at a site 

in one haplotype (Haplotype A) but leaves the other uncut (Fig. 2.6). The RFLP 

reaction was carried out in 10 µL final volumes, containing 1 µL of Restriction 

Buffer 10x, 0.1 µL of 10 µg/µL Bovine Serum Albumin (BSA), 2 µL of PCR 

product and 0.25 µL of 10u/µL SpeI Restriction Enzyme (Promega). The 

digestion was set up for 3 hours at 37oC. The restriction fragments were 

visualised by electrophoresis in 1% agarose gels, stained with gel red nucleic 

acid stain (Biotium). The haplotypes for individuals were scored directly from the 

gel.  

 

2.2.6. Microsatellite procedures and analysis  

 

Five microsatellite loci Mal01, Mal 07, Mal13 (Li et al., 2007), Mal007 and 

Mal 008 (Lei et al., 2011) were used in this study. These microsatellite markers 

were selected based on the observed level of polymorphism in previous 

published studies (Li et al., 2007; Lei et al., 2011). Primer pairs were also chosen 

on the basis that annealing temperature were similar thereby allowing multiplexed 

PCR. The forward primer of each locus was “tailed” to allow annealing of a 

fluorescently labelled oligonucleotide following the method of Schuelke (2000). 

For each sample, two PCR reactions were performed for two different primer 

combinations: 1) Mal01, Mal07, and Mal13; 2) Mal007 and Mal008. Details of five 
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polymorphic loci, primer sequence, fragment size and dye are provided in Table 

2.2. 

PCR of microsatellites was performed using a reaction volume of 12.5 µL 

containing 10-100 ng of genomic DNA, 2xQiagen Multiplex PCR Master Mix and 

0.3 µM of each forward and reverse primer. Thermal cycles employed for 

multiplex (1) were initial denaturation at 94oC for 1 min, followed by 33 cycles of 

94oC for 30 s, 57oC for 30 s and 72oC for 40 s, and then a final extension at 72oC 

for 6 min; and that of reaction (2) was similar, except that the annealing 

temperature was 52oC. The amplified products were mixed with internal size 

standard (GeneScanTM500 LIZ®, Applied Biosystems) and deionised formamide. 

The mixture was subjected to capillary electrophoresis on an ABI 3130x1 Genetic 

Analyzer (Applied Biosystems). Fragments were sized using GeneMapper 

version 4.0 software (Applied Biosystems) and allele scores were verified 

manually. 

Microsatellite Tool Add-in for excel (http://animalgenomics.ucd.ie/sdepark/ 

ms-toolkit/) was used to convert data in an excel file into format suitable for the 

statistical software packages that I used. GENEPOP version 4.2. (Rousset, 2008) 

was used to test genotypic distributions for conformance to Hardy-Weinberg 

expectations, and to test the loci for genotypic disequilibrium. Allele frequency, 

observed and unbiased expected heterozygosities under Hardy-Weinberg 

expectation were calculated using ARLEQUIN version 3.1. (Excoffier et al., 

2006). Number of alleles at each locus for each sample was estimated using 

FSTAT version 2.9.3. (Goudet, 2001). Significance levels were determined using 

the Markov chain method (dememorisation number=1000, batches=100, 

iteration=1000). Levels of significance were adjusted for the number of 

simultaneous tests using the sequential Bonferroni procedure (Rice, 1989). An 

assignment test was implemented by GenAlEx version 6.5 (Peakall and Smouse, 
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2012) and GeneClass Version 2.0 (Piry et al., 2004). An assignment test was 

used in order to determine the extent to which individuals could be correctly 

assigned to their population of origin (Paetkau et al., 2004).  

Principal Coordinate Analysis (PCoA) based on the multilocus genotypes 

was carried out in GenAlEx version 6.5 (Peakall and Smouse, 2012) and 

GENETIX version 4.05 (Belkhir et al., 2004) in order to examine patterns of 

genetic variation and identify intermediate genotypes (if any) resulting from 

population admixture. The microsatellite genotypes for the 588 individuals were 

also analysed using STRUCTURE 2.3 (Pritchard et al., 2000) under the 

admixture model with no prior information and K=2 to define appropriate Q for 

individual assignment. Burn-in period was 50,000 steps and 100,000 MCMC 

iterations were used, together with the correlated allele frequencies and the 

admixture model options. 

 

2.3. Results 

 

2.3.1. COI mitochondrial sequence variation and phylogenetic relationships 

 

Sixty one COI sequences were obtained from M. albus individuals from 

the 31 sample locations (Figure 2.1 and Table 2.1), which represented 19 distinct 

haplotypes. The 514-bp alignment contained 117 polymorphic sites with 114 

being parsimony-informative (Figure 2.4) and amino acid sequence translations 

(vertebrae mitochondrial code) were unambiguous as there were no gaps or 

nonsense codons among the 61 sequences. Sequences representing each 

divergent COI haplotype have been deposited in GenBank with accession 

number: KP729549-KP729589. 
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The optimal model of nucleotide sequence substitution for the COI matrix 

including the outgroup samples was the HKY model with gamma-distributed rate 

variation across sites and proportion of invariable sites (=0.953, proportion of 

invariant sites=0.047) as inferred by jModelTest 0.1.1. The Bayesian analysis of 

COI mitochondrial data, together with additional sequences of M. albus and M. 

cuchia taken from GenBank, revealed that the swamp eels fall into four distinct 

clades (designated as Clade A, B, C, D), with the associated nodes supported by 

posterior probabilities of 0.88, 0.85, 1.00, and 1.00 respectively (Figure 2.2). 

Similarly, the neighbour-joining tree exhibited four distinct clades (Clade A, B, C, 

and D) with boostrap value of 89, 99, 100, 100% respectively (Figure 2.3). 

The K2P distance among all COI haplotyes within M. albus was quite 

variable ranging from 0.0 to 18.61% (mean= 3.57%). The average nucleotide 

sequence divergence between haplotypes within clade A, clade B, and clade D is 

0.97% (range 0-3.60%), 0.84% (range 0-2.79%) and 0.52% (range 0-0.78%) 

respectively. The two samples representing clade C had identical haplotypes. 

Levels of between-clade divergences are shown in Table 2.3. The highest 

genetic divergence among clades was observed between individuals from clades 

B and D ranging from 17.08% to 18.59% (mean 18.31%), whereas least genetic 

divergence was detected between individuals from clades A and B ranging from 

6.13% to 8.78% (mean 7.45%). Levels of differentiation within and between M. 

albus clades is summarised by Principal Coordinates Analysis (PCoA) in Figure 

2.5. This analysis indicates that the degree of differentiation between clades is 

much greater than within clades. 

 The four clades or OTUs generally show strong geographic patterns of 

differentiation. The most strongly differentiated clade (Clade D) comprises the 

northern samples from Taiwan and an M. albus GenBank sample most likely from 
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Japan. The two Vietnamese samples from further south form a separate distinct 

clade (Clade C). This clade is in turn distinct from Clades A and B, which were 

only found from the Indonesia archipelago well to the south. The samples forming 

Clade B have a relatively wide distribution, which includes the island of Sumatra, 

the western and central part of the Island of Java and outlying populations in 

southern Sulawesi and Lake Sentani in Papua in the far west. Representatives of 

Clade A have a restricted distribution, which extends from central Java to the 

islands of Lombok and Bali. While no sampling sites were found to be 

polymorphic for haplotypes from clades A and B, the geographic distribution of 

these clades show considerable overlap in the central part of east Java. Within 

this region, sampling sites PKY, BRS, GSK, NGT, PLG, SRG, TWG, CPK, KYR, 

WLK, SKP, DMP, and PJK had clade A haplotypes and sampling sites KMR, 

PLB, and GMP had clade B haplotypes (Figure 2.1, map 3). 

 

2.3.2. Variation within clades 

 

Eleven COI haplotypes were found in clade A from 38 individuals and five 

haplotypes were observed in clade B from 19 individuals. Clade C comprised one 

haplotype from two samples and clade D has two haplotypes, one from Taiwan 

and one representing the GenBank sample of M. albus (Table 2.4). Excluding the 

outgroup samples and M. cuchia there were 28 variable sites of which 24 were 

parsimony-informative sites, and for clades A and B there were 17 variable sites 

with 16 parsimony-informative sites. In clade C there were four variable sites 

none of which were parsimony informative. The haplotype diversities (h) within 

clades ranged from 0.0 to 0.89 and the nucleotide diversities () from 0.0 to 

0.0096. The most genetically diverse clade was clade A (h=0.89, =0.0096), 
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whereas the least variable clade was clade C (h=0, =0) with intermediate values 

for clade B (h=0.69, =0.0084) and clade D (h= 0.67, =0.0052).  

Within Clade B the level of divergence amongst most haplotypes was low 

with haplotypes differing between 1–6 bp. The one exception being sample PYK 

from Sumatra with haplotype (B2) which differed from all other haplotypes within 

clade B by 13 to 15 base pairs.  Similarly, most haplotypes within clade A only 

differed by a few bp. One exception was finding one relatively divergent 

haplotype – A9 (differing by 12 to 18 bp), in just three individuals from two 

populations (NGR and LMJ). Population LMJ showed the highest within 

population variation with the two haplotypes differing by 14 bp. For the majority of 

populations each of the two individuals showed identical haplotypes. The most 

wide spread haplotype (B3) was found in six populations distributed from West 

Java to Papua. Differentiation among haplotypes within and among clades is 

summarised by the Principal Coordinate Analysis (PCoA) (Figure 2.5).  

 

2.3.3. DGGE analysis of COI variation  

 

On the basis of the phylogenetic analysis of the COI mitochondrial gene 

demonstrating four clades and evidence of cryptic species of M. albus, this part of 

the study focused on a more detailed analysis of M. albus from Indonesia. For 

this study, I selected seven populations from clade A and eight populations from 

clade B with each population represented by 20 individuals, with DGGE analysis 

used to allocated individuals to each COI haplotype. Twelve populations were 

chosen as they represented both haplotypes from a restricted geographic area 

on Java and nearby islands to the east. Two populations were also chosen from 

the island of Sumatra to the west and a single population from southern Sulawesi 

to the east for comparative purposes. The seven populations representing clade 
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A were TWG, PKY, PLG, BRS, WLK, NGR and NRM and the eight populations 

representing clade B were PDG, PYK, CMS, DPK, KMR, PLB, GMP and RPG.  

 Three hundred individuals from the 15 populations were effectively 

genotyping using DGGE (Figure 2.6) as either haplotypes A or B corresponding 

to Clade A and Clade B in the phylogenetic analysis (Figure 2.2 and Figure 2.3). 

Five populations (PKY, PLG, TWG, WLK, and NRM) were monomorphic for 

haplotype A, six populations (PDG, PYK, DPK, CMS, KMR, and RPG) were 

monomorphic for haplotype B and four populations (BRS, GMP, PLB, and NGR) 

were polymorphic for haplotypes A and B, herein refered to as the ‘admixture’ 

populations (Figure 2.6). In the admixture populations, the frequency of haplotype 

A ranged from a high of 0.95 in population BRS to a low of 0.10 in population 

PLB (0.10) (Figure 2.6). While haplotype A was only present in the eastern 

populations (excluding Sulawesi) and haplotype B was predominate in the 

western samples (Sumatra and western Java) there was no consistent 

geographic pattern in haplotype frequency among the populations from central 

Java (Figure 2.6). Haplotype frequencies were often quite different between 

adjacent populations and the polymorphic populations ranged from central Java 

(PLB, BRS, and GMP) to the island of Bali (NGR).   

 

2.3.4. Microsatellite variation and patterns of divergence 

 

The twenty populations surveyed for variation at five microsatellite loci 

included the 15 samples previously subject to DGGE analysis and five additional 

populations from central Java. The majority of sampling was focussed on the 

region of highest haplotype diversity in central Java. As a larger sampling of eels 

was used, prior to microsatellite genotyping, all individuals were first assigned to 

COI mitochondrial haplotype using RFLP analysis (Figure 2.7). A total of 588 
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individuals were genotyped with 415 belonging to haplotype A and 173 

haplotypes B. A total of 14 populations were monomorphic for haplotype A and 

two populations were monomorphic for haplotype B. The same four populations 

as determined by DGGE analysis showed an admixture of the two haplotypes. All 

individuals genotyped by both methods (300) were assigned the same haplotype. 

Individuals from the populations showing an admixture of mitochondrial 

haplotypes were assigned to a subpopulation on the basis of mitochondrial 

haplotype (Tables 2.5 and 2.6) and as pooled populations (Tables 2.7).  

A total of 58 alleles were detected at the five microsatellite loci among the 

588 individuals, ranging in size from 184 to 364 bp. Population allelic frequencies 

are provided in Appendix 1, 2, and 3 and summaries of genetic variability are 

provided for each population and subpopulation categorised by mitochondrial 

haplotype (Tables 2.5 and 2.6) and for the four mixed populations pooled (Table 

2.7). For the populations categories by haplotype the number of alleles ranged 

from four alleles at locus Mal07 to 16 alleles at locus Mal008 with from 1 to 14 

alleles per population per locus. One locus (Mal07) was monomorphic in 

population haplotype A (DMP and CPK) whereas two loci (Mal07 and Mal008) 

were monomorphic in the haplotype B subpopulation RPG.  

Within haplotype A populations, the lowest mean number of allele per 

locus (2.0) was observed in Dempel, Ngawi, East Java (DMP), while the highest 

mean number of allele per locus (5.60) was found in Gamping, Yogyakarta 

(GMP-A). Average observed heterozygosity at the five loci ranges from 0.40 to 

0.76 (Table 2.5). The lowest mean number of alleles per locus (2.60) within 

population haplotype B was observed in Rappang, South Sulawesi (RPG), while 

the highest mean number of alleles per locus (4.20) was found in Brosot, 

Yogyakarta (BRS-B). Average observed heterozygosity at the five loci ranged 

from 0.16 to 0.47 (Table 2.6). Within the admixture populations the variability 
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statistics were consistently higher. The lowest mean number of allele per locus 

was 5.80 (BRS), while the highest mean number of allele per locus was 7.80 

(GMP). Average observed heterozygosity at the five loci ranges from 0.31 to 0.56 

(Table 2.7). 

A much greater proportion of significant deviations from HWE 

expectations occurred within the admixture populations (20 of 20 tests) compared 

with haplotype B populations (9 of 30 tests) and haplotype A (13 of 90 tests). 

Based on average Fis values it can be seen that there was a consistent pattern of 

heterozygote deficiencies within populations that was most pronounced in the 

admixture populations (0.27-0.42) compared with the haplotype A (0.11-0.33) and 

haplotype B (0.07-0.33) populations (Table 2.5, Table 2.6 and Table 2.7).  

Pairwise FST analyses indicate significant genetic heterogeneity among 

populations with the majority of pairwise comparisons yielding signification 

differences (Table 2.8).  The populations categorised by the two haplotypes were 

well differentiated from each other (FST =0.25-0.58). The haplotype B group 

showed more inter-population divergence (FST =0.06-0.34) compared to the 

haplotype A group (FST =0-0.28). The AMOVA analysis revealed that genetic 

variation among the haplotype groups is high (42%) compared to the degree of 

differentiation with groups (11%) (Table 2.9)  

The results of the assignment test conducted on the 24 haplotype-defined 

populations (18 populations from haplotype A and 6 populations from haplotype 

B) is shown in Table 2.10. Populations show contrasting patterns with some 

having very high or 100% correct classification (e.g. DMP and CPK), indicating a 

high level of differentiation. While others show a high proportion of 

misclassification (≥75%) reflecting a high level of similarity among other 

populations due to recent divergence or population mixing (e.g. NGT, SRG, and 
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WLK). The most noteworthy finding was that there were no misclassifications 

between samples with differing mitochondrial haplotypes.  

Principal Coordinate Analysis (PCoA) of the microsatellite allelic 

frequencies for the M. albus populations revealed a clear divergence between 

populations with haplotype A and population haplotype B (Figure 2.8). The PCoA 

based on the individual genotype revealed a similar pattern but also a small 

number of potential hybrid individuals (12) showing intermediate scores (Figure 

2.9). Most of the intermediate individuals were from a single population BRS and 

consisted of 9 out of 59 individuals and were all haplotype B. The other potential 

hybrids consisted of single individuals from populations NGR, GMP which also 

had haplotype B and PLB which has haplotype A. Results from admixture 

analysis using STRUCTURE assuming K=2 assigned all but 1 of 588 individuals 

to their correct haplotype. BRS 29 (haplotype B) was the only sample incorrectly 

allocated to its haplotype group and its nuclear genetic affinity to haplotype A 

samples can also be seen from Figures 2.9 and 2.10. The group membership 

coefficients for eight individuals were below 0.8 (labelled in Figure 2.10) and 

showed intermediate genotype scores. These corresponded to a subset of the 

same individuals identified in the PCoA analysis (Figure 2.9) as being of potential 

hybrid origin and again mostly consisted of individuals from population BRS and 

all were haplotype B except for the same individual from population PLB which 

has haplotype A. Excluding these eight individuals membership coefficients (Q1) 

for haplotype A individuals ranged between 0.847 and 0.997 (mean: 

0.992±0.018) and haplotype B membership coefficients (Q2) ranged from 0.840 

and 0.997 (mean: 0.99±0.021). The eight potential hybrids from the admixture 

analysis that corresponded to those individuals previously identified as being of 

hybrid origin by PCoA analysis, had the following relative admixture values of 

Q1/Q2=0.322/0.678 (PLB-13), Q1/Q2=0.403/0.597 (BRS-29), 
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Q1/Q2=0.641/0.359 (BRS-37), Q1/Q2=0.628/0.372 (BRS-41), 

Q1/Q2=0.749/0.251 (BRS-42), Q1/Q2=0.759/0.244 (BRS-50), 

Q1/Q2=0.518/0.482 (BRS-61), and Q1/Q2=0.654/0.341 (GMP-61). 

 

2.4. Discussion 

 

Using DNA-barcoding combined within a population genetic approach I 

have found strong evidence that the genus Monopterus is represented in 

Indonesia by two cryptic species, neither of which corresponds to Monopterus 

albus sensu stricto from northern Asia (Collins et al., 2002; Matsumoto et al., 

2010; Kottelat, 2013). This conclusion is robust to different conceptualisations of 

species and varying approaches to species identification and consistent with 

recent molecular studies on Monopterus, other genera of the Synbranchidae and 

freshwater fish more generally. 

Based on data from 588 individual fish, sampled from almost the full 

length of the Indonesian archipelago from central Sumatra to Papua, it is 

apparent that there are two species of Monopterus that have overlapping 

distributions and occur in sympatry in eastern Java and neighbouring islands. 

Further, these two species are also differentiated from each other and reference 

samples from Vietnam, Taiwan, and the sample sequenced for the complete 

mitogenome of M. albus on GenBank presumably from Japan. This conclusion is 

based on multiple lines of evidence, starting with DNA barcoding. 

The DNA barcoding approach is used to support species delimitations 

when interspecific genetic variation exceeds intraspecific variation to such an 

extent that a “barcoding gap” exists, and that sibling species pairs show 

reciprocal monophyly (Wiens and Penkrot, 2002; Hebert et al., 2004). The extent 
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of the barcoding gap is often used as a simple yardstick for delineating and 

identifying species. Hebert et al. (2004) proposed that for species recognition 

there should be a minimum threshold where by the divergence between putative 

species should be 10 times the mean intraspecific variation. Since the average 

nucleotide sequence divergence within clade A and within clade B is 0.97% and 

0.84% respectively (average 0.94%), the barcoding gap threshold would need to 

be 9.4%. The average nucleotide sequence divergence between clade A and D 

(17.37%) and between clade B and D (18.31%) greatly exceed this value and 

also form highly divergent and well supported monophyletic groups based on the 

phylogenetic analyses. Thus it can be confidently concluded that Indonesian 

swamp eels belong to one or more species that are well differentiated from the 

northern forms of M. albus represented by clade D contrary to what has been 

commonly assumed (Saparinto, 2009; Roy, 2013). However, as the average 

nucleotide sequence divergence between clade A and clade B (7.45%) is lower 

than the 9% threshold, these two clades would not qualify as discrete species 

even though they form discrete, relatively well supported clades, based on a strict 

application of the recommendations of Herbert.   

Alternatively if the criterion used by Zemlak et al. (2009) is adopted, who 

considered that nucleotide sequence divergences exceeded 3.5% could be used 

as a rule of thumb for discriminating species, then the recognition of clade A and 

clade B as species would be more than justified given the average divergence 

level of 7.45%. Similarly, for clade C, representing the Vietnamese samples, the 

average nucleotide sequence divergence from clade A (8.13%) and between 

clade B and clade C (7.88%) would fall short of the criteria of Herbert et al. (2004) 

but would constitute a valid species based on the 3.5% divergence level of 

Zemlak et al. (2009). There is no doubt that clade C from Vietnam and clade D 

with an average divergence of 17.71% represent different swamp eel species. 
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While the conclusions based on COI distances for separate species 

status for clade A and clade B is somewhat inconclusive, the finding that variation 

within clades is much less that between clades (Figure 2.5) and that the clades 

remain distinct over significant geographic space, which includes a zone of 

geographic overlap, provide support for speciation of swamp eels in Indonesia. 

However as these data are based on a single mitochondrial locus, with maternal 

inheritance, it does not exclude the possibility that these two mitochondrial forms 

of swamp eel could freely interbreed where they come into contact. Finding that 

the genetic relationships among swamp eels derived from nuclear (microsatellite) 

loci correlates very strongly with the mitochondrial results very strongly supports 

the conclusion that clade A and clade B represent distinct species. The limited 

number of individuals identifiable as having a hybrid origin and the very limited 

evidence for any significant introgression in the four populations with an 

admixture of the two haplotypes from Yogyakarta, Central Java (BRS, PLB and 

GMP) and Bali (NGR) provides very strong support for reproductive isolation 

between members of these two clades thereby satisfying the criterion for 

biological species (Richardson et al., 1986; Austin and Ryan, 2002). Extensive 

hybrisation and introgression is not uncommon in fishes, including between 

genera (Epifanio and Nielsen, 2001; Scribner et al., 2001) due to external 

fertilisation so it is actually quite surprising to find so little evidence of 

hybridisation between two closely related sibling species of Monopterus. 

The discovery of cryptic species of Monopterus in Indonesia and Vietnam 

is a novel finding but consistent with recent molecular studies of the Monopterus 

albus species complex by Collins et al. (2002) and Matsumoto et al. (2010). 

While their research supports clearly the existence of cryptic species of M. albus 

each study has limitations with respect to sampling especially with respect to 

Indonesia. These studies focussed mostly on swamp eels sampled from northern 
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Asia and only included a limited number of speciemens from Jakarta and 

Yogyakarta. The studies are also difficult to compare with this study and each 

other as they used different regions of the 16S gene. Nevertheless their results 

were sufficient for Kottelat (2013) to conclude that Monopterus from Indonesia 

should be referred to M. javanensis, which was previously considered to be a 

synonym of M. albus. This position now needs to be re-evaluated again, given 

the evidence of two species of Monopterus on the islands of Java.  

As more molecular genetic studies are undertaken it is emerging that 

cryptic speciation is not limited to Monopterus but may be common in the family 

Synbranchidae. Perdices et al. (2005) and Valdez-Moreno et al. (2009) found 

molecular evidence for cryptic speciation in the genera Synbranchus and 

Ophisternon based on studies in central and South America. A recent extreme 

example of cryptic speciation in freshwater fish is the identification of 15 species 

in what was thought to be a single species of Galaxias (Raadik, 2014). 

Molecular taxonomic studies of freshwater fishes of significant scope in 

Asia are still relatively uncommon, however most support significant cryptic 

speciation in several diverse groups including Tor (Nguyen, et al., 2008), Pangio 

(Bohlen et al., 2011), air sac catfish (Ratmuangkhwang et al., 2014), and Channa 

(Barman et al., 2014). These studies together with my study suggest freshwater 

fish diversity in Asia, especially those with poorly studied faunas such Indonesia, 

may be significantly underestimated.  

Species identification and discovery is crucial for the resolution of many 

biological issues such as biodiversity assessment and species conservation 

(Frézal and Leblois, 2008). However, species identification by morphology alone 

is commonly confronted with difficulties such as phenotypic plasticity, life history 

variation, and deficiency of taxonomic knowledge and expertise (Hebert et al., 

2003a). It is clear that morphological variation in the M. albus is complex in terms 



70 

 

of conservatism in the few available external characteristics including the overall 

head and body shape, coloration, the opening shape of gill aperture, and ventral 

surface of the head, which together make the delineation and identification of 

species difficult even with input from an expert taxonomist. Thus DNA barcoding 

can overcome these difficulties but, as demonstrated in this study, does not 

always lead to clear cut answers and has met with varying degrees of success in 

different groups of fish (Keskin and Atar, 2011; Cerruti-Pereyra et al., 2012; Zhu 

et al., 2013; Jo et al., 2014; Sembiring et al., 2015). 

The strength of this study, which represents one of the most 

comprehensive molecular genetic studies of freshwater fish in Indonesia, is the 

use of multiple genetic data sets and a variety of analytical methods. Thus the 

outcome of this study is the confident identification of two cryptic species of 

Monopterus in Indonesia, which is strongly established. The next steps required 

are firstly to extend this study to include more samples from northern Asia and 

additional gene regions to examine confidently the deeper level relationships, 

biogeography and systematics of this group in a rigorous fashion. Secondly it is 

necessary to re-evaluate morphological variation and taxonomy of Monopterus in 

Indonesia to determine if diagnostic characters can be found that correlate with 

the molecular data and to review the nomenclature of Monopterus species for this 

region. Now that the existence of these two species has been established it will 

also be of particular interest to undertake comparative studies of the life history 

and ecology of the species, especially in relation to reproductive biology and 

behaviour, to understand how they maintain reproductive isolation in sympatry. 
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Figure 2.1. Map of collection sites for M. albus samples in Indonesia, Vietnam 
and Taiwan. The population codes are given in Table 2.1. 
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Figure 2.2. Bayesian tree inferred from COI mitochondrial gene sequences. Tree 
produced from 2x106 generations using HKY+G model. Number of each node 
represent posterior probabilities and scale correspond to substitution/site. MAL is 
a sample code for Monopterus albus and MUC1-MUC4 are sample codes for M. 
cuchia taken from GenBank with accession number NC_003192 and FJ459508-
FJ459511 respectively for comparative purposes  
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Figure 2.3. Neighbour-joining tree based on COI sequence data using Kimura-
two parameter (K2P) substitution model. Number at each node represents 
boostrap values and scale corresponds to substitution/site. MAL is a sample code 
for Monopterus albus and MUC1-MUC4 are sample codes for M. cuchia taken 
from GenBank with accession number NC_003192 and FJ459508-FJ459511 
respectively for comparative purposes  
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Table 2.3. Mean percentage nucleotide sequence divergence of a 514-bp 
fragment of the COI mitochondrial gene among four identified clades of M. albus 
in this study  
 

 Clade A Clade B Clade C Clade D 

 
Clade A 
 

 
0.97 
(0-3.60) 
 

   

Clade B 
 
 

7.45 
(6.13-8.78) 

0.84 
(0-2.79) 

  

Clade C 
 
 

8.13 
(7.89-8.56) 

7.89 
(7.66-8.35) 
 

0  

Clade D 
 
 

17.37 
(16.77-18.61) 

18.31 
(17.08-18.59) 

17.71 
(17.53-17.79) 

0.52 
(0-0.78) 
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Tabel 2.4.  Grouping of haplotype of M. albus based on the phylogenetic analysis 

of the COI mitochondrial gene fragment 

Clade Haplotype Frequency Individual code Gen accession 
number 

A HA1 2 PKY1, PKY2 KP729553 
 HA2 5 GSK1, GSK2, 

NGT1, NGT2 
LMJ2 

KP729556 
KP729557 
KP729568 

 HA3 2 PLG1, PLG2 KP729558 
 HA4 3 TWG1, TWG2, 

DMP1 
KP729559 
KP729574 

 HA5 1 SRG1 KP729560 
 HA6 4 SRG2 

CPK1, CPK2, 
DMP2 

KP729561 
KP729572 
KP729575 

 HA7 1 BRS1 KP729562 
 HA8 1 BRS2 KP729563 
 HA9 3 LMJ1 

NGR1, NGR2 
KP729567 
KP729576 

 HA10 8 WLK1, WLK2 
SKP1, SKP2 
KYR1, KYR2  
PJK1, PJK2 

KP729569 
KP729570 
KP729571 
KP729573 

 HA11 8 BDG1, BDG2 
NRM1, NRM2 
SYG1, SYG2  
SKT1, SKT2 

KP729577 
KP729578 
KP729579 
KP729580 

 
B 

 
HB1 

 
2 

 
PDG1, PDG2 

 
KP729549 

 HB2 2 PYK1, PYK2 KP729550 
 HB3 10 DPK1, DPK2 

CMS1, CMS2 
GMP2 
RPG1, RPG2 
GOW1, GOW2 
LST1 

KP729551 
KP729552 
KP729566 
KP729581 
KP729582 
KP729583 

 HB4 4 KMR1  
PLB1, PLB2  
GMP1 

KP729554 
KP729564 
KP729565 

 HB5 1 KMR2 KP729555 
 

C 
 
HC1 

 
2 

 
THT1  
THT2 

 
KP729584 
KP729585 

 
D 

 
HD1 
 
HD2 

 
2 
 
1 

 
KHS1  
KHS2 
MAL 

 
KP729586 
KP729587 
NC_003192 

The population codes are given in Table 2.1. 
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Figure 2.6. Distribution of haplotype patterns of DGGE of COI variation in 15 
populations in Indonesia (1) and different haplotype pattern showed by SYBR 
gold staining (2). The population codes are given in Table 2.1. 
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Figure 2.7. Different haplotype patterns (A and B) of M. albus showed by SpeI 

restriction enzyme using RFLP (M is marker and bp is base pairs)
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Table 2.6. Genetic Variability of five microsatellite loci in M. albus haplotype B (6 
populations) 
 
Locus Parameter KMR RPG NGR-B PLB-B GMP-B BRS-B Average cross 

population 

Mal01 N 25 22 20 31 37 38 28.83 
 A 3 3 4 2 5 4 3.50 
 He 0.37 0.67 0.59 0.34 0.56 0.68 0.54 
 Ho 0.36 0.23 0.60 0.36 0.70 0.76 0.50 
 PHW n.s. *** n.s. n.s. ** ***  
 Fis 0.04 0.66 -0.02 -0.05 -0.26 -0.12 0.04 
Mal07 N 25 22 20 31 37 38 28.83 
 A 2 1 3 2 3 3 2.33 
 He 0.25 0 0.52 0.09 0.05 0.40 0.22 
 Ho 0.12 0 0.45 0.10 0.05 0.23 0.16 
 PHW n.s. n.a. n.s. n.s. n.s. *  
 Fis 0.51 0 0.14 -0.04 -0.01 0.41 0.17 
Mal007 N 25 22 20 31 37 38 28.83 
 A 3 4 5 4 4 5 4.17 
 He 0.50 0.71 0.61 0.70 0.74 0.61 0.65 
 Ho 0.32 0.36 0.45 0.48 0.60 0.60 0.47 
 PHW n.s. ** n.s. *** * n.s.  
 Fis 0.36 0.49 0.27 0.31 0.20 0.01 0.27 
Mal008 N 25 22 20 31 37 38 28.83 
 A 4 1 3 3 4 6 3.50 
 He 0.53 0 0.68 0.66 0.68 0.75 0.55 
 Ho 0.36 0 0.55 0.48 0.32 0.68 0.40 
 PHW n.s. n.a. n.s. n.s. *** n.s.  
 Fis 0.32 0 0.19 0.27 0.52 0.08 0.23 
Mal13 N 25 22 20 31 37 38 28.83 
 A 3 4 3 4 4 3 3.50 
 He 0.56 0.71 0.63 0.65 0.64 0.61 0.63 
 Ho 0.32 0.50 0.50 0.58 0.49 0.63 0.50 
 PHW n.s. * n.s. n.s. n.s. n.s.  
 Fis 0.44 0.29 0.21 0.11 0.25 -0.03 0.21 
Mean A 3.00 2.60 3.60 3.00 4.00 4.20  
(all He 0.44 0.42 0.61 0.49 0.53 0.61  
Loci) Ho 0.30 0.22 0.51 0.40 0.43 0.58  
 PHW ** *** n.s. * *** ***  
 Fis 0.33 0.29 0.16 0.12 0.14 0.07  

 
The population  codes are given in Table 2.1. 
(N=sample size; A=total number of alleles; He=expected heterozygosity; Ho=observed heterozigosity; 
PHW=Hardy-Weinbersg probability test :*P<0.05; **P<0.01; ***P<0.001; Fis=fixation indices; n.s.=non-significant; 
n.a.= no variation) 
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Table 2.7. Genetic Variability of five microsatellite loci in M. albus admixture 
populations (4 populations) 
 
Locus Parameter NGR PLB GMP BRS Average cross 

population 

Mal01 N 61 51 77 59 62 
 A 5 6 5 6 5.50 
 He 0.67 0.70 0.72 0.75 0.71 
 Ho 0.44 0.37 0.60 0.66 0.52 
 PHW *** *** *** ***  
 Fis 0.34 0.47 0.17 0.12 0.28 
Mal07 N 61 51 77 59 62 
 A 6 5 5 5 5.25 
 He 0.76 0.58 0.66 0.67 0.67 
 Ho 0.34 0.26 0.30 0.32 0.31 
 PHW *** *** *** ***  
 Fis 0.55 0.56 0.55 0.52 0.55 
Mal007 N 61 51 77 59 62 
 A 8 7 9 6 7.50 
 He 0.80 0.83 0.88 0.77 0.82 
 Ho 0.51 0.53 0.62 0.56 0.56 
 PHW *** *** *** ***  
 Fis 0.37 0.37 0.29 0.28 0.33 
Mal008 N 61 51 77 59 62 
 A 9 7 14 8 9.50 
 He 0.89 0.84 0.89 0.85 0.87 
 Ho 0.57 0.53 0.47 0.59 0.54 
 PHW *** *** *** ***  
 Fis 0.36 0.37 0.47 0.31 0.38 
Mal13 N 61 51 77 59 62 
 A 6 5 6 4 5.25 
 He 0.80 0.79 0.80 0.69 0.77 
 Ho 0.54 0.53 0.55 0.59 0.55 
 PHW *** *** *** **  
 Fis 0.33 0.33 0.32 0.14 0.28 
Mean A 6.80 6.00 7.80 5.80  
(all He 0.78 0.75 0.79 0.75  
Loci) Ho 0.48 0.44 0.51 0.55  
 PHW *** *** *** ***  
 Fis 0.39 0.42 0.36 0.27  

 
The population codes are given in Table 2.1. 
(N=sample size; A=total number of alleles; He=expected heterozygosity; Ho=observed heterozigosity; 
PHW=Hardy-Weinbersg probability test :*P<0.05; **P<0.01; ***P<0.001; Fis=fixation indices; n.s.=non-significant; 
n.a.= no variation 
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CHAPTER 3 

 

Molecular taxonomy and evolution of the Monopterus albus 

complex: An integrated analysis of nucleotide data from 

multiple studies and gene regions 

 

3.1. Introduction 

 

A robust taxonomic or phylogenetic framework for significant fish groups 

is essential for progressing knowledge in relation to ecology, biogeography 

conservation and fishery management (Agapow, 2004; Schlick-Steiner et al., 

2010). Due to increased access to molecular data over the last twenty years, 

molecular based taxonomy and phylogenetic studies have had exponential 

growth. Therefore, many taxonomic studies now routinely use molecular tools to 

elucidate species boundaries, uncover cryptic species, and assess phylogenetic 

relationship of organisms (Fujita et al., 2012; Gebiola et al., 2012).  

Swamp eels are economically important as one of the Asia’s most popular 

and recognizable inland commercial fish species due to their reputation as being 

delicious eating and their ability to survive and grow in poorly oxygenated, 

shallow and muddy water (i.e. swamps including modified habitats like rice 

paddies) (Zhou et al., 2002). They are widely distributed, being found in East 

India, the Philippines, East Asia and Southeast Asia, and are easily recognized 

by their dark brown or black cylindrical snake-like body with tapered tail, small 

eyes, single gill opening on the underside of the body and the absence of scales 

and fins (Rosen and Greenwood, 1976; Berra, 2007). 
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Over the last three decades, there has been much disputation regarding 

the taxonomic status of swamp eels commonly identified as Monopterus albus 

Zuiew 1793, with Rosen and Greenwood (1976) recognising 13 synonyms placed 

in six genera for this species (Table 3.1). Fishbase (http://www.fishbase.org/ 

search.php) list 23 synonyms (within 11 genera) and Escmeyer (2014) 

considered that M. albus has been described under nine species names from 

seven different genera (Table 3.1). It is still uncertain whether this widespread 

fish consists of multiple species or a single variable species (Rosen and 

Greenwood 1976). The early studies based on morphological and anatomical 

characters conducted by Rosen and Greenwood (1976) provided the basis for 

the modern conceptualisation of the systematics of M. albus. These authors 

considered M. albus to be a single widespread variable species. However, in 

recent years there has been a number of new species of Monopterus identified 

and described, mostly from the Indian subcontinent (Bailey and Gans, 1998; 

Menon, 1999; Gopi, 2002; Nguyen, 2005; Britz et al., 2011) 

Recently, analyses of DNA sequences have been used to investigate the 

taxonomic status and genetic relationships among M. albus populations from 

East Asia and Southeast Asia including Indonesia and several resulting from 

translocation into North America (Collins et al., 2002; Matsumoto et al., 2010; Cai 

et al., 2012). Collins et al. (2002) examined samples from Kuala Lumpur 

(Malaysia), Ma Cau (Vietnam), Jakarta (Indonesia), and USA (Tampa, 

Homestead, North Miami, and Atlanta) where the swamp eel is an alien species. 

Matsumoto et al. (2010) studied samples from several countries including Japan, 

Taiwan, and Indonesia (Yogyakarta). These researchers also obtained M. albus 

from several regions in China for comparative purposes. These studies are 

unfortunately difficult to compare as they used different fragments of the 

16SrDNA mitochondrial gene. Collins et al. (2002) used universal primers 16Sar 
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and 16Sbr, whereas Matsumoto et al. (2010) applied the L1567 and H2196 

primers, which amplify no overlapping fragments of the 16S gene.  

Phylogenetic analyses conducted by Collins et al. (2002) revealed three 

distinct lineages within the M. albus complex. These authors found that “M. albus” 

samples from Tampa and North Miami (Florida) were very similar to samples 

from Nanning (China) and they suggested that they should be referred to 

Monopterus albus. In contrast their “M. albus” samples from Homestead (Florida) 

were very similar to samples from Southeast Asia including Jakarta (Indonesia) 

and therefore may be consistent with the taxon Monopterus javanensis described 

by Regan (1912) from this region. A third divergent “M. albus” lineage from 

Atlanta (Georgia) was considered a possible new species of unknown origin. 

Similarly, Matsumoto et al. (2010), who investigated 16S variation in M. albus 

from the north-eastern Asia and Southeast Asia also identified at least three 

possible cryptic species within “M. albus”. They also found that their samples of 

“M. albus” from Southeast Asia, which included samples from Yogyakarta 

(Indonesia) were genetically divergent and may include more than one species. 

On the basis of Collins et al. (2002) and Matsumoto et al. (2010) findings, Kottelat 

(2013) argued that the name of M. albus should be retained for the East Asian 

species and the oldest name for the Southeast Asian species is M. javanensis, a 

species which has also had a complex taxonomic history having been described 

under eight species names within five different genera (Eschmeyer, 2015). Lastly, 

Cai et al. (2012) studied M. albus from several regions in China using sequences 

from the mitochondrial control region. Their results revealed that M. albus fell into 

five genetic lineages demonstrating a fragmented population structure. However, 

the authors did not consider the differences detected to be of taxonomic 

significance. A map summarising the known sampling localities for M. albus, the 



95 
 

 

distribution of the main lineages discovered by molecular studies, and information 

on the type localities for M. albus and related species is provided in Figure 3.1. 

The genetic studies discussed above suggest the strong possibility that 

multiple species may be present in what is currently referred to as M. albus. 

However, these studies are limited by the use of single mitochondrial gene 

fragments, the use of different gene fragments, and incomplete or inconsistent or 

limited sampling. Therefore more detailed molecular taxonomic studies using a 

greater range of molecular markers and more intensive geographic sampling are 

needed to fully investigate the taxonomy and evolutionary status of the M. albus 

species complex, especially the status for “M. albus” from poorly sampled regions 

in Southeast Asia focusing on Indonesia (Figure 3.1). 

In this chapter I undertake a molecular genetic analysis of species 

boundaries of swamp eels in Indonesia with reference to other countries in 

Southeast Asia (Vietnam) and East Asia (Taiwan). I make use of multi-gene 

sequences including both mitochondrial, 16SrDNA (2 fragments) and cytochrome 

c oxidase subunit I (COI), and nuclear, RAG-1 and 1st intron of S7 gene regions.   

Wherever possible I integrate the data generated in my study with sequences 

available on GenBank from previous molecular studies of M. albus discussed 

above.  

 
 

3.2. Materials and Methods 

 

3.2.1. Sample collection and storage 

 

A total of 31 populations of swamp eels (M. albus) were sampled from 

several regions in Indonesia, Thuan Thanh (North Vietnam) and Kaohsiung 

(Taiwan) as detailed in Table 3.2. Samples of Ophisternon species (Ophisternon 
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bengalense from Maros, South Sulawesi, Ophisternon gutturale from Rapid 

Creek, Darwin, Australia and Ophisternon sp. from Angurugu River, Groote 

Eylandt, Australia) were used as outgroup samples. One individual from every 

population was sequenced except for Kaohsiung (Taiwan) for which n=2. 

Specimens were obtained from farmers and fishermen, and were placed on ice 

and brought to the laboratory and frozen. Subsequently muscle tissue was 

dissected from each partially thawed fish and placed into 1.5 ml screw top 

cryogenic vials and preserved in 95% ethanol until required.  

 

3.2.2. DNA extraction, PCR amplification and sequencing 

 

Four DNA regions were selected for sequencing: the mitochondrial 16S 

gene (16SrDNA), the mitochondrial cytochrome c oxydase subunit I (COI), the 

non-coding first intron of S7 nuclear gene (1st intron of S7), and the coding 

nuclear RAG gene (RAG1). Total genomic DNA was extracted from the ethanol 

preserved muscle tissue using the DNeasy blood and tissue kit (QIAGEN, 

Valencia, CA, USA) following manufacture’s protocols. The KAPA2G Robust 

PCR kit (Kapa Biosystems) was used for the polymerase chain reaction (PCR).  

The total volume of each PCR reaction was 25 µL. The reaction mixture 

consisted 10-100 ng of genomic DNA, 0.2 mM of each dNTP, 2mM MgCl2, 

0.014U Tag Polymerase, 0.6 µM of each primer and 1x PCR reaction buffer.  The 

primers used for the amplification of the mitochondrial and nuclear gene regions 

are given in Table 3.3. For the RAG1 nuclear gene, the following internal primer 

RAG3F (5’-GGGTGATGTCAGYGAGAAGCA-3’) was used to complete the 

sequences. To evaluate the reliability of the DNA amplification, a negative control 

was set up by omitting template DNA from the reaction mixture. The reaction 

mixture was initially pre-denatured at 94oC for 2 min followed by 35 cycles of 
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denaturation at 94oC for 50 s, annealing at 49oC (for 16SrDNA and COI 

mitochondrial genes, and 1st intron of S7 nuclear gene) or 60oC (for the RAG1 

nuclear gene) for 2 min, and extension at 72oC for 1.5 min. Reactions were then 

subjected to a final extension at 72oC for 6 minutes. All PCR products were 

visualized using 1% agarose gel electrophoresis buffered with Tris-Acetate-EDTA 

(TAE), stained with gel red nucleic acid stain (Biotium), and visualized under UV 

light. PCR products were then purified using Viogene PCR purification kit 

(Viogene Inc.). All amplicons were sequenced and analysed in both forward and 

reverse directions using the Big Dye Terminator Ver. 3.3. protocol (Applied 

Biosystems) and the ABI 3130xL Genetic Analyzer (Applied Biosystems). All 

chromatograms were checked and assembled using SeqMan, and edited using 

EditSeq Pro Program Lasergene DNASTAR software package (DNASTAR Inc., 

Madison, USA). Consensus sequences of the coding genes (COI mtDNA and 

RAG1 nuclear genes) were translated into amino acids to check for stop codons 

and obvious sequence errors. Sequences obtained in this study were then 

submitted in GenBank under the accession numbers that are provided in Table 

3.2.  

 

3.2.3. Sequence alignment and phylogenetic analysis 

 

In addition to sequences obtained in this study swamp eel sequences for 

the same gene fragments were retrieved from GenBank (www.ncbi.nlm.nih.gov) 

(Miya et al., 2001; Collins et al., 2002; and Matsumoto et al., 2010). Details of 

sampling locations and codes are provided in Table 3.2. All sequence data were 

converted to fasta format, including the outgroup sequences from Ophisternon 

bengalense (MRS), Ophisternon gutturale (RCK) and Ophisternon sp. (AGR1 

and AGR2), and aligned using the opal (a multiple sequence alignment program) 
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routine implemented by the MESQUITE 2.74 package (Maddison and Maddison, 

2010) and ClustalW in MEGA5 (Tamura et al., 2011). The final alignments were 

checked manually. End regions where the alignment was ambiguous were 

excluded from the analyses.  

Three data sets were constructed for analysis. The first was a dataset 

containing sequences for the partial 16SrDNA mitochondrial gene using universal 

primer 16Sar and 16Sbr for this study and combined with the sequences 

obtained study by Collins et al. (2002) using the same primers (GenBank 

accession numbers: AF512841-AF512856). The second dataset contained 

sequences for the partial 16SrDNA mitochondrial gene region using primer L1567 

and H2196 for this study and combined with the sequences obtained by 

Matsumoto et al. (2010) using the same primers (GenBank accession number 

AB494967-AB494995). Both data sets included the corresponding sequences 

from the M. albus complete mitogenome sequenced by Miya et al. (2001) 

(GenBank accession number NC_003192). A third dataset included all individuals 

from this study that were sequenced for all the mtDNA and nDNA gene regions 

(Table 3.2).    

Phylogenetic relationships were inferred for each dataset separately. The 

Aike Information Criterion implemented in jModelTest ver.0.1.1 (Posada and 

Buckley, 2004; Posada, 2008) was used to determine the best fit evolutionary 

model for each dataset. Bayesian inference (BI) was performed with MrBayes v. 

3.2 (Ronquist et al., 2012) under the best-fit model. Two simultaneous Markov 

chain analyses (MCMC) were run for 2 x 106 generation for a first and a third 

datasets, and 4 x 106 generation for a second dataset, to estimate the posterior 

probabilities distribution. Topologies were sampled every 1000 generations. The 

analysis used a relative burn-in of 25% for diagnostics. Consensus trees were 

visualised in FigTree 1.4.0 (Rambaut, 2012). 
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Kimura-2-parameter distances were calculated within and among the 

main lineages recovered for the partial 16S mtDNA genes and multiple gene 

regions using MEGA5 (Tamura et al., 2011). From the sequences, variable and 

parsimony informative (PI) sites were determined for the first and the second data 

sets of the partial 16S mtDNA. Standard diversity indices for the partial 16S 

mtDNA included haplotype (h) and nucleotide diversity () and neutrality (Tajima, 

1989; Fu, 1997) and were obtained using DnaSP 5.10.01 (Librado and Rozas, 

2009).  

Distance based analyses were conducted to complement the 

phylogenetic analyses using principles coordinate analysis (PCoA) (Peakall and 

Smouse, 2012). The matrix of pairwise distance was analysed using the program 

GenAlEx version 6.5 under the PCoA option. 

 
 

3.3. Results 

 

3.3.1. Molecular genetic variation and phylogenetic analysis of two 

16SrDNA mitochondrial gene fragments 

 

Forty nine and sixty two 16S mtDNA sequences were assembled for the 

first and second datasets respectively. For the first data set 17 sequences were 

obtained from GenBank and 32 were sequenced by this study. For the second 

data set 30 sequences were obtained from GenBank and 32 were sequenced by 

this study. The first dataset consisted of a total of 25 haplotypes (Table 3.5) 

whereas the second dataset had a total of 39 haplotypes (Table 3.7). For the 510 

bp sequences in the first dataset, 74 sites were variable, of which 63 were 

parsimony informative, 47 of which differed by transitional substitutions, 13 by 

transversional changes and there were eight insertions/deletions. Six mutational 
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sites exhibited multiple substitutions (Table 3.8 and Figure 3.3). The haplotype 

diversity (h) and nucleotide diversity () in the first dataset were 0.96 and 0.034 

respectively (Table 3.8). For the second dataset (sequences = 539 bp), there 

were 144 variable nucleotide sites with 56 parsimony informative, 45 of which 

differed by transitional substitutions, 17 by transversional changes and six 

multiple subtitutions (Table 3.8 and Figure 3.6). Deletions/insertions were high in 

the second dataset compared to the first dataset. In addition, transition mutation 

occurred more frequently than transversion mutation in both 16S datasets. The 

haplotype diversity (h) and nucleotide diversity () in the second dataset were 

0.978 and 0.046 respectively. No significantly positive or negative values of 

Tajima’s D or Fu’s F were observed in either of the two datasets (Table 3.8), 

supporting selective neutrality of the sequences in both datasets.  

The GTR model with gamma-distributed rate variation across sites as 

inferred by the jModelTest 0.1.1 under the Akaike information criterion (AIC) was 

found to be the best-fit nucleotide substitution model for the first and the second 

datasets. The length of aligned sequences of the partial 16S mtDNA gene of the 

first dataset and the second dataset after excluding the ambiguous positions was 

510 bp and 539 bp respectively. The Bayesian analyses from the first and second 

dataset together indicate that five lineages can be identified within M. albus that 

are geographically correlated. These are designated as clade A, B, C, D, E 

(Figure 3.2. and Figure 3.5) and are coded as follows: blue – Clade D (China, 

Japan and Taiwan), purple – Clade C (North Vietnam and southern China), 

brown - Clade E (southern China and Taiwan), green – Clade B (South Vietnam, 

Taiwan, Malaysia and wide spread in Indonesia), red – Clade A (Indonesia, 

confined to the adjacent islands of Java, Bali and Lombok). The Bayesian 

analysis of the first data set identifies four distinct lineages which form well 
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supported monophyletic groups that correspond to Operational Taxonomic Units 

(OTUs). The most basal lineage (Clade D) consists of the M. albus sequences 

from the whole mitogenome, samples from Taiwan and Collins et al.’s samples 

from Atlanta (USA) with a Bayesian posterior probability (pp) of 1.00.  Clade D’s 

sister clade, also supported by a pp of 1.00, has three distinct clades consisting 

of Clade E (7 samples from southern China and Florida, USA) with a pp of 0.97, 

Clade C (2 samples from North Vietnam and southern China) with a pp of 0.97 

and Clade B (17 samples from South Vietnam, Malaysia and Indonesia) with pp 

of 1.00. The 19 samples from central Indonesia (Clade A) show limited 

divergence and fall into basal positions in the second main lineage and do not 

form a coherent monophyletic group.  The Bayesian analysis of the second 16S 

data set supports some of the phylogenetic relationships resolved in the first 

dataset and some new and unresolved relationships. The tree (Figure 3.5) 

supports Clades D, C, B, congruent with first 16S data set, but generally with 

lower support with pp = 0.62, 0.95, 0.72 respectively. In contrast to the first 

analysis this second 16S gene region provides strong support for a monophyletic 

clade A from central Indonesia (pp= 1.00), but does not support a monophyletic 

clade E with samples from this clade from southern China and nearby Taiwan 

paraphyletic with respect to Clade A.  

Levels of within-clade and between-clade (OTUs) divergences estimated 

using the Kimura-2-parameter (K2P) genetic distances are summarised in Tables 

3.4 and Table 3.6. The average nucleotide sequence divergence in the first 

dataset within clades A, B, C, D and E are 0.66%, 0.26%, 0.60%, 0.00% and 

0.40% respectively. The average percentage sequence divergence in the second 

dataset within clades A, B C, D and E is 0.97%, 0.43%, 1.33%, 1.06%, and 

1.23% respectively. Levels of between-clade divergences in the M. albus OTUs 

for the first dataset are shown in Table 3.4 and levels the second dataset are 
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shown in Table 3.6. The highest genetic divergence between OTUs in the first 

dataset is between clades B and D (Table 3.4) which ranged from 9.80% to 

10.50% (mean 10.22%), whereas the least genetic divergence is between clades 

A and E which ranged from 1.70% to 2.50% (mean 2.29%). Levels of 

differentiation within and between clade A, B, C, and E is summarised by 

Principal Coordinate Analysis (PCoA) in Figure 3.4. This analysis demonstrates 

significant clear differentiation between clades, including the members of clade A, 

which were not resolved as a monophyletic group in the corresponding Bayesian 

analysis (Figure 3.2). Thus this analysis also indicates that the degree of 

differentiation between clades was conspicuously greater than that within clades. 

  In the second dataset, the highest divergence is between clades A and D 

(Table 3.6), ranging from 7.20%-9.90% (mean 8.68%). The least genetic 

divergence in the second dataset is between clades B and C ranging from 1.80% 

to 3.40% (mean 2.57%). Levels of differentiation within and between M. albus 

clades summarised by Principal Coordinate Analysis (PCoA) in Figure 3.7 

supported the differentiation between clades A, B and C, however the members 

of clade E showed only modest differentiation from clade A consistent with the 

corresponding Bayesian tree (Figure 3.5).  

For the first 16S mtDNA dataset the highest haplotype number is within 

clade B, with nine haplotypes from 17 individuals, followed by clade A with eight 

haplotypes from 19 individuals and clade E with four haplotypes from seven 

individuals. Clades C and D both have two haplotypes from two and four 

individuals respectively (Table 3.5). The haplotype diversities (h) within clades 

ranged from 0.67 to 1.00 and the nucleotide diversities () from 0.0 to 0.0099. 

The most genetically diverse clade is clade C, with the highest value of haplotype 

and nucleotide diversities (h=1.00, =0.0099), whereas the least variable clade is 
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clade D (h=0.67, =0).  A summary of genetic diversity estimates within and 

between clades for the first 16S data set is summarised in Table 3.8.  

In the second 16S dataset, clade D has the most haplotypes (15 from 20 

individuals) whereas the lowest number of haplotypes is in clades C and E, which 

have three haplotypes from three and five individuals respectively. Clade B has 

six haplotypes from 12 samples and clade A has 12 haplotypes from 22 

individuals (Table 3.7). The haplotype diversities (h) within clades ranged from 

0.70 to 1.00 and the nucleotide diversities () from 0.0043 to 0.015. The most 

genetically diverse clade was clade C, demonstrating the highest value of 

haplotype and nucleotide diversities (h=1.00, =0.015). The least haplotype 

diversity was observed in clade E (=0.070) whereas the least of nucleotide 

diversity was found in clade B (=0.0043). A summary of genetic diversity within 

and between clades for the second 16S data is given in Table 3.8. 

 

3.3.2. Molecular genetic variation and phylogenetic analysis of multiple 

gene regions 

 

The multigene data set was assembled from 32 individuals obtained to 

represent as wide a geographic representation of the M. albus species complex 

as possible together with four outgroup samples. The data set consisted of data 

from the two fragments of 16S mtDNA (502 bp and 627 bp) presented separately 

above, COI mtDNA (526bp), RAG1 nDNA (1,384bp), and 1st intron of S7 nDNA 

(327 bp) giving a concatenated data set of 3,366 bp. A total of 31 haplotypes 

were identified from the 32 individuals (Table 3.10). The dataset comprises 384 

variable sites of which 295 are parsimony-informative. The haplotype diversity (h) 

and nucleotide diversity () of the multigene data set are 0.998 and 0.0237 

respectively (Table 3.11).  
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The best-fit model of nucleotide substitution for the multigene data set 

was identified as GTR+I+G as inferred by the jModelTest 0.1.1 under the Akaike 

information criterion (AIC). The Bayesian analysis revealed four distinct genetic 

lineages corresponding to clades or OTUs A, B, C, and D as previously identified. 

Each clade with multiple samples was recovered with a Bayesian posterior 

probability of 1.00 (Figure 3.8).  

Average genetic distance between M. albus lineages is 2.42%. The 

highest genetic distance between samples within clade B is 0.68% within clade A 

0.45% and within clade D is 0.20%. The highest divergence is between clades B 

and D, ranging from 7.09%-7.50% (mean 7.29%). The least genetic divergence is 

between clades B and C ranging from 2.46% to 2.67% (mean 2.59%). Average 

within and between clade divergence levels are summarised in Table 3.9. In 

addition, average sequence divergence revealed high levels between three 

clades (clade A, clade B, clade C) to clade D (>7.21%). Levels of differentiation 

within and between the more closely related M. albus clades A, B, and C was 

also summarised by Principal Coordinate Analysis (PCoA) in Figure. 3.9. This 

analysis indicated that the degree of differentiation between clade A, B, and C 

was much greater than that within clades. 

The haplotype diversity (h) within clades ranged from 0.978 to 1.00 and 

the nucleotide diversity () from 0.0018 to 0.0070. The most genetically diverse 

clade was clade A with the highest value of haplotype and nucleotide diversities 

(h=1.00 and =0.0070). The least haplotype diversity was detected in clade B 

(h=0.978) whereas the least nucleotide diversity was observed in clade D 

(=0.0018). A summary of genetic diversity within and between clades for 

multigene dataset is given in Table 3.11. 
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For each gene region investigated for the 32 individuals the one with the 

most variable sites was the COI mt-DNA gene region (118 variable sites with 106 

parsimony informative sites from 526 bp) and the least variable sites was 

observed in 1st intron of S7 nDNA gene region (41 variable sites with 26 

parsimony informative sites from 327 bp). The highest haplotype number was 

observed within RAG1 nDNA region (24 haplotypes) and the least haplotype 

number was detected in 16S mt-DNA region using primer 16Sar and 16Sbr (14 

haplotypes). The highest haplotype diversity (h) and nucleotide diversity () was 

found in RAG1 nDNA region (h=0.962) and COI mt-DNA gene region (=0.055) 

respectively. The least haplotype diversity (h) and nucleotide diversity () was 

detected in 16S mt-DNA region using primer using primer H1567 and L2196 

(h=0.927) and RAG1 nDNA region (=0.0064). A summary of genetic diversity of 

each gene region is given in Table 3.11. 

 

3.4. Discussion 

 

The increasing application of molecular tools to study systematic and 

evolutionary questions at the species and population levels is showing that, 

taxonomies based on morphological characters are frequently inadequate if not 

misleading (Perdices et al., 2005; Agorreta et al., 2013). This is especially true for 

freshwater fish species including the synbranchid fish to which M. albus belongs, 

which is especially problematic and lacking resolution due to a lack of reliable 

external diagnostic characters (Rosen and Greenwood, 1976). The results of this 

study, using a robust approach that takes advantages of multiple gene regions to 

address questions about the systematics and evolution of the M. albus species 

complex in Southeast Asia and eastern Asia adds to the growing list of 
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taxonomically and morphologically challenging groups of freshwater fish from this 

region. 

My phylogenetic results (both from 16S mtDNA and multiple gene region 

datasets) agree with and extend the finding published by Collins et al. (2002) and 

Matsumoto et al. (2010) in supporting that M. albus is not a single species, but 

consists of multiple species in what is appropriately referred to as a species 

complex. Integrated phylogenetic analysis of 16S mtDNA from this study and 

previous studies (Miya et al., 2001; Collins et al., 2002; Matsumoto et al., 2010) 

revealed that for the populations of swamp eels so far sampled, five distinct 

genetic lineages are apparent that have diverged from each other to varying 

degrees. The most divergent lineage (D) is from the most northerly portion of the 

geographic range of the samples studied and consists of samples from Japan, 

China and Taiwan. Therefore, the four clades (clade A, clade B, clade C, and 

clade E), which are all significantly divergent from clade D are supported as 

separate taxonomic units by at least one or more datasets or analyses. Thus 

these four putative taxa must have names found for them among the taxa places 

previously as synonyms of M. albus or be described as new species.  

The analyses using 16S mtDNA for the first and second datasets revealed 

two genetically distinct groups of M. albus from Indonesia. The two genetic forms 

of Indonesian Monopterus (clade A and clade B) were also distinct from other 

forms of the M. albus complex from North Asia. In addition, the integrated 

analysis using 16S mtDNA from the second dataset supports Matsumoto’s 

finding regarding Yogyakarta populations (Figure 3.5). Based on limited sampling 

Matsumoto et al. (2010) suggested that at least two cryptic species may occur in 

Yogyakarta (YGI). My research based on much more comprehensive sampling 

showed that Yogyakarta populations do comprise two distinct groups (YGI1 

grouped together with PLB and GMP in clade B and YGI2, YGI3, YGI4 grouped 
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together with BRS in Clade A). The integrated studies using 16S mtDNA from the 

first dataset also revealed that Jakarta (JKI) samples collected by Collins et al. 

(2002) grouped together with samples from Depok (DPK) and Ciomas, Bogor 

(CMS) collected in this study and included in clade B (Figure 3.2). The Depok 

location is in the middle of West Java between Jakarta and Ciomas (Bogor), and 

it is about 22 km from Jakarta and Bogor. These conclusions are fully supported 

by the results of the COI barcoding and microsatellite analyses presented in 

chapter 2. 

The phylogenetic analysis of multiple gene regions provided further 

support for the recognition of additional species of Monopterus. Even though this 

part of the study did not include samples from clade E, the phylogenetic analysis 

demonstrates strong divergence among the four well supported lineages 

consisting of clade A, clade B, clade C and clade D. The results also showed that 

the level of divergence (>7.21%) across all gene regions between clades A, B, C 

and clade D representing northern samples was especially high. 

 I consider it appropriate to refer to the most divergent lineage (clade D) 

from North Asia as M. albus sensu stricto. This is consistent with Rosen and 

Greenwood (1976) who suggested that type locality of swamp eel is possibly 

from Asiatic Russia and appears to be the centre for intensive sampling (Figure 

3.10). This is also consistent with the usage of the name by other authors (Miya 

et al., 2001; Matsumoto et al., 2010) and the recent review by Kottlelat (2013).  

Finding samples from North Vietnam collected from Thuan Thanh, Back 

Ninh to also to be a divergent and well supported clade (clade C) is consistent 

with the recognition of Monopterus dienbienensis by Nguyen (2005) from North 

Vietnam. The type locality of M. dienbienensis is located at Thanh Luong, Dien 

Bien (North Vietnam) about 30 km from Thuan Thanh, Back Ninh (North 

Vietnam). These samples grouped together with samples from Hainan Island 
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(China) based on Matsumoto’s et al. findings and Buobai (China) from Collins’ et 

al. investigation indicating that this species has a wider distribution beyond North 

Vietnam. A second species from Vietnam, M. bicolor (Nguyen, 2005), has also 

been described, however no samples were available from this region so the 

status of this species could not be investigated.  

Finding two distinct clades of swamp eel in Indonesia, which have been 

confirmed to be behaving as reproductively isolated species based in the finding 

of chapter 2, means that species described as Monopterus javanensis Lacépède 

is likely to be valid.  According to Rosen and Greenwood (1976) who examined 

specimens from Java (with no exact locality) considered M. javanensis to be a 

synonym of M. albus. Eschmeyer (2014) considered the specimen of M. 

javanensis were most likely from Sunda Strait located in West Java. On the basis 

of this study the swamp eel comprising clade B is distributed mostly in West 

Indonesia including West Java and East Indonesia. Therefore, the species 

named M. javanensis is mostly likely the appropriate name for swamp eel 

grouped as clade B. This is consistent with Kottelat (2013) who also reported that 

the name M. albus should be retained for the East Asian species and the oldest 

name for the Southeast Asian species is M. javanensis. However the finding of 

additional species of Monopterus in this study from Java, makes Kottelat’s 

assessment less straightforward.  

Kottlelat’s assessments are also complicated by the discovery of an 

additional lineage, Clade E should which also constitutes a valid species from 

North Asia, but with information lacking on the extent of its distribution makes the 

application of a name more problematic. In the study of Matsumoto et al. (2010), 

the swamp eel samples from Fuzhou, China (FZC) were more closely related to 

samples from Puli, Taiwan (PLT) and Hengchuen, Taiwan (HCT) than to the 

samples from Haikou, Hainan Island, China (HNC). Collins et al. (2002) also 
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supported the separation between samples from Nanning, China (NGC) which is 

grouped in clade E and samples from Buobai, China (BUC) which are included in 

clade C in my integrated studies. These data therefore all indicate that samples 

from Fuzhou (China), Puli (Taiwan), Hengchuen (Taiwan) and Nanning (China) 

should be considered as a distinct species. However it is possible that this 

putative species represented by clade E may correspond to other previously 

described species including M. albus, M. bicolor or M. dienbienensis and it may 

be that one or more of the other clades may need to be described as new 

species. Thus a more expanded and integrated morphological and molecular 

genetic study is needed that references known type material, where it exists.  

Finding two genetic distinct groups of Indonesian swamp eel, with one 

most likely corresponding to M. javanensis (clade B) means that the lineage 

(clade A) needs to be described as a new species as no other named species of 

Monopterus have been described from this region. This new species mostly likely 

represents a relatively new speciation event as it is a sister species to M. 

javanensis (clade B) and has a more restricted distribution to the islands of Java, 

Bali and Lombok. Confusing the interpretation of the biogeographic patterns is 

that the samples of clade B extend further westward being found in Sulawesi and 

Papua. As this distribution extends well eastward of the Wallace line it is highly 

likely that this species has been translocated to New Guinea by humans due to 

its popularity as a food item (Nico et al., 2011). It is also possible that this has 

happened to a lesser extent to the species corresponding to clade A as this is 

also found on either side of the Wallace line. The occurrence of both forms of 

Indonesian swamp eel either side of Wallace line is a very unusual pattern for an 

obligate freshwater species.  

There is also a possibility that the species corresponding to clade B (M. 

javanensis) may be not native to Indonesia but introduced from countries to the 



110 
 

 

north. However, conversely, Indonesian swamp eels placed in clade B could be 

native to Indonesia and introduce to other countries through fish trading and 

marketing. To resolve the likely native distributions of these forms and the 

impacts of translocations further studies need to be conducted on eels captured 

from the wild and, where possible natural water courses. A limitation to this study 

was that all samples from Asian countries were obtained from farmers, fishermen 

or markets.  

The wider implication of the finding of a cluster of cryptic species within 

the M. albus species complex is that more broad scale studies of molecular 

genetic variation within the genus Monopterus are justified, and these should be 

exended more broadly to the family Synbranchidae. This is supported by the 

findings of cryptic species in other genera (Synbranchus and Ophisternon) within 

this family by Perdices (2005) and Valdez-Moreno et al. (2009) using 

morphological and molecular genetic approaches. They also recommended that 

a more detailed taxonomic revision of Synbranchus and Ophisternon was justified 

given the discrepancis between their molecular data and the existing taxonomy. 

 In conclusion this comprehensive study of the M. albus species complex 

using multiple gene regions and multiple analyses that are integrated with earlier 

studies where possible revealed the presence of at least five cryptic species. 

Thus the systematics of this species is much more complex than previously 

thought. From a geographic perspective, it is apparent that Indonesia has two 

cryptic species (clade A and B), China has three cryptic species (clade C, clade 

D and clade E), Taiwan has three cryptic species (clade B, clade D, and clade E), 

Vietnam has two cryptic species (clade B and clade C), and Japan and Malaysia 

each have one cryptic species corresponding to clade D and clade B respectively 

(Table 3.5, Table 3.7, and Fig. 3.10). Clade A, native to Indonesia, and clade E, 

native to China, are most likely new species. It is recommended that specimens 
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matching clade B should be referred to as M. javanensis Lacépède, those 

matching clade C should be considered as M. dienbienensis Nguyen and those 

corresponding to clade D are M. albus Zuiew sensu stricto, until a more thorough 

taxonomic study can be undertaken. The taxonomic complexity of M. albus in 

Asia is mirrored in other recent molecular studies of other Asian freshwater fish 

species including Tor (Nguyen et al., 2008), Pangio (Bohlen et al., 2011), air sac 

catfish (Ratmuangkhwang et al., 2014), and Channa (Barman et al., 2014; Serrao 

et al., 2014).  
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Figure 3.2. Bayesian tree inferred from 16S mitochondrial gene sequences 
combining between this study with Collins et al. (2002) and Miya et al. (2001) 
data. Tree produced from 2x106 generations using GTR+G model. Number of 
each node represent posterior probabilities and scale correspond to 
substitutions/site



121 
 

 

 
 
Table 3.4. Mean percentage nucleotide sequence divergence of a 510-bp 
fragment of the 16S mitochondrial gene among five identified clade of M. albus 
from this study combined with Collins et al. (2002) and Miya et al. (2001) data 
 

 Clade A Clade B Clade C Clade D Clade E 

 
Clade A 

 
0.66 
(0-1.70) 

    

 
Clade B 

 
3.38  
(2.3-4.3) 

 
0.26 
(0-0.8) 

   

 
Clade C 

 
2.59  
(2.1-3.2) 

 
2.79 
(2.5-3.2) 

 
0.6 

  

 
Clade D 

 
10.00  
(9.8-10.3) 

 
10.22 
(9.8-10.5) 

 
9.55 
(9.3-9.8) 

 
0 

 
 
 

 
Clade E 
 

 
2.29 
(1.7-2.5) 

 
3.52 
(3-4.1) 

 
2.69 
(2.1-3) 

 
9.91 
(9.6-10.1) 

 
0.4 
(0-0.8) 
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Table 3.5.  Haplotype of M. albus based on 16S mitochondrial gene region 
inferred from this study combined with Collins et al. (2002) and Miya et al. (2001) 
data 
 

Clade Haplotype Sample 
number 

Individual code Gen 
accession 
number 

Country 

A HA1 1 PKY KP729493 Indonesia 
 HA2 1 GSK KP729494 Indonesia 
 HA3 3 NGT 

PLG 
DMP 

KP729495 
KP729496 
KP729506 

Indonesia 
Indonesia 
Indonesia 

 HA4 3 TWG 
SRG 
CPK 

KP729497 
KP729498 
KP729504 

Indonesia 
Indonesia 
Indonesia 

 HA5 1 BRS KP729499 Indonesia 
 HA6 2 LMJ  

NGR 
KP729500 
KP729507 

Indonesia 
Indonesia 

 HA7 4 WLK 
SKP 
KYR 
PJK 

KP729501 
KP729502 
KP729503 
KP729505 

Indonesia 
Indonesia 
Indonesia 
Indonesia 

 HA8 4 BDG 
NRM 
SYG 
SKT 

KP729508 
KP729509 
KP729510 
KP729511 

Indonesia 
Indonesia 
Indonesia 
Indonesia 

 
B 

 
HB1 

 
6 

 
PDG 
DPK 
RPG 
GOW 
LST 
JKI 

 
KP729483 
KP729485 
KP729490 
KP729491 
KP729492 
AF512850 

 
Indonesia 
Indonesia 
Indonesia 
Indonesia 
Indonesia 
Indonesia 

 HB2 1 PYK KP729484 Indonesia 
 HB3 1 CMS KP729486 Indonesia 
 HB4 3 KMR 

PLB 
GMP 

KP729487 
KP729488 
KP729489 

Indonesia 
Indonesia 
Indonesia 

 HB5 1 HMF1 AF512849 USA 
 HB6 1 HMF2 AF512852 USA 
 HB7 1 VTM AF512851 Vietnam 
 HB8 2 KLM1 

KLM2 
AF512853 
AF512854 

Malaysia 
Malaysia 

 HB9 1 KLM3 AF512855 Malaysia 
 
C 

 
HC1 

 
1 

 
THT 

 
KP729512 

 
Vietnam 

 HC2 1 BUC AF512848 China 
 
D 

 
HD1 

 
2 

 
KHS1 
KHS2 

 
KP729513 
KP729514 

 
Taiwan 
Taiwan 

 HD2 2 MAL 
ALG 

NC_003192 
AF512856 

No data 
USA 
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Table 3.5. Continued 
 

Clade Haplotype Sample 
number 

Individual code Gen 
accession 
number 

Country 

 
E 

 
HE1 

 
4 

 
NGC1, 
TPF1 
TPF2 
NMF 

 
AF512842 
AF512841 
AF512843 
AF512844 

 
China 
USA 
USA 
USA 

 HE2 1 NGC2 AF512845 China 
 HE3 1 NGC3 AF512846 China 
 HE4 

 
1 NGC4 AF512847 China 

Individual codes based on population codes are given in Table 3.2. 
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Figure 3.5. Bayesian tree inferred from 16S mitochondrial gene sequences 
combining between this study with Matsumoto et al. (2010) and Miya et al. (2001) 
data. Tree produced from 4x106 generations using GTR+G model. Number of 
each node represent posterior probabilities and scale correspond to 
substitutions/site
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Table 3.6. Mean percentage nucleotide sequence divergence of an 539-bp 
fragment of the 16S mitochondrial gene among five identified clade of M. albus of 
this study combined with Matsumoto et al. (2010) and Miya et al. (2001) data 
 

 Clade A Clade B Clade C Clade D Clade E 

 
Clade A 

 
0.97 
(0-2) 
 

    

Clade B 3.32 
(2-4.3) 

0.43 
(0-1.3) 
 

   

Clade C 3.76 
(2.9-4.3) 

2.57 
(1.8-3.4) 

1.33 
(0.2-2) 
 

  

Clade D 8.68 
(7.2-9.9) 

7.69 
(6.7-8.9) 

7.48 
(6.5-8.4) 

1.06 
(0-2.7) 
 

 

Clade E 
 

2.84 
(1.6-4.1) 

3.03 
(2.7-3.6) 

3.13 
(2.7-3.6) 

8.01 
(6.9-9.4) 

1.23 
(0-2.2) 
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Table 3.7.  Haplotype of M. albus based on 16S mitochondrial gene region 
inferred from this study combined with Matsumoto et al. (2010) and Miya et al. 
(2001) data 
 

Clade Haplotype Sample 
number 

Individual 
code 

Gen 
accession 
number 

Country 

A HA9 1 PKY KP729526 Indonesia 
 HA10 3 GSK 

NGT 
PLG 

KP729527 
KP729528 
KP729529 

Indonesia 
Indonesia 
Indonesia 

 HA11 1 TWG KP729530 Indonesia 
 HA12 1 SRG KP729531 Indonesia 
 HA13 1 BRS KP729532 Indonesia 
 HA14 2 LMJ 

NGR 
KP729533 
KP729540 

Indonesia 
Indonesia 

 HA15 5 WLK 
SKP 
KYR 
CPK 
PJK 

KP729534 
KP729535 
KP729536 
KP729537 
KP729538 

Indonesia 
Indonesia 
Indonesia 
Indonesia 
Indonesia 

 HA16 1 DMP KP729539 Indonesia 
 HA17 4 BDG 

NRM 
SYG 
SKT 

KP729541 
KP729542 
KP729543 
KP729544 

Indonesia 
Indonesia 
Indonesia 
Indonesia 

 HA18 1 YGI2 AB494988 Indonesia 
 HA19 1 YGI3 AB494989 Indonesia 

 HA20 
 

1 YGI4 AB494990 Indonesia 

B HB10 5 PDG 
DPK 
RPG 
GOW 
LST 

KP729516 
KP729518 
KP729523 
KP729524 
KP729525 

Indonesia 
Indonesia 
Indonesia 
Indonesia 
Indonesia 

 HB11 1 PYK KP729517 Indonesia 
 HB12 1 CMS KP729519 Indonesia 

 HB13 3 KMR 
PLB 
GMP 

KP729520 
KP729521 
KP729522 

Indonesia 
Indonesia 
Indonesia 

 HB14 1 PLT1 AB494986 Taiwan 
 HB15 

 
1 YGI1 AB494987 Indonesia 

C HC3 1 THT KP729545 Vietnam 
 HC4 1 HNC1 AB494984 China 
 HC5 

 
1 HNC2 AB494985 China 
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Table 3.7.  Continued 
  

Clade Haplotype Sample 
number 

Individual 
code 

Gen 
accession 
number 

Country 

D HD3 2 KHS1 
KHS2 

KP729546 
KP729547 

Taiwan 
Taiwan 

 HD4 1 MAL NC_003192 No data 
 HD5 1 SHC1 AB494967 China 
 HD6 2 KSJ1 

SHC2 
AB494968 
AB494969 

Japan 
China 

 HD7 1 SHC3 AB494970 China 
 HD8 2 KSJ2  

HSJ1 
AB494971 
AB494972 

Japan 
Japan 

 HD9 1 TPT AB494973 Taiwan 
 HD10 1 SHC4 AB494974 China 
 HD11 3 SHC5 

SHC6  
HSJ3 

AB494975 
AB494976 
AB494978 

China 
Japan 
Japan 

 HD12 1 HSJ2 AB494977 Japan 
 HD13 1 OKJ1 AB494979 Japan 
 HD14 1 ISJ1 AB494980 Japan 

 HD15 1 OKJ2 AB494981 Japan 
 HD16 1 OKJ3 AB494982 Japan 

 HD17 
 

1 ISJ2 AB494983 Japan 

E HE5 1 PLT2 AB494991 Taiwan 
 HE6 1 FZC1 AB494992 China 

 HE7 3 FZC2 
FZC3 
HGT 

AB494993 
AB494995 
AB494994 

China 
China 
Taiwan 

Individual codes based on population codes are given in Table 3.2. 
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Figure 3.8. Bayesian tree inferred from mitochondrial and nuclear gene 

sequences. Tree produced from 2x106 generations using GTR+I+G model. 

Number of each node represent posterior probabilities and scale correspond to 

substitutions/site 
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Table 3.9. Mean percentage nucleotide sequence divergence of a 3,366-bp 

fragment of the multiple gene regions among four identified clade of M. albus 

 

 Clade A Clade B Clade C Clade D 

 
Clade A 

 
0.45 
(0-0.88) 
 

   

Clade B 2.87 
(2.56-3.19) 

0.68 
(0.06-1.3) 
 

  

Clade C 2.90 
(2.81-3.13) 

2.59 
(2.46-2.67) 

0 
(0) 
 

 

Clade D 7.21 
(6.99-7.54) 

7.29 
(7.09-7.50) 

7.22 
(7.13-7.30) 

0.2 
(0.2) 
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Table 3.10.  Haplotype of M. albus based on mitochondrial and nuclear gene 
regions  
 

Clade Haplotype Sample 
number 

Individual code 

A HA1 1 PKY 
 HA2 1 GSK 
 HA3 1 NGT 
 HA4 1 PLG 
 HA5 1 TWG 
 HA6 1 SRG 
 HA7 1 BRS 

 HA8 1 LMJ 
 HA9 1 WLK 
 HA10 1 SKP 
 HA11 1 KYR 

 HA12 1 CPK 
 HA13 1 PJK 
 HA14 1 DMP 

 HA15 1 NGR 
 HA16 1 BDG 

 HA17 1 NRM 
 HA18 1 SYG 

 HA19 
 

1 SKT 

B HB1 1 PDG 
 HB2 1 PYK 

 HB3 1 DPK 
 HB4 1 CMS 
 HB5 2 KMR, GMP 
 HB6 1 PLB 
 HB7 1 RPG 

 HB8 1 GOW 
 HB9 

 
1 LST 

C HC 
 

1 THT 

D HD1 1 KHS1 
 HD2 1 KHS2 
Individual codes based on population codes are given in Table 3.2. 
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CHAPTER 4 

 

Morphological variation and numerical taxonomy of 

Monopterus albus species in Indonesia 

 

4.1. Introduction 

 

Taxonomy is the foundation for good and credible science, as accurate 

identification and the enumeration of species within a given experimental, 

systematic, ecological or biogeographical context underpins all research 

investigations and management decisions and is especially relevant for ecology 

and conservation (Blackwelder, 1967; Schuh, 2000; Wheeler, 2008). 

Morphological characters have been traditionally used in fish biology, as in other 

biological fields, to discriminate and measure relationships among various 

taxonomic categories including species. There are many well documented 

examples of morphological studies that have improved taxonomic understanding, 

and hence management, of some important commercial fishes such as sardine 

(Silva, 2003), mackerel (Bektas and Belduz, 2009), and tilapia (Hassanien et al., 

2011; Samaradivakara et al., 2012).  

Morphological taxonomy is based primarily on discrete morphological 

attributes, and morphometric and meristic characters (including internal anatomy 

and osteology). Morphometric characters are a set of measurements that 

represent size and shape variation of individuals and are continuous data 

(Bookstein, 1982). Conversely, meristic characters (i.e. vertebrae, fin rays, 

spines, scale rows, lateral line scales, gill rakers) are non-continuous data that 

can be counted. Therefore, the nature of morphometric and meristic characters 
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differ statistically and are often analysed separately in multivariate analyses 

(Ihssen et al., 1981). Morphometric and meristic studies are widely used to detect 

differences between fish populations and have provided useful results for 

identifying fish species and stocks, both often matched to underlying biological or 

environmental variation that can then assists fisheries management and 

taxonomy (Murta, 2000; Pinheiro et al., 2005). 

In the face of an increasing number of phylogeographic, phylogenetic and 

DNA-barcoding studies it is becoming apparent that conventional morphological 

morphology-based studies, even using sophisticated methods of numerical 

taxonomy, frequently underestimate the number of biological species, sometimes 

grossly (Raadik, 2014). Nevertheless, it is important to integrate molecular and 

morphological analyses as everyday identification requires morphological 

diagnostic characters, and species need to be placed within existing 

nomenclatural frameworks, often requiring reference to type material (DeSalle et 

al., 2005; Will et al., 2005). Further, often the methodologies are complementary, 

with diagnostic morphological traits often emerging after groups are defined 

genetically (Austin and Knott, 1996; Lin et al., 2005; Cheng, 2010; Abdurahman 

et al., 2012; Blanton et al. 2013; Muchlisin, 2013).  

A very high proportion of Indonesia’s freshwater fishes, a fauna of 

approximately 1,400 species or 7% of total global species, lack rigorous 

taxonomic treatments using either or both morphological and molecular data thus 

impeding the understanding of the true diversity of these important vertebrates in 

the country (Rhee et al., 2004). Within this context it may be possible that many 

presumed single species or morphotypes of obligate freshwater fish with wide 

geographic distributions potentially comprise several independent evolutionary 

lineages that could represent cryptic species, which is a significant issue world-
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wide (Bickford et al., 2006; Beheregaray and Caccone, 2007; Hellberg, 2009; 

Hammer et al., 2013, Raadik, 2014).  

The family Synbranchidae is one of the most important groups of 

freshwater food fish in tropical Asia, including Indonesia. A notable and popular 

species in Indonesia is the swamp eel Monopterus albus Zuiew 1793, however 

from a taxonomic viewpoint this is one of the most enigmatic and least 

understood freshwater species within the region. Lacking scales, most fins and 

any sort of external hard body parts, they are character poor, and hence this is 

likely to have hindered the taxonomy of the species beyond broad-based and 

often superficial morphological assessments. Since described by Zuiew in 1793, 

the swamp eel has remained a taxonomic puzzle with many researchers 

questioning the significance of morphological variation and the validity of many 

described species. A total of 13 synonyms have been listed for Monopterus albus 

across six genera (Rosen and Greenwood, 1976). The last comprehensive 

taxonomic revision of M. albus based on morphology and osteological features 

was conducted by Rosen and Greenwood (1976) who determined that this 

widespread polytypic species was best referred to as a single species, which has 

been largerly accepted by the relevant taxonomic community. For example 

previous workers had recognised several species in China (e.g. Nichols, 1943) 

on the basis of differences in tail length, eye size, coloration, and head shape, 

but Rosen and Greenwood (1976) considered that there were no consistent and 

diagnostic patterns apparent, and therefore no justification for recognising more 

that a single species. Within this context a form of Monopterus described from the 

Sunda Straight in Java, Indonesia (Monopterus javanensis Lacepède 1800) was 

also considered a synonym by Rosen and Greenwood (1976) and therefore, it is 

commonly accepted that the only valid swamp eel species in Indonesia is M. 

albus.  
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  In contrast to the prevailing morphological determination of a single wide-

spread species referred to as M. albus, this study (chapter 2 and 3) and 

consistent with previous molecular genetic studies (Collins et al., 2002; 

Matsumoto et al., 2010; Cai et al., 2012), highlights that M. albus contains 

multiple major lineages likely to represent a complex of cryptic species. Based on 

my findings from chapters 2 and 3 it is apparent that two cryptic species of 

Monopterus occur in Indonesia that have overlapping distributions and are 

reproductively isolated.  

An important requirement for genetically defined species is to explore 

patterns of morphological variation and to seek diagnostic taxonomic traits. Thus 

the objective of this study was to investigate variation in morphology using 

morphometric and meristic characters within and between the genetically 

differentiated forms of M. albus I identified in Indonesia to support a 

comprehensive taxonomic treatment.  

 

4.2. Materials and Methods 

 

4.2.1. Sample Collections 

 

Swamp eels were collected from seven locations from across Java, 

Lombok, West Sumatra and Sulawesi, Indonesia. The regions selected in this 

study were based on the results of the population genetic studies and analysis of 

the multigene data sets, which revealed that Indonesian swamp eels belong to 

one of two distinct genetic lineages that behave as biological species (see 

chapters 2 and 3). Four populations representing haplotype A and three 

populations representing haplotype B were chosen from locations previously 

sampled and genotyped (Chapters 2 and 3). Populations representing haplotype 
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A comprised sample from Planggu, Klaten (PLG), Tunggul, Sragen (SRG), 

Dempel, Ngawi (DMP) and Narmada, Lombok (NRM), and populations 

representing haplotype B comprised Indarung, Padang (PDG), Ciomas, Bogor 

(CMS), and Sindendreng, Rappang (RPG) (Figure 2.1 in chapter 2). Twenty 

individuals from each population were obtained from farmers or fishermen and 

preserved in 95% absolute ethanol with the exception of those from PLG, which 

were salt-preserved in the first instance. Each individual fish was genotyped and 

allocated to either haplotype A or haplotype B (see chapter 2).  Preservation in 

the field was difficult due to the nature of the samples being donated by farmers 

who arranged for eels to be caught from their rice paddy fields in remote 

locations, combined with a lack of formalin as this chemical is banned by the 

Indonesian government due to misuse as a food preservative. Summary 

information of sampling location, population code, collection date, number of 

specimens and total length can be seen in Table 4.1.  

Voucher specimens from each location, identified as belonging to 

haplotype A or haplotype B, have been submitted to Museum Biologi, Faculty of 

Biology Universitas Gadjah Mada, Indonesia (Museum Biologi-UGM) and the 

Museums and Art Galleries of the Northern Territory, Australia (MAGNT), and will 

also be deposited to Museum Zoologi Bogor, Indonesia (MZB). The photographs 

of a representative individual conforming to haplotype A and haplotype B can be 

seen in Figures 4.1. and 4.2. 

 

4.2.2. Meristic and Morphometric Procedures  

 

Only a single meristic character could be assessed in this species 

consisting of the number of vertebrae as these fish are lacking fins and scales. 

This also follows the treatments of previous workers on Monopterus taxonomy, 
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namely Rosen and Greenwood (1976), Bailey and Gans (1998), Gopi (2002), and 

Britz et al. (2011), who consider this to be an important diagnostic trait. The total 

number of vertebrae for each specimen was initially determined by exposure for 

30 seconds at 50 kV of power in a radiographic unit (Torrex 150 D, Astrophysic 

Research Corporation) at MAGNT. The vertebrae number of each individual was 

counted from the radiographic negative film using a light box and a high-powered 

magnifying glass. The number of vertebrae was counted twice independently on 

the same day for each fish. 

A total of 13 morphometric measurements were taken on each individual 

fish, including those variables that have been emphasized in previous taxonomic 

treatments (Rosen and Greenwood, 1976; Bailey and Gans, 1998; Gopi, 2000; 

Britz et al., 2011). The details of these characters are given in Table 4.2 and 

Figure 4.3. Morphometric measurements were taken from the left lateral aspect, 

and measured with digital callipers to the nearest 0.01 mm (digital vernier 

callipers, Supatool, China) except total length which was measured using a ruler 

to the nearest 0.5 mm. Standard length is challenging to measure due to the 

difficulty in finding the end of the vertebral column or back of the hypural plate in 

swamp eels and is also error prone as fish often have damaged tails.  

During counts of vertebrae, the tail tip and associated vertebrae were 

routinely encountered to have been damaged in the wild and healed. Further 

there was obvious damage to the tail of other fish evidently occurring during 

capture or in transport, handling and preservation, with the available method of 

preservation (ethanol only) resulting overall in fish specimens being quite brittle. 

As a result a number specimens with damaged tails could not be included in the 

morphological dataset (see below).  
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4.2.3. Morphological data and statistical analysis 

 

To examine morphological variation among the M. albus samples 

morphometric and meristic characters were initially analysed separately since 

they have different statistical properties and distributions (Ihssen et al., 1981). 

Further, preliminary statistical analyses indicated all variables were strongly 

correlated with total length with the exception of vertebrae number. As variation in 

size of fish from within and between populations can vary substantially and can 

overwhelm analyses, morphometric variables were statistically adjusted in 

relation to size using ratios and regression techniques (Thorpe, 1976). Non-size 

adjusted data sets were also analysed for comparative purposes and to identify 

potentially useful taxonomic characters. 

After initial physical screening, the number of undamaged specimens 

suitable for inclusion in the data set were: PLG (n=12), NRM (n=11), SRG (n=16), 

DMP (n=17), PDG (n=14), CMS (n=12), and RPG (n=6). Therefore total number 

(N) of individuals for the morphometric analyses was 56 and 32 individuals 

representing haplotypes A and B respectively. The total number of samples for 

which vertebrae number could be obtained was less: PLG (n=8), NRM (n=5), 

SRG (n=14), DMP (n=15), PDG (n=7), CMS (n=7) and RPG (n=2). Every 

specimen in the meristic data set was also included in the morphometric data set. 

The total number of individuals for the meristic data sets was 42 and 16 for 

haplotype A and B respectively. The sample numbers are different between the 

morphometric data and the vertebrae number because in some specimens the 

tail tip can be detected but the vertebrae number cannot be unambiguously 

assessed. 

Initial statistical screening after removing fish with obviously damaged 

tails or other deformities, was by examination of the distribution of each 
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morphometric character against total length using x-y scatterplots of 

untransformed variables to examine for obvious outlying values. Separate 

statistical analyses were conducted on morphometric and meristic data since 

morphometric data are continuous and more susceptible to age and 

environmentally induced variability, while meristic data are discrete and fixed 

early in development (Hermida et al., 2005; Simon et al. 2010). Pearson’s 

correlation coefficients were calculated for both morphometric and meristic 

characters against total length. Correlation analyses indicated a significant 

relationship between vertebrae number and total length (TL) for the pooled 

samples (r = 0.561, p<0.001), but not with the samples grouped by haplotypes 

(A: r = -0.049, p = 0.761; B: r = 0.185, p = 0.492). Therefore, vertebrae count was 

not adjusted for size differences. Conversely, significant correlations were 

detected between size (TL) and all morphometric characters for both pooled and 

within grouped correlations (Table 4.3). Therefore, transformations were explored 

to reduce the effects of size differences within and between populations from 

overwhelming the analyses (Thorpe 1976). A ratio transformation of each metric 

variable against total length was used, which has been traditionally used by 

taxonomists to allow size free comparisons between samples (Atchley and 

Anderson, 1978). In addition, a method to generate size-independant shape 

characters using regression analyses was explored using the following formula 

(Senar et al., 1994; Doberty and McCarthy, 2004; Simon et al., 2010):  

 A’ij = Log10 (Aij) – (B(Log10(TLi))-(Log10(TL))) 

where A’ij is the adjusted value of character j for individual i, Aij is the original 

value, B is pooled regression coefficient of logA on logTL, TLi is the total length of 

individual I, and TL is the overall mean of total length. This is referred to as the 

size-transformed data set. The efficacy of size transformation was determined 
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from correlation analyses (r-value) between the two kinds of transformed 

variables and Log10 TL. 

 

4.2.4. Multivariate statistical analysis 

 

 Two widely used multivariate procedures were used to explore phenotypic 

variation represented by the 14 variables measured within and between swamp 

eel populations and to identify the important distinguishing characters. Principal 

Component Analysis (PCA), using a correlation matrix, was used to reduce the 

data set to a reduced number of compound variables that efficiently represented 

the variation among samples. This approach makes no assumptions about group 

or population membership and allows the contribution of variables to patterns of 

variations to be assessed based on their correlation with the principal 

components (Thorpe 1976). Multiple Discriminant Analysis (MDA) is also 

designed to reduce complex multivariate datasets to a small number of 

compound variables. It requires that groups are predefined and, in taxonomic 

applications, it can be applied at the population level which allows assessment of 

morphological divergence between putative species. It is also a powerful method 

for taxonomic discrimination based on predefined groups representing species 

and identifies the most efficient discriminating variables (Albrecht et al. 1980; 

Austin and Knott, 1996). 

All statistical routines and multivariate analyses were implemented using 

the XLSTAT software version 2015.1.02 (Addinsoft). PCA was conducted on 

several different data sets subject to different transformations. The procedure 

utilised the Pearson Correlation matrix and the Varimax rotation options. An initial 

exploratory analysis used the full data set of seven populations (n=88) for the 13 

log10 transformed data. Next, analyses were conducted on a reduced data set 
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consisting of six populations (n=76) comprising the same 13 log10 transformed 

variables, 12 ratio variables (each variable divided by TL) and 12 size-

transformed variables using the procedure described above. The effectiveness of 

the different analyses was evaluated based on the Eigen values and the 

percentage of variation explained on the first three components or discriminant 

functions. The relationships between swamp eels populations and their 

genetically defined lineage was evaluated by bivariate plots of the scores on the 

first three axes (components) and the contribution of variables was assessed on 

the basis of their correlations on each of the first three axes. The effectiveness of 

the two methods of data transformations was also examined by examining 

correlations of the transformed variables against TL. 

Discriminant Function analysis (DFA) was performed on the same three 

data sets comprising the six populations of swamp eels examined by PCA. 

Discriminant Analysis maximises the separation of the predefined groups relative 

to that within groups, rather than simply maximising the overall variance among 

samples as in PCA. Thus DFA also identifies those variables that contribute most 

to the discrimination of the groups. The contribution of each character to 

discrimination among populations and groups was evaluated from the 

correlations between individual scores on each of the first three discriminate 

functions and each variable. The efficiency and usefulness of the DF analyses for 

separating and identifying populations was measured using the classification 

function (Albrecht et al., 1980). 

Two group Discriminate Function analysess were used to identify 

variables of potential taxonomic use for discriminating swamp eels from the two 

genetically defined haplotypes A and B. First, DFA was applied to the Log10 

transformed morphometric data and the ratio transformed data (the size 

transformed data set was not included as the method of transformation prohibits 
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its use for the identification of single specimens). Next DF was applied to the full 

data set inclusive of the previously removed PLG population and the meristic 

variable, vertebrae number. This resulted in a data set of 14 variables and 58 

samples made up as follows: PLG (8), NRM (5), SRG (14) and DMP (15), 

representing haplotype A (42) and PDG (7), CMS (7) and RPG (2), representing 

haplotype B (16). For simplicity the analyses were based on the untransformed 

data. 

 

4.3. Results 

 

4.3.1. Vertebrae number 

 

Radiographs were obtained for 140 individuals. However difficulties were 

encounted in discerning small distal vertebrae in smaller sized individuals and 

due to some having damage to tail tips. Thus the the final data set included those 

fish with confident counts and that had presumed complete tails (random 

checking of the presence of caudal rays under a dissecting microscope was 

conducted for confirmation), leaving a reduced number of individuals (n= 58) 

(Table 4.3). An inspection of a bivariate scatterplots with TL (Figure 4.2) and 

histogram (Figure 4.3) revealed that this single discrete character is diagnostic for 

haplotype A and B based on the samples examined and not influenced by the 

length of the fish. The variability in number of vertebrae within the two groups is 

high, ranging from 160 to 174 for haplotype A and from 175 to 182 for haplotype 

B, but the distributions are not overlapping (Table 4.3, Figures 4.4, 4.5 and 4.6) 
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4.3.2. Morphometric Data 

 

A summary of the morphometric data is given in Table 4.4 and correlation 

analysis of each metric variable against total length of populations grouped by 

haplotype and the pooled data is given in Table 4.5. All variables had positive 

correlations with TL and all were significant (P<0.05) with the exception of 

variable HL in the haplotype A populations. 

  

4.3.2.1. Principal Component Analysis (PCA) 

 

The PCA of the seven populations based on the log10 transformed data 

efficiently summarised the variability within the data set. The first three 

components accounted for 94.8% of the variation but with almost all of this 

accounted for on the first component (89.9%) (Table 4.6). All variables had high 

positive correlations (r > 0.89) on the first component, indicating that this 

component represents size variation. The bivariate plots show that population 

PLG is the most divergent with high negative scores on component 1 (Figure 

4.7). The other components suggest that other populations are divergent to a 

lesser extent such as NRM and SRG with positive scores on component 2 and 

with the exception of sample PLG members of the two haplotypes are separated 

to some extent on component 3. HD is the most significant variable contributing 

to the patterns of variation on PC2 and ED is the most important variable on PC3 

(Table 4.6).  

The preceding analysis indicates that in general swamp eels from 

haplotype B tend to be larger than those from haplotype A, which is consistent 

with the statistical summary for most variables (Table 4.4). Further, the analysis 
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indicates that swamp eels from site PLG are substantially smaller than all other 

samples. This may be due to environmental factors or sampling variation and 

possibly the method of preservation using salt. Whatever the cause, their much 

smaller size than the other samples means that size-related morphometric 

differences dominates the analyses and prevents more detailed analysis of 

variation among the remaining samples. Thus the eel samples from population 

PLG were removed from the next series of analyses. 

Prior to the PCA and MDA analyses of the six populations, the 

effectiveness of transformations to reduce size-related variation was examined 

using correlation analysis (Table 4.7). From this table it can be seen that all 

variables are strongly positively correlated with TL for the untransformed and 

log10 transformed data with the level of correlation being slightly higher for the 

untransformed data. Surprisingly, neither of the size transformations were 

effective at removing the effects of size, with the regression-based size-

transformation being significantly less efficient than the ratio transformationed 

data. For the size-transformed data all variables were positively correlated except 

for variable ED and 9 out of 12 were significant (p < 0.05) and the highest r value 

of 0.697 for variable SL. The ratio transformation was more efficient with four 

variables with negative correlations and with only five being significant (p < 0.05). 

Nevertheless some correlations were substantial, with variable ED having the 

highest correlation (-0.721) followed by variable SL (0.656).  

Principal Component analysis applied to the six populations using the log 

10 transformed morphometric variables is given in Table 4.8. The first three 

components account of 89.1% of the variation with the first component 

responsible for 78% with all variables having strong positive correlations on this 

axis. Components 2 and 3 have both positive and negative correlations indicating 

differences based on size.  Variables HD, ED and GL with positive correlations 
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are contrasted with variables TL, WGA and GWB with negative correlations on 

component 2. For component 3, GBD and WGA are the most important variables. 

Inspection of the component scores (Figure 4.8) show that swamp eels from 

populations CMS and RPG (haplotype B) are consistently larger than all the other 

populations, with swamp eels from NRM and DMP (haplotype A) being the 

smallest. Samples from DMP, SRG (haplotype A) and PDG (haplotype B) have 

the widest overlap is their size ranges. PC3 indicates that these three populations 

differ in shape based on their haplotype, with PDG (haplotype B) samples having 

negative scores compared with DMP and SRG (haplotype A) with mostly positive 

scores. This indicates that these samples differ in shape with respect to HD, ED, 

GL with positive correlations and TL, WGA and GWB with negative correlations. 

While PC3 does not effectively separate all samples of the two haplotypes, in 

combination with component 1, reflecting size variation, there is almost no 

overlap between the two haplotypes for fish in the same size range (Figure 4.8).  

The outcome of the Principal Component analysis on the ratio 

transformed variables is given in Table 4.9. The first three component account for 

less variation (69.3%) than the previous analysis, with the variation spread more 

evenly across the three axes. Surprisingly, all variables are positively correlated 

with component 1, indicating size-related variation still dominates the analysis, 

while components 2 and 3 have both positive and negative correlations indicating 

differences based on shape. Variables ED/TL (positive correlation) and SL/TL 

and STE/TL (negative correlation) are the two most important variables on 

component 2 and WGA/TL and GBD/TL with positive correlations are the most 

significant on PC3. Examination of the component scores (Figure 4.9) shows 

some separation of swamp eels from the two haplotypes on a combination of 

axes 2 and 3. PC3 highlights some differences between DMP + SRG (haplotype 

A) and PDG (haplotype B) with the later having negative scores, but all other 
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populations have widely overlapping, mainly positive scores. While PC3 does not 

effectively separate all samples of the two haplotypes, in combination with 

component 2, there is minimal overlap between the two haplotypes (Figure 4.9).  

A summary of the PCA of the size-transformed variables is given in Table 

4.10 and the scores are plotted on Figure 4.10. The results are quite similar to 

the ratio-transformed analyses. The first three components account for slightly 

more variation (71.1%) than the previous analysis, with slightly more variation on 

component 1 (46.7%). Again all the variables have positive, mostly high, 

correlations, on component 1, indicating it represents mostly size variation. 

Component 2 and 3 both have positive and negative correlations indicating 

shape differences. Variables ED (positive correlation) and SL, WGA and STE 

(negative correlations) are the most important variables on component 2 and 

WGA and GBD with positive correlation are the most significant variables on 

PC3. This is also quite similar to the ratio-transformed analyses. Examination of 

the component scores (Figure 4.10) also give similar results to the ratio data, but 

there is generally a greater scatter of points within each population. The 

combination of components PC1 and PC3 and PC2 and PC3 indicates some 

differentiation between the swamp eels from the two haplotypes, however there is 

greater overlap between populations representing each haplotype in each scatter 

plot. Thus this data set seems to highlight within population variability, some of 

which may be related to the nature of the data transformation. 

 

4.3.2.2. Discriminant Function Analysis (DFA) 

 

The results of the DFA applied to the log10 transformed morphometric 

variables are given in Table 4.11. The first three functions account for 95.1% of 

the variation with the first function accounting for 66.9% with many variables 
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having strong positive correlations. On Function 2 all variables have negative, 

mostly high correlations again indicating separation of population based on 

components of size. Variable correlations on DF3 have both negative and 

positive correlations indicating population separation based on shape. However 

no variables have strong correlations with GBD (0.286) and HL (-0.295), being 

the most important. The classification function correctly allocated all samples to 

their original population indicating that each population has a distinctive set of 

morphometric attributes. Examination of the DF scores shows that there is 

minimal overlap among populations with the combination DF1 and DF2 

differentiating populations CMS and RPG (haplotype B) from the other 

populations. Similarly, the combination of DF1 and DF3 differentiates populations 

NRM and DMP (haplotype A) from the other populations (Figure 4.11). However 

none of first three functions clearly separates the three populations of haplotype 

A and the three populations of haplotype B (Figure 4.11), although the 

combinations of DF2 and DF3 minimises the overlap of individuals between the 

two haplotypes.   

The details of the analysis of the ratio transformed morphometric 

variables are given in Table 4.12. The first three functions account for 95% of the 

variation with the first function accounting for 55.1% with variables having positive 

and negative correlations, indicating that size is not dominating the variation. On 

Function 2 all but one variable have positive, mostly, high correlations indicating 

separation of population based on components of size. Variable correlations of 

DF3, like DF1, have both negative and positive correlations indicating population 

separation based on shape. ED/TL and HD/TL are the most influential variables 

on DF1. The classification function correctly allocated all samples to their original 

populations. The DF1 and DF2 scores highlight the differences between 

populations CMS and RPG (haplotype B) and populations NRM and DMP 
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(haplotype A) (Figure 4.12). None of first three functions separates the three 

populations of haplotype A and the three populations from haplotype B (Figure 

4.12), although the combinations of DF2 and DF3 is the most effective, outliers 

within several populations, prevents any clear separation of the two genetic 

forms.  

The outcome of the DFA applied to the size transformed morphometric 

variables is given in Table 4.13. The first three functions account for 94.5% of the 

variation with the first function accounting for 38.5%, indicating that the variation 

is spread more evenly across the first three axes. Surprisingly, all variables 

having positive correlations, indicating that DF1 is based on size differences. On 

Functions 2 and 3 variables have both positive and negative correlations 

indicating that population separation is on the basis of shape. The most important 

variables on DF2 are ED and HD and on DF3 GBD and HL. The classification 

function again correctly allocated all samples to their original populations 

indicating that each population has a distinguishing set of morphometric 

attributes. The scatterplot of DF scores (Figure 4.13) shows that populations 

CMS and RPG (haplotype B) are well separated from DMP, but with the other 

populations having intermediate scores on DF1. The combination of DF1 and 

DF3 provides the best discrimination of haplotype A samples (NRM, SRG and 

DMP) from the haplotype B samples (PDG, CMS and RPG), however there are 

still several outliers from several populations that prevents a clear spatial 

separation (Figure 4.13).  

Two group DFA applied to all seven populations (n=88) using the log10 

and ratio transformed data sets were largely successful at discriminating swamp 

eels from the two haplotypes (Tables 4.14 and 4.15 and Figure 4.14). The log10 

transformed data were slightly more successfully at discriminating the two 

haplotypes. The distributions of scores showed more overlap on the analysis of 
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the ratio transformed data (Figure 4.14) and the classification of individuals was 

not 100% successful (Table 4.15). The variable correlations were all positive for 

the log10 transformed data set, with STE having the highest correlation (0.903). 

In contrast the ratio data set had mixed positive and negative correlations, but as 

with the previous analysis the variable STE (snout tip to posterior margin of orbit, 

STE/TL) had the highest correlation.  

Two group DFA was also applied to the seven populations using a data 

set comprising all morphometric variables and the meristic variable (vertebrae 

number), with the results summarised in Table 4.16 and Figure 4.15. The log 

transformed and untransformed data set gave very similar results with 100% 

successful discrimination based on the classification function. Vertebrae number 

and STE had the highest correlations in both these analyses. The discriminant 

analysis based on just these two variables also gave 100% successful 

discrimination and classification (Figure 4.15C). A bivariate plot of these variables 

effectively separates the two haplotypes and represents the two best 

morphological variables for taxonomic identification (Figure 4.16) of the two 

species of swamp eels.  

 

4.4. Discussion 

 

An analysis of morphological variation of populations of swamp eels from 

the two genetically defined haplotypes from Indonesia was successful in 

demonstrating that the two forms can be phenotypically distinguished. This 

therefore provides further justification for their recognition as separate species. 

However, the analysis of morphological variation was not straightforward and, if 

conducted in isolation from the genetic analysis would not have led to the 
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independent evidence of two the forms or taxa of Monopterus that are clearly 

defined from genetic analyses. In other words, while phenotypic differences could 

be detected, there was no support for a morphological “gap” between the species 

as the degree of morphological variation within and between populations was 

substantial. 

The strongest evidence for a correlation between the genetic results and 

the morphological data emerges from the meristic data (vertebral counts) and the 

multivariate analysis of ratio-transformed metric data. The vertebrae counts were 

quite variable within and between populations, but showed no overlap between 

haplotype A (range: 160-174) and haplotype B (range: 175-182) for the fish 

samples examined. While the average size of fish from haplotype B was 

significantly larger than haplotype A, this does not account for the observed 

difference.  The vertebrae count is not correlated with size within each group and 

there is a region of significant overlap in the size of fish, where the differences 

between the two forms in vertebrae counts are maintained.   

The multivariate analysis of morphometric data in fish (and other 

organisms with indeterminate growth) is highly contentious in relation to how 

environmental or age related variation leading to size differences should be 

managed (Thorpe, 1976; Bookstein, 1982). In this study I used two approaches, 

one using formula for eliminating size (Simon et al., 2010) and a utilitarian 

approach using ratios. These were also compared with analyses based on the 

same data set without size transformations. While the use of ratio has attracted 

much criticism over the years (Thorpe, 1976; Atchley and Anderson, 1978; 

Bookstein, 1982), it is intuitively more meaningful relative to one of the purposes 

of the study (distinguishing genetically defined groups) and also allows 

comparisons with the fish taxonomic literature, which still widely employs ratio for 

characterising and distinguishing species (Lin et al., 2005; Minos et al., 2012; 
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Neto et al., 2012). Interestingly, the less sophisticated method based on ratios 

was more successful in identifying differences between fish from the two 

haplotypes than the size-transformation method.  

Multivariate methods of analysis of the data sets subject to the two kinds 

of data transformation and the untransformed data set emphasised the high 

degree of morphological variation within and between populations. Indeed the 

extent of this variation makes it impossible to distinguish the two genetically 

divergent, biological species identified in chapter 2 without reference to the prior 

genetic classification. The data sets without adjustment for size variation were 

more effective at distinguishing the populations and identifying differences 

between the two haplotypes. Surprisingly both the ratio and size-transformed 

data sets still exhibited size related variation based on correlations with TL and  

and correlations on the Principal Component or Discriminant Function axes. 

Further, the cruder method, using ratios tended to perform better in relation to the 

correlation analyses and the multivariate analyses.  

The two group DFA was successful in that it demonstrated that difference 

between the two genetic forms of swamp eels do exist and can be used for 

taxonomic discrimination. Further, these analyses, when applied to all variables 

and all populations gave 100% discrimination. In addition, analyses of the two 

best discriminating variables, vertebrae number and snout tip to posterior margin 

of orbit (STE) successfully distinguishes all individuals of the two haplotypes.  

A caveat for the use of DFA is that it is a very powerful method for 

distinguishing and the subsequent reclassification of pre-defined groups. Thus 

when the pre-defined groups are at the species level this can not be used as 

independent evidence for species recognition (Albrecht, 1980). Nevertheless 

success of the two group analysis is useful as the groups were defined on the 

basis of an independent genetic analysis and the outcome supports practical 
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taxonomic identification. Thus an unknown swamp eel individual could be 

measured for the same variables used in this study and using the DF equations 

assigned to one or other of the swamp eel populations with a high probability 

(Albrecht 1980, Austin and Knott, 1996; Khan et al., 2012; Samaradivakara et al. 

2012).  

My data on vertebrae counts for haplotype A (160-174) is consistent with, 

but slightly higher than the data reported by Rosen and Greenwood (1976), for 

M. albus, who reported a range of 142-172, although most of the fish they 

investigated have a vertebrae number above ≥ 160. Thus finding the fish from 

haplotype B populations (PDG, CMS, RPG) to have counts from 175-183 

indicates they are quite divergent from the typical Monopterus phenotype. This 

result suggests that these populations, and therefore haplotype B, the more 

widespread of the two forms, may represent M. javanensis which also has a high 

vertebrae count (188) as reported by Regan (1912).  

While the present study found significant variability in morphometric and 

meristic traits among the six populations of M.albus some characters were better 

for discriminating between fish from the two haplotypes. Head depth (HD), head 

length (HL), ratio head depth with total length (HD/TL) and ratio of head length 

with total length (HL/TL) were found to be important discriminating variables with 

populations NRM, SRG and DMP (haplotype A) in general having shorter HD, HL 

and HL/TL and longer HD/TL than populations PDG, CMS and RPG (haplotype 

B).This is consistent with the taxonomic literature as Eapen (1963) reported that, 

M. albus specimens have a total length 10-13 times that of the head length and 

17-26 times body depth. In this study, length of the body in population NRM, 

SRG, DMP (haplotype A) is approximately 12-13 times in the total length of the 

head whereas the total head is 11-12 times that of the body population PDG, 

CMS, and RPG (haplotype B). Similarly, greatest body depth (GBD) in 
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populations  NRM, SRG, DMP (haplotype A) is approximately 25-28 times that of 

the total length of the body while it is 24-32 for populations PDG, CMS, and RPG 

(haplotype B). 

The findings of the present study suggest that the two haplotypes do differ 

in morphological traits, but these are obscured by a high degree of within and 

between population genetic variation. This is consistent with an observation by 

Allendorf et al. (1987) that fishes are known to demonstrate greater variance in 

morphometric traits both within and between populations than other vertebrates, 

and are more susceptible to environmentally induced morphological variation. 

Therefore different environmental factors such as water temperature, food 

availability, type of soils in paddy fields, and density may influence the phenotypic 

differentiation of these populations. It would therefore be of interest to conduct a 

morphological study of fish from the two haplotypes after they had been raised 

from the larval stage to adult hood under controled or communal conditions. It 

would also be important to control for other variables such as age/size and sex in 

such a study. For example it would be useful to morphologically compare 

individuals of the different haplotypes that were as closely matched as possible 

with respect to overall size.  

Finally it is recommended that further morphological studies be conducted 

on additional populations of these species and those from the other haplotypes 

identified in chapter 2 to fully document and explore morphological variation 

within this group and to search for diagnostic characteristic that support or 

correlate with the molecular genetic patterns. Such studies would clearly benefit 

from the use of multivariate techniques and the sampling of fish from type 

localities and measuring of type specimens. In this regard the classification 

function of MDF is a very powerful as it can be used to predict group membership 
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of an unknown specimen (e.g. type specimen) with known (measured) 

populations (Austin and Knott, 1996).  
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Figure 4.3. Morphometric measurements of M. albus 
       (1) Ventral view; (2) Lateral view 



1
67

 
 

 
1

67
 

T
a

b
le

 4
.3

. 
D

is
tr

ib
u
ti
o

n
 o

f 
v
e

rt
e

b
ra

e
 n

u
m

b
e
r 

fr
e
q

u
e

n
c
y
 i
n

 s
e

v
e

n
 p

o
p

u
la

ti
o
n

s
 o

f 
M

. 
a

lb
u
s
 

 P
o

p
u

la
ti

o
n

 
co

d
e 

H
ap

lo
ty

p
e 

N
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

  
V

er
te

b
ra

e 
n

u
m

b
er

 

 
 

 
16

0 
16

1 
16

2 
16

3 
16

4 
16

5 
16

6 
16

7 
16

8 
16

9 
17

0 
17

1 
17

2 
17

3 
17

4 
17

5 
17

6 
17

7 
17

8 
17

9 
18

0 
18

1 
18

2 

P
LG

 
A

 
8 

 
 

1 
 

 
2 

 
2 

2 
 

1 
 

 
 

 
 

 
 

 
 

 
 

 
N

R
M

 
A

 
5 

 
1 

 
 

 
 

 
1 

 
 

1 
2 

 
 

 
 

 
 

 
 

 
 

 
S

R
G

 
A

 
14

 
1 

1 
1 

 
 

3 
 

2 
3 

1 
1 

 
 

1 
 

 
 

 
 

 
 

 
 

D
M

P
 

A
 

15
 

2 
 

2 
 

2 
1 

 
2 

1 
 

2 
 

1 
1 

1 
 

 
 

 
 

 
 

 
P

D
G

 
B

 
7 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
3 

 
 

1 
1 

1 
1 

 
C

M
S

 
B

 
7 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

2 
 

1 
2 

1 
 

1 
R

P
G

 
B

 
2 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

1 
 

 
 

 
 

1 

P
o

p
u

la
ti
o
n

 c
o

d
e

s
 a

re
 g

iv
e

n
 i
n

 T
a

b
le

 4
.1

. 
                      

167 



1
68

 
 

 
1

68
 

T
a

b
le

 4
.4

. 
S

u
m

m
a

ry
 o

f 
m

o
rp

h
o
m

e
tr

ic
 f
o

r 
d

a
ta

 f
o
r 

1
3
 v

a
ri
a
b

le
s
 m

e
a
s
u
re

d
 i
n

 m
ill

im
e

tr
e

s
 (

m
e

a
n
±
S

D
) 

fo
r 

s
e

v
e

n
 p

o
p

u
la

ti
o
n

s
 o

f 
M

. 
a

lb
u
s
. 
 

S
a

m
p

le
 s

iz
e

 i
s
 g

iv
e

n
 i
n

 p
a

re
n
th

e
s
e

s
 

V
a

ri
a

b
le

s
 

H
a

p
lo

ty
p

e
 A

 
H

a
p

lo
ty

p
e
 B

 

 
P

L
G

 (
1

2
) 

N
R

M
 (

1
1
) 

S
R

G
 (

1
6
) 

D
M

P
 (

1
7
) 

P
D

G
 (

1
4
) 

C
M

S
 (

1
2
) 

R
P

G
 (

6
) 

T
L
 

2
0
3

.9
2

±
1

2
.2

9
 

2
5
8

.8
1

±
1

7
.2

2
 

2
9
6

.6
3

±
2

4
.5

4
 

3
0
8

.9
4

±
1

5
.4

6
 

3
3
5

.0
7

±
2

2
.5

7
 

3
8

4
.9

2
±
1

5
.1

3
 

3
6
1

.0
0

±
1

6
.8

3
 

S
T

O
 

  
1

3
.9

5
±
  

1
.5

8
 

  
2

0
.1

9
±
  

1
.7

1
 

  
2

2
.0

6
±
  

3
.2

6
 

  
2

2
.2

1
±
  

1
.9

0
 

  
2

5
.6

2
±
  

2
.4

4
 

  
3

0
.7

8
±
  

1
.7

1
 

  
2

9
.7

7
±
  

1
.0

5
 

S
T

G
A

 
  

1
1
.8

7
±
  

1
.1

0
 

  
1

8
.5

5
±
  

1
.5

1
 

  
2

0
.4

7
±
  

3
.0

5
 

  
1

8
.0

9
±
  

1
.5

8
 

  
2

2
.8

0
±
  

2
.0

0
 

  
2

7
.0

3
±
  

2
.2

3
 

  
2

6
.0

9
±
  

2
.1

1
 

H
L
 

  
1

4
.2

1
±
  

1
.6

0
 

  
2

1
.6

8
±
  

1
.6

8
 

  
2

3
.7

0
±
  

2
.9

8
 

  
2

3
.3

7
±
  

1
.9

6
 

  
2

7
.8

8
±
  

2
.5

8
 

  
3

2
.3

1
±
  

1
.5

3
 

  
3

2
.0

2
±
  

1
.4

8
 

S
L
 

  
  

2
.1

6
±
  

0
.1

5
 

  
  

3
.5

4
±
  

0
.4

3
 

  
  

4
.2

6
±
  

0
.4

5
 

  
  

4
.3

0
±
  

0
.3

7
 

  
  

4
.8

3
±
  

0
.4

3
 

  
  

6
.5

2
±
  

0
.4

5
 

  
  

5
.9

8
±
  

0
.4

3
 

S
T

E
 

  
  

3
.3

4
±
  

0
.4

0
 

  
  

4
.8

5
±
  

0
.4

4
 

  
  

5
.1

6
±
  

0
.5

5
 

  
  

5
.3

6
±
  

0
.4

1
 

  
  

6
.2

9
±
  

0
.3

7
 

  
  

8
.1

5
±
  

0
.7

5
 

  
  

7
.5

1
±
  

0
.4

9
 

G
L
 

  
  

6
.3

9
±
  

0
.7

9
 

  
  

9
.3

1
±
  

0
.9

6
 

  
1

0
.0

1
±
  

1
.4

8
 

  
  

8
.5

3
±
  

1
.1

1
 

  
1

0
.4

5
±
  

0
.6

6
 

  
1

1
.7

4
±
  

0
.2

7
 

  
1

3
.8

3
±
  

0
.9

6
 

E
D

 
  
  

0
.7

3
±
  

0
.0

7
 

  
  

1
.7

1
±
  

0
.1

7
 

  
  

1
.8

3
±
  

0
.1

8
 

  
  

1
.6

6
±
  

0
.1

2
 

  
  

1
.8

1
±
  

0
.1

4
 

  
  

1
.8

9
±
  

0
.0

7
 

  
  

1
.9

8
±
  

0
.0

7
 

W
G

A
 

  
  

3
.6

3
±
  

0
.5

6
 

  
  

4
.8

1
±
  

0
.7

3
 

  
  

5
.7

3
±
  

0
.6

2
 

  
  

6
.0

1
±
  

0
.6

2
 

  
  

5
.7

7
±
  

0
.5

1
 

  
  

7
.8

8
±
  

0
.4

9
 

  
  

7
.1

3
±
  

0
.8

2
 

H
D

 
  
  

6
.7

9
±
  

0
.9

6
 

  
1

2
.7

5
±
  

1
.6

1
 

  
1

3
.9

7
±
  

2
.3

3
 

  
  

9
.8

1
±
  

0
.8

6
 

  
1

1
.9

7
±
  

1
.0

0
 

  
1

5
.8

9
±
  

1
.1

8
 

  
1

6
.1

8
±
  

1
.2

8
 

H
W

 
  
  

5
.1

1
±
  

0
.6

7
 

  
  

8
.7

4
±
  

1
.2

8
 

  
  

9
.1

5
±
  

1
.2

6
 

  
  

8
.7

0
±
  

0
.8

9
 

  
  

9
.3

8
±
  

0
.9

7
 

  
1

1
.8

1
±
  

0
.8

3
 

  
1

1
.6

5
±
  

0
.9

6
 

G
B

D
 

  
  

6
.0

6
±
  

0
.5

0
 

  
  

9
.7

8
±
  

1
.4

4
 

  
1

1
.6

7
±
  

1
.4

1
 

  
1

0
.6

4
±
  

1
.1

2
 

  
1

0
.3

8
±
  

0
.5

9
 

  
1

5
.5

9
±
  

1
.1

1
 

  
1

4
.0

4
±
  

1
.2

5
 

G
W

B
 

  
  

5
.0

9
±
  

0
.6

1
 

  
  

7
.6

5
±
  

0
.8

0
 

  
  

8
.2

4
±
  

1
.0

5
 

  
  

8
.6

5
±
  

0
.8

8
 

  
  

9
.5

8
±
  

1
.0

9
 

  
1

1
.2

8
±
  

0
.8

4
 

  
  

9
.9

9
±
  

0
.8

1
 

P
o

p
u

la
ti
o
n

 c
o

d
e

s
 a

re
 g

iv
e

n
 i
n

 T
a

b
le

 4
.1

. 
   

168 



1
69

 
 

 
1

69
 

T
a

b
le

 4
.5

. 
 C

o
rr

e
la

ti
o
n

 c
o

e
ff

ic
ie

n
ts

 f
o
r 

T
L
 a

g
a

in
s
t 
1

2
 m

o
rp

h
o
m

e
tr

ic
 v

a
ri
a
b

le
s
 e

a
c
h

 h
a

p
lo

ty
p

e
 o

f 
M

. 
a

lb
u
s
 a

n
d

 f
o
r 

th
e
 p

o
o

le
d
 d

a
ta

  

M
o

rp
h

o
m

e
tr

ic
 

c
h

a
ra

c
te

rs
 

r 
H

a
p

lo
ty

p
e
 A

 
N

=
4

4
 

r 
H

a
p

lo
ty

p
e
 B

 
N

=
3

2
 

r 
P

o
o

le
d

 
N

=
7

6
 

S
T

O
 

0
.7

8
5
 

0
.9

2
6
 

0
.9

3
8
 

S
T

G
A

 
0

.5
6

7
 

0
.8

2
4
 

0
.8

6
6
 

H
L
 

0
.8

5
4
 

0
.9

4
4
 

0
.9

5
7
 

S
L
 

0
.8

3
4
 

0
.8

9
1
 

0
.9

3
2
 

S
T

E
 

0
.6

5
9
 

0
.7

8
6
 

0
.8

8
2
 

G
L
 

0
.3

8
4
 

0
.5

3
9
 

0
.7

1
4
 

E
D

 
0

.4
0

4
 

0
.6

3
9
 

0
.5

8
4
 

W
G

A
 

0
.8

0
8
 

0
.7

7
6
 

0
.8

3
9
 

H
D

 
0

.1
2

8
 

0
.7

5
5
 

0
.5

4
0
 

H
W

 
0

.5
5

9
 

0
.7

6
0
 

0
.7

8
8
 

G
B

D
 

0
.7

0
5
 

0
.7

9
0
 

0
.7

8
2
 

G
W

B
 

0
.7

0
1
 

0
.6

8
3
 

0
.8

4
7
 

*V
a

lu
e

s
 i
n

 b
o

ld
 a

re
 d

if
fe

re
n

t 
fr

o
m

 0
 w

it
h

 a
 s

ig
n

if
ic

a
n

c
e
 l
e

v
e

l 
P

 =
0

.0
5

 
  

 

169 



1
70

 
 

 
1

70
 

 

 F
ig

u
re

 4
.4

. 
S

c
a
tt

e
rp

lo
t 
fo

r 
to

ta
l 
le

n
g

th
 v

e
rs

u
s
 v

e
rt

e
b
ra

e
 c

o
u
n

t 
fo

r 
s
e

v
e

n
 p

o
p

u
la

ti
o
n

s
 o

f 
 M

.a
lb

u
s
. 

H
a

p
lo

ty
p

e
 A

, 
re

d
 

s
y
m

b
o
ls

 (
n

=
4

2
),

 h
a
p

lo
ty

p
e

 B
, 
g

re
e

n
 s

y
m

b
o
ls

 (
n
=

1
6
) 

 
 

1
5

5

1
6

0

1
6

5

1
7

0

1
7

5

1
8

0

1
8

5

1
5

0
2

0
0

2
5

0
3

0
0

3
5

0
4

0
0

4
5

0

Vertebrae Number 

T
o

ta
l L

en
gt

h
 

P
L

G
N

R
M

SR
G

D
M

P
P

D
G

C
M

S
R

P
G

170 



1
71

 
 

 
1

71
 

 
 

F
ig

u
re

 4
.5

. 
V

e
rt

e
b
ra

e
 f
re

q
u

e
n

c
y
 h

is
to

g
ra

m
 f

o
r 

M
. 
a

lb
u
s
 f

o
r 

h
a
p

lo
ty

p
e
 A

 (
n

=
4

2
) 

a
n
d
 h

a
p

lo
ty

p
e
 B

 (
n
=

1
6
) 

 
 

 

012345678

1
6

0
1

6
5

1
7

0
1

7
5

1
8

0

Frequency 

V
e

rt
e

b
ra

e
 N

u
m

b
e

r 

A
B

171 



1
72

 
 

 
1

72
 

 
F

ig
u

re
 4

.6
. 
V

e
rt

e
b
ra

e
 o

f 
M

. 
a

lb
u
s
. 
(A

) 
h

a
p

lo
ty

p
e
 A

  
w

it
h

 v
e

rt
e

b
ra

e
 c

o
u
n

t:
 1

6
1

; 
 (

B
) 

h
a
p

lo
ty

p
e
 B

  
w

it
h

 v
e

rt
e

b
ra

e
 c

o
u

n
t:

 1
7
5

172 



173 
 

 173 

Table 4.6. Principal component analysis of 13 log transformed morphometric 

characters for M. albus from seven populations. Variable loadings are given for 

the first three components.  

 

Variables/ 
PCA statistics 

PC1 PC2 PC3 

TL 0.969 -0.202 -0.004 

STO 0.982 -0.057 -0.088 

STGA 0.975 0.056 -0.093 

HL 0.988 -0.059 -0.065 

SL 0.972 -0.123 0.018 

STE 0.947 -0.137 -0.108 

GL 0.923 0.192 -0.251 

ED 0.893 0.216 0.329 

WGA 0.917 -0.233 0.069 

HD 0.898 0.395 -0.059 

HW 0.961 0.069 0.067 

GBD 0.951 0.040 0.120 

GWB 0.943 -0.115 0.085 

Eigen value 11.683 0.398 0.238 

% of variance 89.871 3.059 1.833 

Cumulative % variance 89.871 92.930 94.763 
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Figure 4.7. Plot of Principal Component scores for the first three axes for seven 
populations of M.albus based on 13 log10 transformed morphometric variables. Red and 
green colours refer to the genetically defined haplotypes A and B
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Table 4.7.  Correlation coefficients (r) for untransformed, Log10 transformed 

morphometric characters and ratios with Total Length for six populations of M. 

albus. 

Morpho-
metric 
characters 

r 
untrans-
formed 

r 
log10 

transformed 

r 
size-

transformed 
morphometric 

characters 

r
 

ratios 
transformed 

STO 0.936 0.925 0.448 0.339 

STGA 0.866 0.848 0.358 0.189 

HL 0.954 0.948 0.525 0.440 

SL 0.931 0.931 0.697 0.656 

STE 0.882 0.879 0.532 0.422 

GL 0.714 0.703 0.206 -0.119 

ED 0.585 0.585 -0.306 -0.721 

WGA 0.836 0.839 0.366 0.170 

HD 0.539 0.497 0.180 -0.198 

HW 0.786 0.774 0.189 -0.106 

GBD 0.783 0.779 0.328  0.113 

GWB 0.844 0.842 0.242  0.007 

*Values in bold are different from 0 with a significance level alpha=0.05 
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Table 4.8. Principal Component analysis of 13 log10 transformed morphometric 

characters for six populations of M. albus. Variable loadings are given for the first 

three components as correlations. 

Variable PC1 PC2 PC3 

TL   0.928 -0.299 -0.065 

STO   0.963 -0.066 -0.123 

STGA   0.947  0.111 -0.132 

HL   0.970 -0.085 -0.155 

SL   0.925 -0.225 -0.025 

STE   0.905 -0.208 -0.160 

GL   0.859  0.323 -0.186 

ED   0.738  0.458 -0.054 

WGA   0.835 -0.291  0.340 

HD   0.744  0.574  0.117 

HW   0.892  0.103  0.181 

GBD   0.880  0.048  0.386 
GWB   0.853 -0.256 -0.058 

Eigen value 10.135  1.014  0.439 

% of variance 77.964   7.799  3.376 

Cumulative % variance 77.964 85.763 89.140 
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Figure 4.8. Plot of Principal Component scores for the first three axes for six populations 

of M. albus based on 13 log10 transformed morphometric variables. Red and green 

colours refer to the genetically defined haplotypes A and B 
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Table 4.9. Results for a Principal Components analysis of 12 ratio-transformed 

morphometric characters for M. albus from six populations. Variable loadings are 

given for the first three components as correlations.  

 

Variable 
PCA statistics 

PC1 PC2 PC3 

STO/TL   0.816 -0.184 -0.253 

STGA/TL   0.857  0.002 -0.201 

HL/TL   0.810 -0.249 -0.342 

SL/TL   0.417 -0.743  0.158 

STE/TL   0.524 -0.625 -0.109 

GL/TL   0.768  0.279 -0.171 

ED/TL   0.310  0.822 -0.009 

WGA/TL   0.195 -0.177  0.802 

HD/TL   0.809  0.408  0.046 

HW/TL   0.693  0.314  0.277 

GBD/TL   0.612  0.017  0.613 
GWB/TL   0.316 -0.014  0.062 

Eigen value   4.837   2.088  1.389 

% of variance 40.310 17.400 11.573 

Cumulative % variance 40.310 57.710 69.283 
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Figure 4.9. Plot of Principal Component scores for the first three axes for six populations 

of M. albus based on 12 ratio-transformed morphometric variables. Red and green 

colours refer to the genetically defined haplotypes A and B  
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Table 4.10. Principal Component analysis of 12 size-transformed morphometric 
variables for six populations of M. albus. Variable loadings are given for the first 
three components as correlations 
 

Variables/ 
PCA statistics 

PC1 PC2 PC3 

STO   0.837   0.042  -0.241 
STGA   0.865   0.156  -0.175 
HL   0.864   0.061  -0.313 
SL   0.587  -0.599  -0.084 
STE   0.628  -0.486  -0.369 
GL   0.793   0.299  -0.099 
ED   0.384   0.719   0.248 
WGA   0.318  -0.495   0.632 
HD   0.847   0.281   0.139 
HW   0.705   0.111   0.358 
GBD   0.663  -0.215   0.539 
GWB   0.379  -0.255  -0.109 
Eigen value   5.608   1.679   1.250 
% of variance 46.734 13.993 10.420 
Cumulative % variance 46.734 60.727 71.147 
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Figure 4.10. Plot of Principal Component scores for the first three axes for six 

populations of M. albus based on 12 size transformed morphometric variables. Red and 

green colours refer to the genetically defined haplotypes A and B  
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Table 4.11. Discriminant Function analysis of 13 log10 transformed 

morphometric variables for six M. albus populations. The variable loadings are 

given for the first three functions as correlations  

 

Variables/ 
DFA statistics 

DF1 DF2 DF3 

TL   0.766  -0.502 -0.151 

STO   0.553  -0.648 -0.262 

STGA   0.386  -0.766 -0.241 

HL   0.563  -0.660 -0.295 

SL   0.690  -0.652 -0.085 

STE   0.648  -0.678 -0.262 

GL   0.163  -0.803 -0.241 

ED   0.077  -0.571 -0.050 

WGA   0.682  -0.506  0.153 

HD  -0.078  -0.916  0.079 

HW   0.375  -0.692 -0.053 

GBD   0.467  -0.733  0.286 
GWB   0.637  -0.473 -0.192 

Eigen value 18.814   5.124  2.788 

% of variance 66.922 18.226 9.919 

Cumulative % variance 66.922 85.149 95.067 
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Figure 4.11. Plot of Discriminant Function scores for the first three axes for six 

populations of M. albus based on 13 log10 transformed morphometric variables. Red and 

green colours refer to the genetically defined haplotypes A and B  
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Table 4.12. Discriminant function analysis of 12 ratio transformed morphometric 

characters for six populations of M. albus. Variable loadings are given for the first 

three functions as correlations  

 

Variables 
DFA statistics 

DF1 DF2 DF3 

STO/TL   0.106   0.676   0.246 

STGA/TL   0.382   0.704   0.212 

HL/TL   0.128   0.797   0.444 

SL/TL  -0.393   0.749  -0.160 

STE/TL  -0.284   0.713   0.138 

GL/TL   0.637   0.551   0.209 

ED/TL   0.881  -0.164  -0.015 

WGA/TL  -0.146   0.224  -0.552 

HD/TL   0.747   0.558  -0.189 

HW/TL   0.437   0.403  -0.133 

GBD/TL   0.220   0.540  -0.674 
GWB/TL  -0.014   0.104   0.066 

Eigen value   9.993   4.697   2.550 

% of variance 55.078 25.886 14.055 

Cumulative % variance 55.078 80.964 95.019 
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Figure 4.12. Plot of Discriminant Function scores for the first three axes for six 
populations of M.albus based on 12 ratio transformed morphometric variables. Red and 
green colours refer to the genetically defined haplotypes A and B  
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Table 4.13. Discriminant function analysis of 12 size transformed morphometric 

variables for six populations of M. albus. Variable loadings are given for the first 

three functions as correlations  

 

Variables/ 
DFA statsitics 

DF1 DF2 DF3 

STO   0.657   0.007   0.328 

STGA   0.738  -0.306   0.291 

HL   0.755  -0.089   0.499 

SL   0.772   0.375  -0.077 

STE   0.735   0.357   0.236 

GL   0.662  -0.460   0.278 

ED   0.072  -0.740   0.021 

WGA   0.372   0.291  -0.491 

HD   0.771  -0.545  -0.086 

HW   0.535  -0.209  -0.072 

GBD   0.674  -0.072  -0.581 

GWB   0.235   0.205   0.110 

Eigen value   5.131   4.716   2.741 

% of variance 38.516 35.402 20.573 

Cumulative % variance 38.516 73.918 94.491 

 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



187 
 

 187 

 
 
Figure 4.13. Plot of Discriminant Function scores for the first three axes for six 
populations of M.albus based on 12 size transformed morphometric variables. Red and 
green colours refer to the genetically defined haplotypes A and B 
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Table 4.14. Two group Discriminant Function analyses of 13 log transformed and 

12 ratio transformed morphometric characters for seven populations of M. albus. 

Variable loadings are given for the first three functions as correlations  

 

Log10 
 

Ratio 

Variables/ 
DFA statistics 

DF1 
 

Variables/ 
DFA statistics 

DF1 
 

TL   0.827   

STO   0.834 STO/TL   0.436 

STGA   0.828 STGA/TL   0.366 

HL   0.882 HL/TL   0.640 

SL   0.822 SL/TL   0.647 

STE   0.903 STE/TL   0.663 

GL   0.710 GL/TL   0.060 

ED   0.438 ED/TL  -0.644 

WGA   0.579 WGA/TL  -0.068 

HD   0.465 HD/TL  -0.156 

HW   0.629 HW/TL  -0.117 

GBD   0.516 GBD/TL  -0.116 

GWB   0.750 GWB/TL   0.090 

Eigen value 4.509 Eigen value 3.929 

% of variance 100 % of variance 100 

 

.  
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A 

 

B 

 
 
Figure 4.14. Histograms of discriminant scores from two group Discriminant 
Function analyses of 13 log transformed (A) and 12 ratio transformed (B) 
morphometric characters for seven populations of M. albus. Red and green 
colours refer to the genetically defined haplotypes A and B 
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Table 4.15. Classification results of discriminant function analysis using log and 
ratio transformed morphometric variable from seven populations of M.albus 
based on the grouping of the two haplotypes 
 

Data set M. albus Predicted count Total 
(correct) 

  Haplotype A Haplotype B  

Log10 Haplotype A 56  0 56 (100.0) 
 Haplotype B 0  32 32 (100.0) 
Ratio Haplotype A 56 0 56 (100.0) 
 Haplotype B 1  31 32   (96.9) 
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Table 4.16. The two-group Discriminant Function analyses of untransformed 
morphometric and meristic characters for 88 M.albus from seven populations of 
M. albus. The first two DFAs were based on 14 variables, including vertebrae 
number and the third was based on the best discriminating variables identified in 
the analysis of all variables in the untransformed data set. Variable loadings are 
given for the first three functions as correlations 
 
 

Variables/ 
DFA statistics 

DF1 
Log10 

DF1 
Untrans- 
formed 

DF1 
Untrans - 
formed 

TL  0.683 0.730  

STO 0.672 0.730  

STGA 0.648 0.698  

HL 0.688 0.758  

SL 0.657 0.735  

STE 0.768 0.826 0.865 

G 0.638 0.659  

E 0.369 0.400  

A 0.540 0.586  

HD 0.445 0.442  

HW 0.537 0.585  

GBD  0.500 0.544  

GWB  0.605 0.668  

Vertebrae 0.903 0.904 0.947 

Eigen value 5.561 6.006 3.585 

% of variance 100 100 100 
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Figure 4.15. Histograms of discriminant scores from two group Discriminant Function 
analyses of 14 log transformed (A) and untransformed (B) morphological variables, and 
for the two best discriminating variables (C) for seven populations of M. albus. Red and 
green colours refer to the genetically defined haplotypes A and B  
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Figure 4.16. Bivariate plot of the two best discriminating variables, snout tip to 
posterior margin of orbit and vertebrae number identified from the DFA of 14 
untransformed variables (see Table 4.16). Red and green colours refer to the 
genetically defined haplotypes A and B 
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CHAPTER 5 

 

General Discussion 

 

The wide distribution, economic significance, invasive potential, variable 

morphology, and taxonomic disputation make swamp eels an important,  

interesting, challenging and, at times controversial species for study (Collins et 

al., 2002; Matsumoto et al., 2010). The advancement of knowledge of the 

taxonomy and understanding of the distribution of genetic variation in “M. albus” 

is of utmost importance given the species significance not only with respect to 

food security and household incomes, but also for effective conservation 

management in many developing countries including Indonesia. 

 The series of related studies presented in this thesis, involving the 

acquisition of different kinds of molecular genetic information and morphological 

data, contributes significant new knowledge about the swamp eel, M. albus. 

Indeed this thesis represents the most comprehensive study of swamp eel 

molecular genetics so far undertaken, contributing to the understanding of the  

taxonomy and evolution of the species. This study is also likely the most 

comprehensive molecular genetic investigation of any Indonesian freshwater fish 

species so far completed. 

 Following from the primary aims of this study, the following section 

summarises and discusses the principal findings and conclusions, together with 

recommendations for future research.  
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5.1. Global taxonomy and evolution of Monopterus albus complex 

 

Thirty one populations, obtained from comprehensive collections from 

Indonesia and two other Asian countries (Vietnam and Taiwan), have been used 

to reconstruct genealogical relationships using multi gene regions. Data from two 

different mtDNA fragments (COI and 2 fragments of 16S) and two nuclear gene 

regions (RAG1 and 1st intron of S7) have been utilised. Sequence data with up to 

3,366 bp were analysed using specimens as detailed in Chapters 2 and 3. A 

remarkably consistent picture emerged from the different nucleotide sequences 

and genealogical analyses. Firstly, DNA barcoding using COI mtDNA has 

provided strong evidence that M. albus contains cryptic species. In this 

investigation, the Indonesian M. albus fell into two distinct groups, which are 

genetically distinct from each other and distinct from other forms of M. albus from 

two other Asian countries (Vietnam and Taiwan). Secondly, 16S mtDNA 

sequences combined with the data from previous studies supported that M. albus 

is a species complex. The results also revealed at consistent picture of 

Indonesian M. albus being composed of two distinct groups, one clade unique to 

Indonesia and the other clade containing M. albus samples from Southeast Asian 

countries but distinct from M. albus sensu stricto from Japan and two other 

distinct forms (Figure 3.10). Thus I am confident that there are at least five valid 

species within what should now be described as the M. albus species complex. 

These findings have important implications for the taxonomy of M. albus, which is 

highly confused with most authors considering M. albus to be one species 

(Rosen and Greenwood, 1976; but see Kottelat, 2013). However my findings are 

consistent with more recent genetics, but less comprehensive studies, which 

conclude that Monopterus is represented by multiple species (Collins et al., 2002; 
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Matsumoto et al., 2010) in western East Asia and Southeast Asia. Finding 

complexes of cryptic species or lineages in freshwater fish groups is becoming 

more common in eastern and Southeast Asian countries with the increasing 

number of geographically comprehensive molecular genetic and phylogenetic  

studies (Nguyen et al., 2008; Bohlen et al., 2011; Ratmuangkhwang et al., 2014; 

Barman et al., 2014).  

Lastly, the use of sequences from multigene regions and additional 

sampling allowed the construction of robust phylogenetic hypotheses and 

therefore insights into the evolutionary history of the M. albus species complex. 

The overall phylogenetic relationships indicate that the highest diversity and 

oldest lineages within the complex are from the western part East Asia (China, 

Japan, Taiwan, North Vietnam) and the younger species discovered in this study 

to be located in Southeast Asia (Indonesia, Malaysia, and South Vietnam as 

detailed in Figure 3.10).  

This pattern of evolution would have required migration south and 

dispersal across present-day sea barriers between Malaysia and Indonesia and 

between major Indonesian islands (e.g. Sumatra and Java). Such migration 

would have been possible during periods of lower sea levels (Hall, 2002) when 

these land masses and island were connected and creating the ancient land 

mass of what is referred to as Sunderland (Figure 5.1). Dispersal within and 

between present-day countries would have been facilitated by the presence of 

large ancient rivers (Voris, 2000) as illustrated in Figure 5.2. The Sundaland land 

mass would have appeared several times during the last ice age (110,000 to 

12,000 years ago) when sea levels were lower and would have also been 

present during earlier periods extending in the Miocene (Hall, 2012). The 

presence of Sundaland has been used to explain the otherwise unusual and 

disjunct distribution of freshwater fish species in Southeast Asia including 
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arowana (Scleropages formosus) (Tang et al., 2004), Barbodes gonionotus 

(McConnell, 2004), mahseer (Tor species) (Nguyen et al., 2008) and loaches 

(Pangio) (Bohlen et al., 2011).  

 

5.2. Genetic variation of the Indonesian Monopterus albus complex 

 

The swamp eel is one of the most popular fish in Indonesia due to its 

reputation as valuable food. The fish is a common inhabitant of rice fields. 

However, they have not been cultured intensively yet. Therefore, it is important 

that management of stocks and genetic improvement programs utilize the best 

genetic information available to ensure benefits accrue to small scale farmers 

who depends on this fish species for their livelihoods and food security, and to 

ensure the wild conservation of the species indigenous to Indonesia occurring on 

the islands of Java and several adjacent islands to the east. 

While swamp eels have been studied using a variety of molecular 

markers in several countries, detailed knowledge of genetic variation of 

Indonesian swamp eels using microsatellite markers have not previously been 

conducted. The previous studies mostly focused on Chinese swamp eel 

populations from a relatively restricted geographic distribution (Cai et al., 2008; 

Cai et al., 2012). This thesis presents a comprehensive study on swamp eel 

genetic diversity in Indonesia, using microsatellite markers that have been 

previously used for swamp eels (Li et al., 2007; Lei et al., 2011) and other 

markers, including direct DNA sequencing of mitochondrial and nuclear genes 

and the DGGE procedures that have not been applied to this species before 

(Chapters 2 and 3). 
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In general, the mitochondrial DNA and nuclear DNA are consistent and 

revealed Indonesian swamp eel populations fall into two genetically distinct 

groups, being distinct from other forms of swamp eel from several Asian 

countries. In addition, these studies provided evidence of mixing of stocks of the 

two Indonesian species. An important finding was the haplotypes and alleles 

characterising the two forms of Indonesian swamp eel were correlated in the 

unmixed and mixed populations providing strong evidence meeting the 

requirement of the biological species concept (Mayr, 2000). The findings of a 

small number of hybrid individual in the mixed populations needs further research 

relating to reproductive behaviour of each species and their ecology including 

niche specialisation. 

The examination of variation in mitochondrial and nuclear markers 

documented high level of genetic diversity in both forms of Indonesian swamp 

eels. High level of genetic diversity of the fish is useful for aquaculture in the 

future. Therefore, there is a clear need to preserve and take advantage of genetic 

variation of the fish to improve breeding programs and hatchery productions 

which can potentially give beneficial impacts for economic improvement of small-

scale fish farmers and integrated agriculture in Indonesia.  

Finding swamp eels on either side of the Wallacea line, and considering 

their documented introduction to the United States on a minimum of three 

occasions (Collins et al., 2002), together with their known hardiness and 

adaptability and commercial importance, means that the species could become a 

serious pest and a significant invasive species (Nico et al., 2011). In additional to 

being a possible vector for parasites, translocated populations could displace 

local species, effect local freshwater communities through increased predation 

rates and complicate the interpretation of geographic patterns of genetic 

variability.  
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5.3. Morphological variation and taxonomy 

 
 

Integrative taxonomy which includes molecular, morphological, ecological 

and geographical data has recently developed as one of the most promising 

approaches to species delimitation in taxonomically difficult groups (Baco and 

Cairns, 2012; Novo et al., 2012; Silva et al. 2013). The Monopterus albus 

complex represents an interesting taxonomical study case, as this group of fish is 

defined by a lack of informative morphological characters. This research tested 

the effectiveness of an integrative taxonomy approach through delimiting two 

species within the “M. albus” species complex in Indonesia  

While identifying clear morphometric differences among the populations of 

the two Indonesian populations was challenging, univariate, bivariate and 

multivariate morphological analyses did provide support for phenotypic 

divergence between the species. Morphometric studies of variation among fish 

populations and species are confronted by difficulties in dealing with variation 

insize, phenotypic plasticity and local adaptation, which are amplified in 

freshwater species with fragmented distributions. Working with swamp eels is 

further complicated by their conservative morphology, the absence of scales (i.e. 

the body lacks rigidity compared with scaled fish), the absence of fins, and a long 

tail that is readily injured or damaged.  

Despite these problems the morphological analyses were effective is 

providing support for the genetically defined groups. Further, characters 

potentially useful for taxonomic identification were identified and the two most 

useful were highlighted (vertebrae number and snout tip to posterior margin of 

orbit). In addition, the multiple discriminant function analysis was successful in 
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distinguishing individuals from the two genetic forms and the classification 

function could be useful for the taxonomic identification of unknown individuals. 

One of the interesting outcomes of the morphological analyses was the lack of 

effectiveness of the transformations used to reduce the effects of size variation 

(Atchley and Anderson, 1978; Bookstein, 1982). The most useful approach was 

using the untransformed or log transformed data and PCA and DFA, which 

provided the best separation of the two species and were effective in partitioning 

size and shape related variation (Thorpe, 1976; Albrecht, 1980).  

 

5.4. Further studies 

 

Even though this study has significantly enhanced the understanding of 

the taxonomic and phylogenetic relationships and genetic diversity of the M. 

albus species complex, especially in relation to Indonesian stocks, there are still 

many areas that need further research. These include aspects relating to the 

geographic extension of this study, and details of the life history and ecology of 

swamp eel species that can now be conducted more effectively as it is clear that 

the M. albus complex contains several biological species.  

The finding of a new species endemic to Indonesia will likely have 

important implications. Local fishermen and farmers already recognise that two 

forms exist, with one growing larger (i.e. haplotype B), and hence being a 

common target as broodstock for ponds especially in western Sumatra, and the 

smaller form (i.e. haplotype A) having a favoured more savory taste, meaning it is 

often sold in preference in markets (especially eastern Java). This study provides 

a robust scientific basis for further exploring biological attributes of the two 
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species in the region relating to commercial exploitation, cultural use and 

conservation. 

In general, proper genetic, phylogenetic, biogeographical and ecological 

studies can not be conducted without a stable species level taxonomy and tools 

that allow identification of species. It is thus extremely important that extensive 

morphological and taxonomic studies similar to those carried out by Tancioni et 

al. (2013) in leuciscine fish and Silva et al. (2013) in species of Tetragonopterus 

be conducted. The limitation of this study is that morphological analyses only 

included a limited number of populations from Indonesia representing only two of 

a least five species of the complex. Any new studies need to use molecular tools 

to ensure a priori identification of specimens of swamp eels subject to 

morphological and taxonomic analysis. Such studies need to relate findings to 

existing taxonomic treatments, thus relevant type specimens need to be 

examined (if they have not been lost) and fish from type localities (where known) 

should be collected where possible. This is required to ensure the rules of 

nomenclature are followed and the appropriate and available species names are 

applied (Blackwelder, 1967; Schuh, 2000), especially considering the extensive 

list of synonyms for M. albus. Where no valid species name is available or 

appropriate then the taxon should be described as new, which will be likely most 

be the case for species corresponding to haplotype A from Indonesia. In addition, 

further molecular studies should be conducted with more comprehensive 

sampling, as M. albus has an extremely wide distribution (Figure 3.10) and this 

and earlier studies have still yet to fully sample the likely molecular and genetic 

variation with the species complex. Priority countries for additional sampling of 

Monopterus include Thailand, Myanmar, Cambodia, Laos, Philippines and some 

parts of Malaysia (Sarawak) and central China. Only with further studies 
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encompassing these countries will we have a full understanding of the diversity 

and evolution of the swamp eel.  

 New genetic and taxonomic studies of M.albus can take advantage of the 

DGGE or RFLP technique used in this study for rapid and relatively inexpensive 

assignment of individuals to putative species. In addition, an extension of the 

microsatellite investigation would be useful for taxonomy and populations 

genetics and also for contructing a genetic linkage map for M. albus and 

determine the potential for the identification of Quantitative Trait Loci (QTL) and 

Marker Assisted Selection (MAS) as means enhancing aquaculture productivity 

of this species (Baranski et al., 2006; Baranski et al., 2008; Ozaki et al., 2013; 

Yue, 2013). 

 The finding of admixture of two forms of Indonesian M. albus at several 

locations and the the presence of only a limited number of hybrids indicates that 

a study of the reproductive behaviour of the fish would be of significant interest to 

determine how the species maintains reproductive isolation. In addition, genomic 

studies have identified several genes that contribute to sex-determination and 

sexual development in M. albus (Liu and Zhou, 2001; Zhou et al., 2002; Lu et al., 

2003; Zhou et al., 2003; Yu et al., 2003; Wang et al., 2003; Xia et al., 2004; 

Huang et al., 2005; Ye et al., 2007; Yu et al., 2008; Liu et al., 2009) and these 

studies should be extended to Indonesian M. albus populations. Monopterus 

albus could become an increasingly important model organism for a range of 

fundamental research investigations as it is hardy, grows quickly and is readily 

maintained in captivity. This again emphasises the need to extend this study to 

develop a comprehensive knowledge base on the diversity of this important and 

interesting group of fishes throught the distribution, underpinned by a stable and 

reliable taxonomy.  
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Figure 5.1. Principal geographic features of the region covered in Southeast Asia 
reconstruction. The light shade areas are the continental shelves of Eurasia and 
Australia drawn at the 200 m isobath (Hall, 2002) 
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Figure 5.2. Map of Pleistocene sea levels in Southeast Asia and Austral-Asia. 
Light grey shading indicates -75 m sea level contour, dark lines show freshwater 
catchments at this time (Voris, 2000) 
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Appendix 2. Allele frequency of M. albus haplotype B (6 populations) 
 

Locus Allele KMR RPG NGR-B PLB-B GMP-B BRS-B 

Mal01 204 0.080 - 0.300 0.210 - - 
 214 0.780 0.432 0.575 0.790 0.608 0.408 
 217 - - - - 0.270 0.066 
 219 0.140 0.25 - - 0.027 0.171 
 221 - - 0.075 - 0.068 0.355 
 223 - - 0.050 - 0.027 - 
 225 - 0.318 - - - - 
        

Mal07 184 - - - - 0.013 - 
 186 0.140 - 0.400 - 0.013 0.197 
 190 0.860 0.100 0.575 0.952 0.974 0.750 
 192 - - 0.025 0.048 - 0.053 
        

Mal007 327 - 0.409 - - - - 
 331 - - - - - 0.053 
 335 - - - - - 0.079 
 341 - - 0.025 - - - 
 345 0.680 0.318 0.525 0.452 0.338 0.592 
 349 - - 0.050 - - 0.118 
 353 - - 0.050 - - - 
 355 - - 0.350 - 0.162 - 
 357 0.160 - - 0.161 0.311 - 
 359 0.160 0.182 - 0.242 - - 
 361 - - - - - 0.158 
 363 - 0.091 - 0.145 0.189 - 
        

Mal008 320 0.180 - 0.400 0.242 0.446 0.224 
 324 0.660 - 0.325 0.419 0.311 0.395 
 328 0.120 0.100 0.275 0.339 0.189 0.224 
 330 0.040 - - - 0.054 - 
 342 - - - - - 0.039 
 344 - - - - - 0.066 
 348 - - - - - 0.052 
        

Mal13 207 0.360 0.091 0.400 0.436 0.446 0.355 
 210 - 0.273 - - - - 
 212 - - - 0.032 - - 
 214 0.080 - - - 0.081 - 
 216 0.560 0.204 0.450 0.387 0.392 0.500 
 222 - - 0.150 - 0.081 0.145 
 226 - 0.432 - 0.145 - - 
 

The population codes are given in Table 2.1. 
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Appendix 3. Allele frequency of M. albus admixture populations (4 populations) 
 

Locus Allele NGR PLB GMP BRS 

Mal01 204 0.098 0.127 - - 
 214 0.189 0.490 0.370 0.263 
 217 0.139 0.137 0.208 0.102 
 219 - 0.020 0.013 0.110 
 221 0.517 0.167 0.305 0.381 
 223 0.057 0.059 0.104 0.127 
 225 - - - 0.017 
      

Mal07 184 0.345 0.088 0.169 - 
 186 0.131 - 0.019 0.127 
 188 0.016 0.157 - 0.135 
 190 0.205 0.618 0.507 0.534 
 192 0.262 0.098 0.214 0.102 
 196 0.041 0.039 0.091 0.102 
      

Mal007 331 0.262 0.147 0.117 0.170 
 333 - - 0.046 - 
 335 0.287 0.186 0.162 0.186 
 337 - - 0.097 - 
 341 0.008 - - - 
 343 - - 0.097 - 
 345 0.172 0.275 0.162 0.381 
 349 0.017 - - 0.076 
 353 0.098 0.039 - 0.085 
 355 0.115 - 0.078 - 
 357 - 0.118 0.150 - 
 359 0.041 0.147 - - 
 361 - - - 0.102 
 363 - 0.088 0.091 - 
      

Mal008 320 0.131 0.147 0.214 0.144 
 324 0.107 0.255 0.149 0.254 
 328 0.090 0.206 0.091 0.144 
 330 - - 0.026 - 
 338 0.147 - 0.130 0.127 
 340 - - 0.026 - 
 342 - 0.068 - 0.026 
 344 - - 0.104 0.127 
 346 0.123 - 0.039 0.076 
 348 0.115 - 0.007 0.102 
 350 - 0.108 - - 
 352 - 0.108 0.032 - 
 354 0.074 0.108 0.026 - 
 358 - - 0.032 - 
 360 0.131 - 0.058 - 
 362 0.082 - 0.065 - 
      

Mal13 207 0.131 0.265 0.214 0.229 
 212 0.254 0.206 0.156 0.042 
 214 - - 0.040 - 
 216 0.148 0.235 0.227 0.373 
 222 0.287 0.206 0.279 0.356 
 224 0.131 - 0.084 - 
 226 0.049 0.088 - - 

 
The population codes are given in Table 2.1. 
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Appendix 4. Sequence of 16S mitochondrial gene (primer 16Sar and 16Sbr) of 

Ophisternon gutturale and Ophisternon sp 

 
>Seq1 [organism=Ophisternon gutturale] Ophisternon gutturale 

voucher RCK 16S rRNA gene, partial sequence; mitochondrial 

CCTGACTATACGTTCAACGGCCACGGTATCCTAACCGTGCAAAGGTAGCG 

CAATCACTTGTCTTTTAATTGGAGACCTGTATGAATGGTCTAACGAGAGC 

TTGACTGTCTCCTCATTAAAGTCAATAAAATTGATCTTCCCGTGCAGAAG 

CGGGAATAAAAACATAAGACGAGAAGACCCTGTGGAGCTTTAGACACTAA 

AGCAGCTCACAAACCTATACAAGTTAACCTAACGATTCCTGCCCTAATGT 

CTTCGGTTGGGGCGACCAAGGGGAATTAAACAACCCCCATGCGGACCAGG 

AAAACCTTTCCCAAAACTAAGAGCCACAACTCTAACAAATAGAACTTCTA 

ACCATTTACATAGACCCGGCACTGCCGATCTACGAACCAAGTTACCCCAG 

GGATAACAGCGCAATCCCCTTTCAGAGCCCTTATCGACAAGGGGGTTTAC 

GACCTCGATGTTGGATCAGGACACCCCAATGGTGCAGCCGCTA 

 

>Seq2 [organism=Ophisternon sp. n. 1] Ophisternon sp. n. 1 TA-2015 

voucher AGR1 16S rRNA gene, partial sequence; mitochondrial 

ACTGACTATACGTTCAACGGCCACGGTATCCTAACCATGCGAAGGTAGCG 

CAATCACTTGTTTTTTAATTGAAGACCTGTATGAATGGCCGAACGAGAGC 

TTAACTGTCTCCTCTTTAAAGTCAATAAAATTGATCTTCCCGTGCAGAAG 

CGGGAATAAAAACATAAGACGAGAAGACCCTGTGGAGCTTTAGACACTAA 

AGCAGCTCACACAAACCTATAAAAGTATTTCCCTATGACCCCTGCCCTAA 

TGTCTTTGGTTGGGGCGACCAAGGGGAATTAAACAACCCCCATGTGGATC 

AGGAACACCTTTCCCAAAACTAAGAGCCACAACTCTAACAAATAGAACCT 

CTAACCATTTAACAAGACCCGGCAACGCCGATCTACGAACCAAGTTACCC 

CAGGGATAACAGCGCAATCCCCTTTCAGAGCCCCTATCGACAAGGGGGTT 

TACGACCTCGATGTTGGATCAGGACACCCCAATGGTGCAGCCGCTA 

 

>Seq3 [organism=Ophisternon sp. n. 1] Ophisternon sp. n. 1 TA-2015 

voucher AGR2 16S rRNA gene, partial sequence; mitochondrial 

ACTGACTATACGTTCAACGGCCACGGTATCCTAACCATGCGAAGGTAGCG 

CAATCACTTGTTTTTTAATTGAAGACCTGTATGAATGGCCGAACGAGAGC 

TTAACTGTCTCCTCTTTAAAGTCAATAAAATTGATCTTCCCGTGCAGAAG 

CGGGAATAAAAACATAAGACGAGAAGACCCTGTGGAGCTTTAGACACTAA 

AGCAGCTCACACAAACCTATAAAAGTATTTCCCTATGACCCCTGCCCTAA 

TGTCTTTGGTTGGGGCGACCAAGGGGAATTAAACAACCCCCATGTGGATC 

AGGAACACCTTTCCCAAAACTAAGAGCCACAACTCTAACAAATAGAACCT 

CTAACCATTTAACAAGACCCGGCAACGCCGATCTACGAACCAAGTTACCC 

CAGGGATAACAGCGCAATCCCCTTTCAGAGCCCCTATCGACAAGGGGGTT 

TACGACCTCGATGTTGGATCAGGACACCCCAATGGTGCAGCCGCTA 
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Appendix 5. Sequence of 16S mitochondrial gene (primer L1567 and H2196) of 

Ophisternon gutturale and Ophisternon sp. 
  

>Seq1 [organism=Ophisternon gutturale] Ophisternon gutturale 

voucher RCK 16S rRNA gene, partial sequence; mitochondrial 

ACAGATAAAGCACCTCACTTACACCGAGGTAAATACCAGTGCAAACCCGG 

TCGCTTTGATACCCAACAGCTAGCACAATATTCCAACAACAACAAGTCAC 

CATAAATAAAACATAACTCACCTAAAACTTATATAACAAAACATTTCACC 

TTCCAAGTATGGGAGACAGAAAAGAAACTATGCGCGATAGAGTAAGTACC 

GTAAGGGAACGCTGAAAAAGAACTGAAATAAATCAGTCAAGTTAAAAAAA 

GCAGAGACTAATACTCGTACCTTTTGCATCATGATTTAGCTAGTCCACCC 

AAGCAAAGCGTACTTTAGTTTGATACCCCGAAACTAAGGGAGCTACTCCA 

AGACAGCTTACAAATAGAGCCTACCCGTCTCTGTAGCAAAAGAGTGGGGA 

GAACTTCGAGTAGAGGCGATAAACCAACCGAACTTAGTTATAGCTGGTTG 

CCTGAGAACCGAATATGAGTTCAACCTCCCGATTTCTCCATACACCTTAT 

TCTTCTCCCCTCCCTCCTATAAGCTAACAAAAGAATGTCGAGAGAGCTAG 

TCAAAGGGGGAACAACTCCTCTGACACAAGATACAACTTTTACCAGAAGG 

ATAAGGATCATAACACCAAAGGTATTTT 

 

>Seq2 [organism=Ophisternon sp. n. 1] Ophisternon sp. n. 1 TA-2015 

voucher AGR1 16S rRNA gene, partial sequence; mitochondrial 

ATAGATAAAGCACCTCACTTACACCGAGGCAAATACCAGTGCAAACCCGG 

TCGCTTTGATACCCAACAGCTAGCACATCACTCCAACAACAACAAATCAC 

TATAAATAAAACACAACCCGCCTAAAACTCATACAACAAAACATTTTACC 

TTCAAAGTATGGGAGACAGAAAAGAAACTATGCGCTATAGAATAAGTACC 

GTAAGGGAACGCTGAAAAAGAATTGAAATAAATCAGTTAAGTTAAAAAAA 

GCAGAGACTAACACTCGTACCTTTTGCATCATGATTTAGCTAGTCTACCC 

AAGCAAAGCGCACTTTAGTTTGGTGCCCCGAAACTAAGGGAGCTACTCCA 

AGACAGCTTATATAAATAGAGCCTACCCATCTCTGTGGCAAAAGAGTGGC 

GAGAGCTTTGAGTAGAGGTGACAAACCAATCGAACTTAGTTATAGCTGGT 

TGCCTGAGAACCGAATATGAGTTCAACCTCCCGGCTTCTTCATACACTAT 

CTTTAACCCTTACCCCCACCCCACACAGGCTAACAAAAGAACACCGAGAG 

AGCTAGTCAAAGGGGGAACAACTCCTTTGACACAAGACACAACTTTACCA 

GAAGGGTAAGAATCACAACACCTAAGGTACTTTT 

 

>Seq3 [organism=Ophisternon sp. n. 1] Ophisternon sp. n. 1 TA-2015 

voucher AGR2 16S rRNA gene, partial sequence; mitochondrial 

ATAGATAAAGCACCTCACTTACACCGAGGCAAATACCAGTGCAAACCCGG 

TCGCTTTGATACCCAACAGCTAGCACATCACTCCAACAACAACAAATCAC 

TATAAATAAAACACAACCCGCCTAAAACTCATACAACAAAACATTTTACC 

TTCAAAGTATGGGAGACAGAAAAGAAACTATGCGCTATAGAATAAGTACC 

GTAAGGGAACGCTGAAAAAGAATTGAAATAAATCAGTTAAGTTAAAAAAA 

GCAGAGACTAACACTCGTACCTTTTGCATCATGATTTAGCTAGTCTACCC 

AAGCAAAGCGCACTTTAGTTTGGTGCCCCGAAACTAAGGGAGCTACTCCA 

AGACAGCTTATATAAATAGAGCCTACCCATCTCTGTGGCAAAAGAGTGGC 

GAGAGCTTTGAGTAGAGGTGACAAACCAATCGAACTTAGTTATAGCTGGT 

TGCCTGAGAACCGAATATGAGTTCAACCTCCCGGCTTCTTCATACACTAT 

CTTTAACCCTTACCCCCACCCCACACAGGCTAACAAAAGAACACCGAGAG 

AGCTAGTCAAAGGGGGAACAACTCCTTTGACACAAGACACAACTTTACCA 

GAAGGGTAAGAATCACAACACCTAAGGTACTTTT 
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Appendix 6. Sequence of COI mitochondrial gene of Ophisternon gutturale and 

Ophisternon sp. 

 
>Seq1 [organism=Ophisternon gutturale] Ophisternon gutturale 

voucher RCK cytochrome oxydase I (COI) gene, partial sequence; 

mitochondrial 

CCAGCAGAATTATGTCAACCAGGCTCTCTTATGGGCGACGACCAAATCTA 

TAATGTTATCGTTACAGCACATGCCTTTGTAATAATTTTCTTTATAGTCA 

TACCAATCATAATCGGGGGCTTCGGAAACTGATTAGTGCCCCTCATAATC 

GGCGCTCCAGATATAGCATTCCCCCGAATAAATAATATAAGCTTCTGACT 

CCTCCCTCCTTCATTTCTACTTCTGCTAGCCTCTTCTGGCGTAGAAGCTG 

GAGCAGGCACCGGCTGGACAGTTTACCCCCCTTTAGCTGGTAATCTAGCT 

CACGCCGGGGCCTCAGTAGACTTAACAATCTTTTCCTTACATTTAGCAGG 

TGTCTCCTCAATTTTAGGGGCTATTAATTTCATCACTACTATTATTAACA 

TAAAACCCCCAGCTATCTCTCAATATCAAACACCCCTTTTTGTTTGATCC 

GTAATAATTACTGCTGTCCTACTCCTCCTCTCCCTACCAGTATTGGCAGC 

AGGAATCACAATATTATTAACAGACC 

 

>Seq2 [organism=Ophisternon sp. n. 1] Ophisternon sp. n. 1 TA-2015 

voucher AGR1 cytochrome oxydase I (COI) gene, partial sequence; 

mitochondrial 

CGAGCAGAGTTATGTCAACCAGGCTCTCTTATAGGCGATGACCAAATCTA 

TAATGTTATCGTTACAGCACATGCATTCGTAATAATCTTCTTTATAGTAA 

TACCAATTATAATTGGGGGTTTCGGAAACTGATTAGTACCACTAATAATT 

GGCGCCCCAGACATAGCCTTCCCTCGAATAAATAATATAAGCTTTTGACT 

CCTTCCCCCCTCATTTCTACTTTTATTAGCTTCTTCTGGTGTAGAAGCTG 

GAGCAGGCACCGGCTGAACAGTTTACCCCCCTCTTGCTGGTAATTTAGCC 

CACGCCGGAGCCTCAGTAGACTTGACAATCTTTTCCTTACACTTAGCAGG 

CATCTCCTCAATTCTAGGGGCTATCAACTTCATCACTACTATCATTAATA 

TAAAACCTCCAACCATCTCCCAATACCAGACACCTCTCTTTGTTTGATCC 

GTAATAATTACTGCCATCCTGCTCCTACTTTCCCTCCCAGTATTGGCAGC 

AGGAATTACAATATTATTAACAGACC 

 

>Seq3 [organism=Ophisternon sp. n. 1] Ophisternon sp. n. 1 TA-2015 

voucher AGR2 cytochrome oxydase I (COI) gene, partial sequence; 

mitochondrial 

CGAGCAGAGTTATGTCAACCAGGCTCTCTTATAGGCGATGACCAAATCTA 

TAATGTTATCGTTACAGCACATGCATTCGTAATAATCTTCTTTATAGTAA 

TACCAATTATAATTGGGGGTTTCGGAAACTGATTAGTACCACTAATAATT 

GGCGCCCCAGACATAGCCTTCCCTCGAATAAATAATATAAGCTTTTGACT 

CCTTCCCCCCTCATTTCTACTTTTATTAGCTTCTTCTGGTGTAGAAGCTG 

GAGCAGGCACCGGCTGAACAGTTTACCCCCCTCTTGCTGGTAATTTAGCC 

CACGCCGGAGCCTCAGTAGACTTGACAATCTTTTCCTTACACTTAGCAGG 

CATCTCCTCAATTCTAGGGGCTATCAACTTCATCACTACTATCATTAATA 

TAAAACCTCCAACCATTTCCCAATACCAGACACCTCTCTTTGTTTGATCC 

GTAATAATTACTGCCATCCTGCTCCTACTTTCCCTCCCAGTATTGGCAGC 

AGGAATTACAATATTATTAACAGACC 
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Appendix 7. Sequence of RAG1 nuclear gene of Ophisternon gutturale and 

Ophisternon sp. 

 
>Seq1 [organism=Ophisternon gutturale] Ophisternon gutturale 

voucher RCK recombination activating gene 1 (RAG1) mRNA gene, 

partial sequence; nuclear 

CGAGCTGCTGAGAAGGAGCTTATCCCTGGCTTTCACCAGTTTGAATGGCAGCCCGCTCTC 

AAGAATGTGTCTCCATCCTGCAATGTTGGCATTATTAATGGGCTCTCTGGATGGGCTTCC 

TCAGTGGATGACTCCCCAGCTGATACCATCAGCCGGCGGTTTCGCTACGATGTGGCACTG 

GTGTCAGCGTTAAAGGATCTGGAGGAGGACATCATGGAGGGGCTGAGAGAAAGTGGGATG 

GAAGACAGCGCTTGCACCTCAGGCTTTAACGTCATGATCAAGGAATGTTGTGATGGCATG 

GGTGACGTCAGCGAGAAGCACGGCGGAGGACCAGTTGTTCCTGAGAAAGCTGTACGTTTC 

TCTTTCACTGTTATGTCTGTCTCTGTCTGGGCGGATGATAGGAAGGAGGAGGTTACCATT 

TTCACTGAGCCAAAGCCAAACTCAGAACTGTCCTGTAAGCCCCTTTGCCTAATGTTTGTG 

GATGAGTCAGACCATGAGACACTCACAGCTGTCCTGGGGCCCGTAGTTGCAGAGCGTAAC 

GCAATGAAAGAGAGCAGGCTCATTCTAGCTATTGGCGGACTGCCTCGCTCCATCCGCTTC 

CACTTCAGAGGCACGGGATACGATGAGAAGATGGTGCGAGAGATGGAGGGCCTGGAGGCC 

TCTGGGTCTACATACATCTGCACTCTGTGTGACTCAAGTCGGGCAGAGGCCTCTCAAAAC 

ATGGTTCTACACTCCATCACCCGCAGTCATGAAGAGAACCTAGAACGTTATGAAATATGG 

AGAACCAACCCCTTCTCTGAGTCTGTGGATGAGCTGCGAGACAGAGTCAAAGGGGTGTCG 

GCCAAGCCCTTCATGGATACCCAGCCCACACTAGATGCATTACACTGTGACATTGGCAAT 

GCCACTGAGTTCTATAAAATCTTCCAGGATGAGATTGGGGAGGTGTATCAAAAGGTCAAT 

CCCAGCCGGGAGGAACGGCGTAGCTGGAGGGCAGCCCTAGATAAACAGCTGAGGAAGAAG 

ATGAAGCTTAAACCGGTAATGAGGATGAATGGGAACTATGCCCGCAGGCTAATGACCTTA 

GAGGCTGTGGAGGTGGTGTGTGAGCTGGTGCCCTCAGAGGAGAGAAGGGAGGCCCTAAGG 

GAGCTTATGCGACTCTACCTCCAAATGAAGCCTGTGTGGCGTGCCACCTGCCCAGCCAAG 

GAGTGCCCTGACCAGCTGTGCCGCTACAGCTTTAACTCCCAGCGTTTTGCCGACATCCTC 

TCCTCTACATTCAAATATAGGTACAATGGAAAGATAACCAATTACCTGCACAAGACCCTG 

GCCCATGTGCCTGAAATCATAGAGAGAGATGGATCCATAGGAGCCTGGGCCAGCGAGGGT 

AATG 
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Appendix 7. continued 

 

>Seq2 [organism=Ophisternon sp. n. 1] Ophisternon sp. n. 1 TA-2015 

voucher AGR1 recombination activating gene 1 (RAG1) mRNA gene, 

partial sequence; nuclear 

CGAGCTGCTGAGAAGGAGCTTATCCCTGGCTTTCACCAGTTTGAATGGCAGCCCGCTCTC 

AAGAATGTGTCTCCATCCTGCAATGTTGGCATTATTAATGGGCTCTCTGGATGGGCTTCC 

TCAGTGGATGACTCCCCAGCTGATACCATCAGCCGGCGGTTTCGCTACGATGTGGCACTG 

GTGTCAGCGTTAAAGGATCTGGAGGAGGACATCATGGAGGGGCTGAGAGAAAGTGGGATG 

GAAGACAGCGCTTGCACCTCAGGCTTTAACGTCATGATCAAGGAATGTTGTGATGGCATG 

GGTGACGTCAGCGAGAAGCACGGCGGAGGACCAGTTGTTCCTGAGAAAGCTGTACGTTTC 

TCTTTCACTGTTATGTCTGTCTCTGTCTGGGCGGATGATAGGAAGGAGGAGGTTACCATT 

TTCACTGAGCCAAAGCCAAACTCAGAACTGTCCTGTAAGCCCCTTTGCCTAATGTTTGTG 

GATGAGTCAGACCATGAGACACTCACAGCTGTCCTGGGGCCCGTAGTTGCAGAGCGTAAC 

GCAATGAAAGAGAGCAGGCTCATTCTAGCTATTGGCGGACTGCCTCGCTCCATCCGCTTC 

CACTTCAGAGGCACGGGATACGATGAGAAGATGGTGCGAGAGATGGAGGGCCTGGAGGCC 

TCTGGGTCTACATACATCTGCACTCTGTGTGACTCAAGTCGGGCAGAGGCCTCTCAAAAC 

ATGGTTCTACACTCCATCACCCGCAGTCATGAAGAGAACCTAGAACGTTATGAAATATGG 

AGAACCAACCCCTTCTCTGAGTCTGTGGATGAGCTGCGAGACAGAGTCAAAGGGGTGTCG 

GCCAAGCCCTTCATGGATACCCAGCCCACGCTAGATGCATTACACTGTGACATTGGCAAT 

GCCACTGAGTTCTATAAAATCTTCCAGGATGAGATTGGGGAGGTGTATCAAAAGGTCAAT 

CCCAGCCGGGAGGAACGGCGTAGCTGGAGGGCAGCCCTAGATAAACAGCTGAGGAAGAAG 

ATGAAGCTTAAACCGGTAATGAGGATGAATGGGAACTATGCTCGCAGGCTAATGACCTTA 

GAGACTGTGGAGGTGGTGTGTGAGCTGGTGCCCTCAGAGGAGAGAAGGGAGGCCCTAAGG 

GAGCTTATGCGACTCTACCTCCAAATGAAGCCTGTGTGGCGTGCCACTTGCCCAGCCAAG 

GAGTGCCCTGACCAGCTGTGCCGCTACAGCTTTAACTCCCAGCGTTTTGCCGACATCCTC 

TCCTCTACATTCAAATATAGGTACAATGGAAAGATAACCAATTACCTGCACAAGACCCTG 

GCCCATGTGCCTGAAATCATAGAGAGAGATGGATCCATAGGAGCCTGGGCCAGCGAGGGT 

AATG 
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Appendix 7. continued 

 

>Seq3 [organism=Ophisternon sp.nov1] Ophisternon sp.nov1 voucher 

AGR2 recombination activating gene 1 (RAG1) mRNA gene, partial 

sequence; nuclear 

CGAGCTGCTGAGAAGGAGCTTATCCCTGGCTTTCACCAGTTTGAATGGCAGCCCGCTCTC 

AAGAATGTGTCTCCATCCTGCAATGTTGGCATTATTAATGGGCTCTCTGGATGGGCTTCC 

TCAGTGGATGACTCCCCAGCTGATACCATCAGCCGGCGGTTTCGCTACGATGTGGCACTG 

GTGTCAGCGTTAAAGGATCTGGAGGAGGACATCATGGAGGGGCTGAGAGAAAGTGGGATG 

GAAGACAGCGCTTGCACCTCAGGCTTTAACGTCATGATCAAGGAATGTTGTGATGGCATG 

GGTGACGTCAGCGAGAAGCACGGCGGAGGACCAGTTGTTCCTGAGAAAGCTGTACGTTTC 

TCTTTCACTGTTATGTCTGTCTCTGTCTGGGCGGATGATAGGAAGGAGGAGGTTACCATT 

TTCACTGAGCCAAAGCCAAACTCAGAACTGTCCTGTAAGCCCCTTTGCCTAATGTTTGTG 

GATGAGTCAGACCATGAGACACTCACAGCTGTCCTGGGGCCCGTAGTTGCAGAGCGTAAC 

GCAATGAAAGAGAGCAGGCTCATTCTAGCTATTGGCGGACTGCCTCGCTCCATCCGCTTC 

CACTTCAGAGGCACGGGATACGATGAGAAGATGGTGCGAGAGATGGAGGGCCTGGAGGCC 

TCTGGGTCTACATACATCTGCACTCTGTGTGACTCAAGTCGGGCAGAGGCCTCTCAAAAC 

ATGGTTCTACACTCCATCACCCGCAGTCATGAAGAGAACCTAGAACGTTATGAAATATGG 

AGAACCAACCCCTTCTCTGAGTCTGTGGATGAGCTGCGAGACAGAGTCAAAGGGGTGTCG 

GCCAAGCCCTTCATGGATACCCAGCCCACGCTAGATGCATTACACTGTGACATTGGCAAT 

GCCACTGAGTTCTATAAAATCTTCCAGGATGAGATTGGGGAGGTGTATCAAAAGGTCAAT 

CCCAGCCGGGAGGAACGGCGTAGCTGGAGGGCAGCCCTAGATAAACAGCTGAGGAAGAAG 

ATGAAGCTTAAACCGGTAATGAGGATGAATGGGAACTATGCTCGCAGGCTAATGACCTTA 

GAGACTGTGGAGGTGGTGTGTGAGCTGGTGCCCTCAGAGGAGAGAAGGGAGGCCCTAAGG 

GAGCTTATGCGACTCTACCTCCAAATGAAGCCTGTGTGGCGTGCCACTTGCCCAGCCAAG 

GAGTGCCCTGACCAGCTGTGCCGCTACAGCTTTAACTCCCAGCGTTTTGCCGACATCCTC 

TCCTCTACATTCAAATATAGGTACAATGGAAAGATAACCAATTACCTGCACAAGACCCTG 

GCCCATGTGCCTGAAATCATAGAGAGAGATGGATCCATAGGAGCCTGGGCCAGCGAGGGT 

AATG 
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Appendix 8. Sequence of 1st intron of S7 nuclear gene of Ophisternon gutturale 

and Ophisternon sp. 

 
>Seq1 [organism=Ophisternon gutturale] Ophisternon gutturale 

voucher RCK S7 ribosomal protein gene, intron, partial sequence; 

nuclear 

AAGTTTACGTACATTCAAGCATCTTAAGTCTCTGATACATTAGATTATGT 

GGTTTGCAGCGGCGGATGGCAGTTTTATAACACAAAATAAAGCGTAGTAG 

AGTAGCTCCGGTGAATGGGTTCTGGTTGTAGGGAGTAGTTAGCAGGCCGT 

GCATGTGTTCAGACAGCAGCTAGAGGAGCGACTGGAGAAGGTGGCAGACT 

GAAGATATTGTGCTCTGTTTATGGTTCGTTTTATGTAAAATTAATCAAGT 

TACTGCTGGTTGTCACATAAAACTCTCCAGCCAAATTCTAGCAGAAATAA 

GACAACCGGCTAAGTTATATTAGCT 

 

>Seq2 [organism=Ophisternon sp. n. 1] Ophisternon sp. n. 1 TA-2015 

voucher AGR1 S7 ribosomal protein gene, intron, partial sequence; 

nuclear 

AAGTTTACGTACATTAAAGCATCTTGAGTCTCTGATACATTAGATTATGT 

GGTTTGCAGTGGCGGATGGCAGTTTTATAACACAAAATAAAGCGTAGTAG 

AGTAGCTCCTGTGAATGGGTTCTGGTTGTAGGGAGTAGTTAGCAGGCCGT 

GCATGTGTTCAGATAGCAGCTAGAGGAGCGACTGGAGAAGGTGGCAGACT 

GAAGATATTGTGCTCTGTTTATGGTTTGTTTTATGTAAAATTAATCAAGT 

TACTGCTGGTTGTCACATAAAACTCTCCAGCCAAATTCTAGCAGAAATAA 

GACAACCGGCTAAGTTATATTAGCT 

 

>Seq3 [organism=Ophisternon sp. n. 1] Ophisternon sp. n. 1 TA-2015 

voucher AGR2 S7 ribosomal protein gene, intron, partial sequence; 

nuclear 

AAGTTTACGTACATTAAAGCATCTTGAGTCTCTGATACATTAGATTATGT 

GGTTTGCAGTGGCGGATGGCAGTTTTATAACACAAAATAAAGCGTAGTAG 

AGTAGCTCCTGTGAATGGGTTCTGGTTGTAGGGAGTAGTTAGCAGGCCGT 

GCATGTGTTCAGATAGCAGCTAGAGGAGCGACTGGAGAAGGTGGCAGACT 

GAAGATATTGTGCTCTGTTTATGGTTTGTTTTATGTAAAATTAATCAAGT 

TACTGCTGGTTGTCACATAAAACTCTCCAGCCAAATTCTAGCAGAAATAA 

GACAACCGGCTAAGTTATATTAGCT 
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