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ABSTRACT 

 

Polychaetes in the suborder Aphroditiformia are commonly called scale worms because 

they are characterized by having dorsal elytra or scales. Scale worms are a large group of 

polychaetes and play an important role in marine ecosystems. They are widely distributed 

in the sea, from the tropics to polar regions, and from the shallow water to the deep sea. 

Since the first discovery of hydrothermal vents in 1977, many deep-sea scale worms, 

most of which belong to the largest scale-worm family Polynoidae, have been reported. 

Yet little is known about the phylogeny and genetic adaptation of deep-sea polynoids to 

the extreme deep-sea environment. The identification of these scale worms was solely 

based on morphology. However, the morphological character states for the delimitation of 

some of these scale worms were ambiguous. In addition, due to the lack of molecular 

information, phylogenetic relationships among several groups of scale worms are unclear. 

Thus, the aim of my study was to improve our knowledge about the phylogeny and 

evolution of Aphroditiformia with a focus on deep-sea polynoids.  

 

My thesis is divided into five chapters. The first chapter is an introduction of the status of 

polychaete taxonomy, with an emphasis of Aphroditiformia. Among the three 

experimental chapters, Chapter 2 is a systematics study of deep-sea scale worms collected 

from the Okinawa Trough. In this chapter, I described four species of polynoids, 

including a new species of Levensteiniella, a new species of Branchinotogluma, a male 

morphotype of Lepidonotopodium okinawae, and a female morphotype of 

Branchinotogluma japonicus. Moreover, a fragment of the COI gene for selected 

specimens of these species were amplified to determine phylogenetic relationships with 

other deep-sea polynoids.  

 

In Chapter 3, I applied low-coverage DNA sequencing to obtain 18S, 28S rRNA and 

mitochondrial genomes from 16 species representing 7 families in Aphroditiformia. Two 

phylogenetic trees were constructed: the first based on the concatenated sequences of four 

partial genes (cox1, 16S, 18S and 28S rRNA), and the second using mitochondrial 

protein-coding genes, rRNA genes and two nuclear rRNA genes (18S and 28S rRNA). 

The results showed that Aphroditiformia is monophyletic. Eulepethidae and Aphroditidae 

for the sister group of the other scale-worm families. Acoetidae is sister to Iphionidae. 

Polynoidae is monophyletic, but within this family, deep-sea subfamilies 

Branchinotogluminae and Macellicephalinae are paraphyletic. There are two large gene 

order rearrangements in the mitochondrial genomes of deep-sea polynoids, and 
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substitution rates of mitochondrial protein-coding genes in deep-sea species are much 

higher than those in shallow-water species, which indicate that the extreme environment 

in deep sea may have affected the evolution rate and gene order of the mitochondrial 

genomes of deep-sea polynoids. The large mitochondrial gene order rearrangements have 

provided evidence to refute the assumption that mitochondrial gene order is conserved in 

Errantia.  

 

In Chapter 4, I reported two transcriptomes of deep-sea polynoids (Branchipolynoe 

pettiboneae and Lepidonotopodium okinawae) newly obtained by next generation 

sequencing, and compared them with the transcriptome of a shallow-water polynoid 

(Harmothoe imbricata). The results showed that among the highly expressed genes, 

duplicated genes related to DNA recombination and metabolism were only enriched in 

the deep-sea species, indicating that the deep-sea species have a more complex DNA 

repair system which could prevent harmful DNA mutation caused by DNA damage. 

Compared to the shallow-water polynoid, the deep-sea species have more hemoglobin 

genes and their expression levels were higher than those of the shallow-water species, 

indicating high expression of more hemoglobin genes is crucial for deep-sea scale worms 

to adapt to the hypoxic environment. 

 

Overall, my empirical systematics study and molecular phylogenetic study have 

improved our understanding about the systematics and phylogeny of Aphroditiformia, 

and my transcriptomic comparison between the deep-sea and shallow-water polynoids 

has enhanced our understanding about the adaptation of deep-sea scale worms to the 

extreme environmental conditions in hydrothermal vents and methane seeps.  
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Chapter 1 General introduction 

 
1.1 Brief introduction of Polychaeta 

Polychaeta is a group of segmented worms in the phylum Annelida that represents one of 

the three main lineages of protostomes (i.e., Annelida, Mollusca and Arthropoda). It 

contains about 80 families with around 9,000 species described (Fauchald, 1977; Rouse 

& Pleijel, 2001). Polychaetes typically have a long segmented trunk and a relative short 

or small prostomium and peristomium at the anterior end, and pygidium at the posterior 

end. They usually have well-developed sensory or feeding appendages on the anterior end, 

and their parapodia, usually with distinct chaetae, differ greatly in size and structure in 

different species. Therefore, Polychaeta is usually identified by its anterior end and the 

structure of parapodia. (Fauchald, 1977; Rouse & Pleijel, 2001). 

 

Polychaetes are a dominant group of benthic macrofauna. They are important in 

ecosystems and in our economy for several reasons: 1) many polychaetes are ecologically 

important as they are a key link in marine food webs, serving as filter-feeders, 

deposit-feeders, predators of small invertebrates and preys of larger animals including 

fish (Tagliapietra & Sigovini, 2010); 2) some species, especially those in the families 

Nereidae and Arenicolidae, are widely used as baits for recreational fishing (Carvalho et 

al., 2013); 3) some polychaetes, such as members of Serpulidae, are dominant species in 

fouling communities, and prime targets of antifouling paints (Tovar‐Hernández et al., 

2009); 4) some polychaetes have an enormous population growth potential, and have 

become invasive species, causing changes in community structure and ecological function 

to their invaded ecosystems (Norkko et al., 2012); 5) polychaetes are often used in testing 

the toxicity of chemicals and sediments, thus playing a critical role in safeguarding our 

ecosystems (Pocklington & Wells 1992); and 6) as a dominant group of benthos, 

polychaete community structure can reflect the quality of the benthic environment, 

therefore polychaetes are often used in biomonitoring programs aiming to detect 
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anthropogenic impacts such as pollution and trawling (Bouraoui et al., 2015; Yesson et al., 

2016). 

 

1.2 General introduction of scale worms (Suborder Aphroditiformia, Order 

Phyllodocidae) 

Species in the suborder Aphroditiformia, commonly called scale worms due to the 

presence of dorsal scales (elytra), have high diversity in morphology (Fig. 1.1). There are 

seven accepted families in this suborder (Norlinder et al., 2012; Fig. 1.2): Polynoidae, 

Iphionidae, Acoetidae, Aphroditidae, Eulepethidae, Pholoidae, and Sigalionidae. The 

characters of body shape, prostomium, antenna, parapodia and elytra are all used for their 

identification. 

 

Polynoidae, the largest scale worm family, contains approximate 750 species (WoRMS, 

2017). Their bodies are usually flat, short and usually have fewer segments than species 

in other families. They have well-developed parapodia. They are commonly found in 

various habitats and are widely distribute in the sea, from tropics to Antarctic, from 

intertidal zone to bathyal or abysmal chemosynthesis-based ecosystems such as 

hydrothermal vents, cold seeps and whale-falls (Pettibone, 1984; Glover et al., 2005). 

Faulchald (1977) recognized 111 genera of Polynoidae, and considered 27 genera to be 

invalid. In the World Register of Marine Species (WoRMS, 2017), there are currently 

over 200 recognized genera. This substantial increased in the number of accepted genera 

was mainly due to the description of many new genera, especially those in the deep-sea. 

Deep-sea scale worms have been collected from experimental wood panels, hydrothermal 

vents, cold seeps, and whale falls (Pettibone, 1984, 1985a, 1985b, 1986, 1993; 

Desbruyères & Hourdez, 2000a, 2000b; Hourdez & Desbruyères 2000, 2003; 

Desbruyères et al., 2008). Most deep-sea polynoids are free-living, but some of them live 

commensally with a wide variety of invertebrates (Desbruyères et al., 2008), such as 

echinoderms (Pettibone, 1969 &1993), sponges (Pettibone, 1993; Martin et al., 1992), 
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corals (Pettibone, 1991a & 1991b; Eckelbarger et al., 2005), shrimps (Sato et al., 2001), 

keyhole limpets (Gerber & Stout, 1968), mussels (Pettibone, 1984, 1986; Miura & 

Hashimoto, 1991) and tubes of other polychaetes (Britayev & Martin, 2006). 

 

Iphionidae is a small group which was once considered to be a subfamily of Polynoidae 

(Pettibone 1986). A total of 13 species of iphionids have been reported. These species are 

grouped into four genera. Their body is short and oval, usually has less than 40 segments. 

Iphionidae was considered as a family based on molecular evidence (Norlinder et al., 

2012). 

 

Sigalionidae is the second largest group of scale worms, including approximate 230 

species in 30 genera (WoRMS, 2017). Their bodies usually have numerous segments and 

are generally much longer than those of polynoids. Sigalionidae has a complex taxonomy 

history. The genus Pholoides was described as a genus in Sigalionidae by Hartman (1959), 

but Fauchald established the family Pholoididae in 1977 to include Pholoides as the sole 

genus. Pettibone (1982) included Pholoides and Pholoe in the family Pholoidae. Recently, 

Pholoides was replaced in Sigalionidae based on molecular data (Norlinder et al., 2012). 

Thalenessa and Eusigalion were combined with Sigalion by Mackie and Chambers 

(1990). Pisione, a group of scale-less polychaete, was included in the family Pisionidae. 

However, it is nested in Sigalionidae based on molecular data (Wiklund et al., 2005; 

Norlinder et al., 2012). Due to the ambiguous taxonomic status of some genera, Glasby et 

al. (2000) suggested that a comprehensive review of this family is in urgent need. 

 

Pholoidae was first described with Pholoe inornata as the type species (Johnston, 1839). 

The genera and species included in this family have been variously placed under 

Sigalionidae, Acoetidae and Pholoididae (Christie, 1982). Pettibone (1992) synonymised 

with Pholoididae with Pholoidae, and considered Pholoidae band Sigalionidae to be 

separate families. Based on four genes (Cox1, 16S, 18S, 28S) and morphology, Norlinder 
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et al. (2012) found Pholoidae (Pholoe) to be nested in a clade of other species of 

Sigalionidae. However, they did not synonymize Pholoidae with Sigalionidae. 

 

Species in Acoetidae have numerous segments, and can reach 30 cm in length (Glasby et 

al., 2000). They live in thick fibrous tubes and are widely distributed across the world. 

However, they are not common in benthic samples due to low density. Acoetidae was 

previously referred to Polyodontidae which was replaced by Pettibone (1989) as a junior 

homonym. It was considered as a sister group with Aphroditidae by Rouse and Fauchald 

(1997) based on a cladistics analysis of morphological characters. 

 

Species in Aphroditidae are commonly called sea mice. They are stout, solid worms with 

long thin capillary chaetae which form a felt-like mat covering the dorsum (Glasby et al., 

2000). So far, this family has 115 species distributed in seven genera (WoRMS, 2017). 

 

Eulepethidae is a small family including only 23 recognized species in six genera 

(WoRMS, 2017). Species in Eulepethidae can be distinguished from other scale worms 

by their unique hammer-head like neuroaciculae (Fauchald & Rouse, 1997; Glasby et al., 

2000). Based on morphology, Eulepethidae was included in Aphroditoidea which 

contains families with simply chaetae only in Aphroditiformia (Rouse & Pleijel, 2001). In 

the first molecular phylogenetic analysis of Aphroditiformia (Wiklund et al, 2005), 

Eulepethidae was not included therefore it’s relationship with other scale worms was not 

examined. Norlinder et al. (2012) found Eulepethidae to be a sister clade of the other 

families of Aphroditiformia, except Aphroditidae. However, the phylogenetic relationship 

between Eulepethidae and Aphroditidae was not resolved in Norlinder et al. (2012). 

 

More than 24 (Norlinder et al. 2012) morphological characters have been used for the 

classification of scale worms, such as the number of body segments and elytra, the shape 

of prostomium and parapodium, the insertion point of lateral antennae, and ornamentation 
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of scales and chaetae. But the delimitations of some of the morphological character states 

are ambiguous, such as the thickness of notochaeta and neurochaeta, the length of ventral 

papillae which is common in males of deep-sea polynoids, and the size of pharyngeal 

papillae (Wiklund et al., 2005; Norlinder et al., 2012). The taxonomy of Aphroditiformia 

is complex, especially for Polynoidae. Since the first discovery of hydrothermal vents in 

1977, a substantial number of deep-sea species have been described. So far, there are 

more than 120 species in 53 genera of polynoids have been reported from various 

chemosynthesis-based habitats with more than half genera containing only one species 

(Van Dover et al., 2008; WoRMS, 2017). The relationships within deep-sea scale worms 

and the relationships between shallow-water and deep-sea species are unclear. Only few 

studies on the molecular phylogeny of Aphroditiformia have been conducted and the 

taxon sampling in these papers was limited, especially for deep-sea species (Struck et al., 

2005; Wiklund et al., 2005; Norlinder et al., 2012). 

 

1.3 Deep-sea environment and deep-sea scale worms 

The discovery of chemosynthetic ecosystems in the deep sea has changed our view for 

life on earth. Deep-sea chemosynthetic ecosystems are diverse, including hydrothermal 

vents, cold seeps, mud volcanoes, sulphidic brine pools, whale falls and wood falls. Since 

sunlight does not penetrate into the deep sea, the ecosystems are not driven by organisms 

that conduct photosynthesis. Instead, such ecosystems are driven by chemosynthesis, the 

conversion of carbon dioxide or methane into organic matter by microbes via oxidation of 

reduced compounds, such as hydrogen sulfide and methane (Desbruyères et al., 2008). 

However, in addition to the challenges of high hydrostatic pressure and variable 

temperatures, in these reduced environments, hydrogen sulfide and heavy metals can 

reach concentrations that are toxic to cells, therefore deep-sea animals must have adapted 

to these extreme environmental conditions. There has been a great interest in 

understanding how animals have adapted to the extreme deep-sea habitats (Yokoyama & 

Tada, 2000; Minic et al., 2006; McMullin et al., 2007; Zhang et al., 2017). 



6 
 

 

Since the first discovery of hydrothermal vents in 1977, more than 120 deep-sea 

polychaetes have been described (WoRMS, 2017). Most of recorded deep-sea scale 

worms belong to Polynoidae (Desbruyères et al., 2008) and they are assigned to about 53 

genera (Zhang et al., 2017). The most commonly found deep-sea polynoids are species in 

branchia-bearing genera Branchipolynoe and Branchinotogluma, and non-branchiae 

genera Lepidonotopodium and Levensteiniella. 

 

Branchipolynoe contains three currently recognized species. They are commonly found 

commensally living in the mantle cavity of deep-sea mussels in the genus Bathymodiolus 

in different biogeographic area (Pettibone, 1984 & 1986; Miura& Hashimoto, 1991): B. 

symmytilida from the Galapagos Rift and northern East Pacific Rise (EPR) hydrothermal 

vent sites; from several vent areas in the western Pacific; and B. seepensis from cold 

seepage areas of the Gulf of Mexico. 

 

Branchinotogluma spp. are free living but similar in morphology with Branchipolynoe. In 

1985, Pettibone (1985) erected the genera Branchinotogluma and Opisthotrochopodus 

based on B. grasslei and O. alvinus, respectively. They all have ten pairs of elytra and 

bear branchiae. The two genera can be distinguished by the modified posterior (Pettibone, 

1985). Six species of Opisthotrochopodus (Pettibone, 1985b; 1988; 1989; Miura & 

Hashimoto, 1991; Miura & Desbruyères, 1995), and four species of Branchinotogluma 

(Pettibone, 1985a; 1985b; 1989) have been described. However, Desbruyères et al. (2006) 

considered Opisthotrochopodus to be the male morphology of Branchinotogluma and 

thus they are synonymised. Specifically, O. alvinus was synonymised with B. hessleri, 

and B. grasslei was accepted as B. sandersi. Therefore, there are eight currently 

recognized species in Branchinotogluma: B. sandersi, B. hessleri and B. tunnicliffeae 

from East Pacific; B. burkensis and B. marianus from Mariana Back-Arc Basin; B. 

segonzaci, B. trifurcus and B. japonicus from North Fiji and Kaikata seamount in West 
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Pacific. However, the female morphology of B. japonicus has not been described because 

the original description was based on two male specimens (Miura & Hashimoto, 1991). 

 

There are nine named species in Lepidonotopodium: six (L. atalantae, L. fimbriatum, L. 

pettibonae, L. piscesae, L. riftense and L. williamsae) from the Eastern Pacific Ocean, 

one (L. okinawae) from the Okinawa Trough in the western Pacific Ocean, one (L. 

jouinae) from the Mid-Atlantic Ridge, and one (L. minutum) from the Western Central 

Pacific. Desbruyères and Hourdez (2000a) considered L. pettibonae as a synonym of L. 

piscesae. 

 

Lepidonotopodium and Levensteiniella are similar in morphology. The main difference 

between the two genera is the lack of notopodial bract in Levensteiniella (Hourdez & 

Desbruyères, 2000; 2003). So far, there are five nominal species reported in 

Levensteiniella (WoRMS, 2017). Three of them (L. raisae, L. kincaidi, L. plicata) are 

from the Eastern Pacific Ocean, one (L. raisae) from the Western Central Pacific in 

Mariana Back-Arc Basin, and one (L. iris) from the Mid-Atlantic Ridge. 

 

The number of elytra and segments, elongated ventral papillae, the shape of parapodia 

and chaetae, the papillae of pharynx are all important for identification of deep-sea 

polynoids (Desbruyères et al., 2008). It is well-known that the male and female of 

deep-sea polynoids usually have different morphology on ventral papillae and the shape 

of posterior end. Normally, males have elongated ventral papillae and greatly modified 

posterior end, and ventral papillae are absent and posterior segments are normal in female. 

Some of the previous descriptions of deep-sea polynoids were based on male or female 

specimens only. Some revisions have been done to correct the misidentification caused by 

variation between males and females: Opisthotrochopodus alvinus Pettibone, 1985 was 

corrected as Branchinotogluma hessleri Pettibone, 1985, and Opisthotrochopodus alvinus 

Pettibone, 1985 was corrected as Branchinotogluma hessleri Pettibone, 1985. For some 
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of the described species based on only males or females, their taxonomic status cannot be 

confirmed. For instance, Opisthotrochopodus japonicus was firstly reported based on two 

male specimens (Miura & Hashimoto, 1991). Its status cannot confirmed since 

Opisthotrochopodus has been accepted as the male morphological synonyms of 

Branchinotogluma. Recently, a new deep-sea species Lepidonotopodium okinawae were 

named according to five female specimens from Okinawa Trough (Sui & Li, 2017). The 

species description of L. okinawae would be complete with the inclusion of male 

specimens.  

 

1.4 Systematics and phylogenetic analysis 

Systematics is the scientific study of biological classification of living things which aims 

to reveal their evolutional relationships (Schuh, 2000). Such evolutionary relationships 

are built using morphological or molecular data, and are visualized as evolutionary trees 

(Mayr & Ernst, 1991).  

 

In the later years of last century, phylogenetic studies of polychaetes were performed 

mainly according to morphological characters, and the analyses were focused on a few 

polychaete families or groups, such as Nereididae (Fitzhugh, 1987), Sabellidae (Fitzhugh, 

1989; Rouse & Fitzhugh, 1994), Phyllodocidae (Pleijel, 1991), superfamily Nereididacea 

(Glasby, 1993), Pilargidae (Licher, & Westheide, 1994), Alciopidae (Wu & Lu, 1994), 

Terebellidae (McHugh 1995). The most comprehensive systematization of polychaetes 

was reported by Rouse and Fauchald (1997). They performed a number of analyses using 

different ways of coding and weighting morphological characters. Their result suggested 

a group of 83 families, including Pogonophora, Aeolosomatidae and Potamodrilidae, 

should be considered as polychaetes. Moreover, they pointed out that polychaetes 

comprise two major clades, i.e. Scolecida and Palpata, and provided phylogenetic trees 

showing detailed relationships within polychaetes. However, the support values for many 

nodes, including the node of the clade of polychaetes, were not very high. 
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Molecular phylogenetic studies of polychaetes have been conducted since the end of last 

century (Field et al., 1988). Early studies used one to few conserved genes, such as 

cytochrome c oxidase subunit I (cox1), mitochondrial 16S rRNA, nuclear 18S and 28S 

rRNA, Histone H3, elongation factor 1α as genetic markers. These conserved gene 

sequences can be obtained using polymerase chain reaction (PCR) which is a technique to 

amplify DNA segment of specific genes in vitro. Some of them, such as cox1, 16S, are 

usually used as a DNA barcoding for species identification (including adult and juvenile) 

and discovery (Hebert et al. 2003; Neal et al., 2014). These conserved genes were also 

useful to confirm evolutional position of one certain species (Bleidorn et al., 2003; 

Osborn et al., 2007) or illustrate the relationship of several groups (Wiklund et al., 2005; 

Struck et al., 2006; Norlinder et al., 2012). Several genes together were also used to 

reveal cryptic species, such as in genus Notophyllum (Polychaeta: Phyllodocidae) 

(Nygren et al., 2010), Archinome (Annelida: Amphinomida) (Borda et al., 2013). 

Moreover, they contribute to study the origin, evolutional history and speciation when 

geographic information will be considered. For example, there is evidence provides mean 

dates for the origin of the deep-sea Amphisamytha clade (44 or 55 Ma) using both 

morphology and DNA sequences (cox1 and 16S rRNA, 18S rRNA) (Stiller et al., 2013).  

 

One or several genes together were also used to study the status and delineation of 

Annelida. The earliest molecular study of annelid relationship was performed by 

Winnepenninckx et al. (1995). They used 18S rRNA to examine relationships among 

protostome worms, including Annelida, Echiura, Nemertea, Pogonophora and 

Vestimentifera. However, the only two included annelids (i.e. Lanice and Eisenia) in their 

study did not form a clade. McHugh (1997) and Kojima (1998), using the nuclear gene 

elongation factor 1α, found that Clitellata and Pogonophora clustered among various 

polychaetes, and the former study also found that Echiura was nested among polychaetes. 

Brown et al. (1999) then studied relationships within Annelida using three genes, i.e. 
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histone H3, U2 snRNA and 28S rRNA. They also found clitellates, pogonophorans and 

even sipunculans nested among annelids. Martin (2001) analyzed available sequences of 

18S rRNA with the primary aim of assessing the placement of Clitellata in Annelida, but 

he could not recover a monophyletic Clitellata clade. Subsequent studies based on several 

genes were performed to probe the status of certain groups of polychaete, but taxa from 

Arthropoda, Brachiopoda, Mollusca, Platyhelminthes, Sipuncula or/and Phoronida were 

continue to nest among annelid taxa (Rota et al., 2001; Bleidorn et al., 2003; Hall et al., 

2004; Jo¨rdens et al., 2004; Struck et al., 2005; Wiklund et al., 2005). 

 

With the rapid development of sequencing technique, next generation sequencing (NGS) 

is now widely used as a high-throughput method to obtain DNA sequences. It applies to 

genome sequencing, genome resequencing, transcriptome profiling (RNA-Seq), 

DNA-protein interactions (ChIP-sequencing), and epigenome characterization (de 

Magalhães et al., 2010). Generally, the principle behind second-generation platforms is to 

randomly fragment DNA or RNA into smaller pieces and construct a DNA or cDNA 

library. Libraries are sequenced at a high coverage and the sequenced reads are then 

assembled de novo. Current second-generation platforms include the 454 system from 

Roche (read length: 500 bp), the Illumina/Solexa platform and the SOLiD platform from 

Applied Biosystems, which both yield shorter reads (generally from 100 to 250 bp) while 

generating considerably more data per run and are thus more cost-effective in terms of 

price per bp sequenced (de Magalhães et al., 2010).  

 

Conclusions were hard to be done without high throughput sequencing, because the 

support values are usually not high enough based on phylogeny using several genes 

which are too little information (Wiklund et al., 2005; Norlinder et al., 2012). Therefore, 

transcriptomic sequences were applied in phylogeny of Annelida. Struck et al. (2011) 

performed phylogenomic analyses of 34 annelid taxa using 47,953 amino acid positions 

of expressed sequence tags (ESTs). Their results showed that Annelida contained two 
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clades: Errantia and Sedentaria, and reported a well-supported phylogeny with strong 

support for major splits. Then Weigert et al. (2014) used 68,750–170,497 amino acid sites 

for phylogeny to resolve the annelid relationships. The result showed Chaetopteridae, 

Amphinomidae, Sipuncula, Oweniidae, and Magelonidae are in the basal part of the tree. 

They also pointed out that the basal branching taxa include a huge variety of life styles.  

 

Annelid mitochondrial genomes are usually range in size around 16 kb. They contain 13 

protein coding genes (PCGs), 2 rRNA genes, 22 transfer ribonucleic acid (tRNA) genes 

and non-coding region. Therefore, they provide more sequences than traditional 

molecular methods that used single gene or several genes only. Mitochondrial genome 

has been successfully used to study the evolution and phylogeny of many organisms, to 

solve the vague evolutionary status of some species (Boore & Brown, 2000; Mueller et 

al., 2004; Boore et al., 2005; Jennings & Halanych, 2005) and to calculate the molecular 

clock (Bourguignon et al., 2015). In addition, based on the similarity of mitochondrial 

genome of Sipuncula with the known annelid and the phylogenetic tree, non-segmented 

taxa Sipuncula was suggested to be added into Annelida (Shen et al., 2009; Mwinyi et al., 

2009). In addition to using sequences as a source of information for phylogenetic studies, 

mitochondrial gene orders may also be used to infer phylogenetic relationships (Boore & 

Brown, 1998). However, using long-range PCR strategy and Sanger sequencing to obtain 

and analyze complete mitochondrial genomes was laborious. While, the advent of NGS 

dramatically increased the speed to recover mitochondrial genomes from whole-genome 

sequencing approaches (Hahn et al., 2013).  

 

1.5 Phylogeny of scale worms 

Only several phylogenetic studies of Aphroditiformia have been undertaken. The first 

cladistics of morphological characters showed that Aphroditiformia is a monophyletic 

clade including six families (Acoetidae, Aphroditidae, Eulepethidae, Pholoidae, 

Polynoidae, Sigalionidae), and Pholoidae is the sister group to the other five families 
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(Rouse and Fauchald, 1997). Rouse and Pleijel (2001) further elaborated the 

classification scheme by grouping scale worms with simple chaetae only (Acoetidae, 

Aphroditidae, Eulepethidae and Polynoidae) as Aphroditoidea. According to Rouse and 

Pleijel (2001), Siglionidae with both simple and compound chaetae is the sister clade of 

Aphroditoidae; Pholoidae, also having both simple and compound chaetae but much 

smaller body size but stiffer body than Siglionidae, as the sister clade of Siglionidae and 

Aphroditoidae; and Pisionidae, a scale-less group with some degrees of cephalization, is 

the basal group of Aphroditiformia. Two later studies, one based on molecular data 

(Struck et al., 2005) and another based on combined molecular and morphological data 

(Wiklund et al., 2005), supported Pisionidae as a member of Aphroditiformia, resulting in 

paraphyletic Sigalionidae. Furthermore, Palmyra, a scale-less polychaete that has a 

confused taxonomy history and has been assigned to Palmyridae, Chrysopetalidae and 

Aphroditidae historically (Russell, 1989), indeed belongs to Aphroditidae (Struck et al., 

2005; Wilklund et al., 2005). A recent study covering more taxa, using both molecular 

and morphology data, further clarified phylogenetic relationships within Aphroditiformia 

(Norlinder et al. 2012), including proposing Pholoididae and Pisionidae as junior 

synonyms of Sigalionidae, recognizing Iphionidae and Polynoidae as separate families, 

and Aphroditidae and Eulepethida as the basal families. However, there are still several 

unresolved relationships within Aphroditiformia. For instance, the phylogenetic 

relationship of Aphroditidae and Eulepethidae was unclear. The clade of Sigalionidae was 

paraphyletic because both families Pisionidae and Pholoidae were included in the same 

clade but the supporting node values were low (Wiklund et al., 2005; Norlinder et al., 

2012). The supporting node values for the sister clade relationship between Acoetidae and 

Polynoidae were also low. Iphionidae which originally was a subfamily in Polynoidae 

was elevated to family according to phylogenetic analysis (Norlinder et al., 2002), but the 

revision needed to be confirmed considering the limited taxon sampling and the low 

support values on the critical node. Within Polynoidae, although three deep-sea species 

used (Bathykurila guaymasensis, Branchinotogluma sandersi and Branchipolynoe 
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symmytilidae) form a well-supported clade, and 23 genera were included in the 

phylogenetic tree, but these were still a small part of the more than 200 genera of 

Polynoidae.  

 

1.6 Overview of the thesis 

In summary, a lot of work is required to resolve the evolutional relationships within scale 

worms, especially the deep-sea species. Limited taxon sampling and sensitivity of 

previously used genetic markers are two important issues to tackle. Although 

mitochondrial genomes have been used successfully in the phylogenetic analysis of many 

groups of animals, no mitochondrial genome has been reported in Aphroditiformia. Only 

transcriptomes of two species of scale worms, which both belong to Harmothoe 

(Polynoidae), have been reported (citation). The purposes of my thesis are thus to : (1) 

deescribe and re-describe several deep-sea polynoids in the genera Lepidonotopodium, 

Levensteiniella and Branchinotogluma, which are common in the hydrothermal vents of 

the Western Pacific Ocean; (2) reveal the evolutional relationships of different families in 

Aphroditiformia, including deep-sea polynoids based on mitochondrial genome and two 

nuclear ribosomal RNA from 16 species which belong to different genera; and (3) 

understand the molecular mechanism for adaptation and evolution in deep-sea polynoids 

based on transcriptome comparison with shallow-water species 

 

Among the three experimental chapters, Chapter 2 was a taxonomic study of scale worms 

newly collected from the Okinawa Trough, which involved the re-description of two 

species (Lepidonotopodium okinawae and Branchinotogluma japonicus) and two new 

species (Levensteiniella xxx sp. nov. and Branchinotogluma xxx sp. nov.). Moreover, 

given the uncertainty about some morphological characters for distinguishing different 

genera and male and female forms, molecular data for the four species were provided to 

confirm the results obtained from morphological comparison. In Chapter 3, I sequenced 

16 scale-worm species using Illumina Hiseq and Miseq to obtain their complete or nearly 
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complete mitochondrial genomes and two nuclear rRNAs, and used these data to conduct 

phylogenetic analyses of scale worms, as well as mitochondrial gene orders. In Chapter 4, 

I applied RNAseq to generate the transcriptome data for two deep-sea polynoids and 

compared them with the transcriptome of a shallow-water species in the same family. I 

compared the codon and amino acid usage, positive selected genes, highly expressed 

genes and putative duplicated genes. Overall, my study has contributed to a better 

understanding of the taxonomy, phylogeny and evolution of scale worms. Since 

Aphroditiformia is an important group of polychaetes, my studies have also contributed 

to a better understanding of the phylogeny and evolution of polychaetes, and 

demonstrated the effectiveness of second generation sequencing in generating molecular 

markers to address phylogenetic and evolutionary questions. 
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Figures

 

Figure 1.1 Diversity of gross body shapes in scale worms from seven currently recognized 

families. Sigalionidae: A, Pisione longispinulata; B, Euthalenessa festiva. Acoetidae: C, Panthalis 

oerstedi. Pholoidae: D, Pholoe sp.; E, Pholoe pallida. Aphroditidae: F, Laetmonice producta. 

Eulepethidae: G, Eulepethus nanhaiensis. Polynoidae: H, Lepidonotopodium okinawae; I, 

Levensteiniella iris; J, Branchinotogluma japonicus; K, Branchipolynoe pettiboneae; L, 

Halosydna sp.; M, Lepidonotus sp.; N, Melaenis sp.. Iphionidae: O, Iphione sp. 
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Figure 1.2 Morphological comparison of species from seven families of Aphroditiformia.  
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Chapter 2 Deep-sea polynoids (Polynoidae: Polychaeta) from the Okinawa Trough 

 

2.1 Introduction 

With about 800 described species, Polynoidae is the largest family of Aphroditiformia, a 

group of scale or elytra bearing polychaetes. Among polynoids, 120 species assigned to 

53 genera have been discovered over the last 40 years from hydrothermal vents, cold 

seeps and other deep-sea chemosynthesis-based habitats. These deep-sea polynoids can 

be roughly divided into two groups based on the presence or absence of arborescent 

branchiae in parapodia. 

 

Lepidonotopodium belongs to the group without arborescent branchiae in parapodia and 

with eleven pairs of elytra. This genus has nine described species: six (L. atalantae 

Desbruyères & Hourdez, 2000a, L. fimbriatum Pettibone, 1983, L. pettibonae Detinova, 

1988, L. piscesae Pettibone, 1988, L. riftense Pettibone, 1984 and L. williamsae Pettibone, 

1984) from the Eastern Pacific, one (L. okinawae Sui & Li, 2017) from the Okinawa 

Trough in the Western Pacific, one (L. jouinae Desbruyères & Hourdez, 2000b) from the 

Mid-Atlantic Ridge, and one (L. minutum Pettibone, 1989) from the Western Central 

Pacific. However, Desbruyères & Hourdez (2000a) considered L. pettibonae to be a 

junior synonym of L. piscesae. But it is not accepted by the others. 

 

Levensteiniella is similar to Lepidonotopodium in morphology, except for the lack of 

notopodial bracts (Hourdez & Desbruyères, 2000; 2003). There are five described species 

of Levensteiniella: three of them (L. intermedia, L. kincaidi, L. plicata) from the Eastern 

Pacific, L. raisae from the Mariana Trough in the Western Central Pacific, and L. iris 

from the Mid-Atlantic Ridge. 

 

Branchinotogluma belongs to the group with arborescent branchiae in parapodia. This 

genus has a somewhat complex taxonomic history. Pettibone (1985) erected the two 
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genera Branchinotogluma and Opisthotrochopodus based on B. grasslei and O. alvinus 

respectively. They both have ten pairs of elytra and bear branchiae, but the two genera 

can be distinguished by whether the posterior is the modified (Pettibone, 1985). Although 

six species of Opisthotrochopodus and four of Branchinotogluma have been described, 

Desbruyères et al. (2006) considered Opisthotrochopodus to represent the male 

morphology of Branchinotogluma, O. alvinus the junior synonym of B. hessleri, and B. 

grasslei the junior synonym of B. sandersi. At present, there are eight recognized species 

in Branchinotogluma: B. sandersi, B. hessleri and B. tunnicliffeae from the Eastern 

Pacific, B. burkensis and B. marianus from the Mariana Trough, and B. segonzaci, B. 

trifurcus and B. japonicus from the Northern Fiji and Kaikata seamount in the Western 

Pacific. However, the status of B. japonicus has not been confirmed because it was 

described based on male specimens only (Miura & Hashimoto, 1991). 

 

Based on new specimens collected from the Okinawa Trough, I described two new 

species and re-described two species of deep-sea polynoids. As the first step towards an 

assessment of the phylogenetic relationships among deep-sea polynoids, I sequenced the 

barcode gene of these new and re-described species, and use the sequences to conduct a 

preliminary phylogenetic analysis. 

 

2.2 Materials and methods 

2.2.1 Sample collection and morphological observation 

Specimens of deep-sea polynoids were collected from a hydrothermal vent in the 

Okinawa Trough (27°31.0′N, 126°58.9′E, depth 1550 m), using ROV Kaiko MK-IV 

on-board R/V Kairei during the cruise KR15-17 in November 2015. The specimens were 

preserved in 100% ethanol. The identification and comparison were done according to 

related taxonomic papers published. 
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Polynoid specimens were observed under a dissecting microscope (Olympus SZX9 

Stereo Microscope) and a compound microscope (Motic BA210E Elite), both fitted with 

an ocular micrometer in the eyepiece. Light micrographs were taken using a camera 

(TUCSEN TrueChrome) attached to the microscopes. 

2.2.2 Cox1 amplification and phylogeny 

Genomic DNA from selected specimens was extracted by the CTAB method (Stewart & 

Via, 1993) using an elytron or two parapodia. The Cox1 gene was amplified using the 

primer pairs HCO2198 and LCO1490 (Folmer et al., 1994). The amplification was 

carried out using a PCR Amplification Kit (Takara, Dalian) according to the product 

protocol, and ran in an Applied Biosystems Veriti Thermal Cycler. The PCR program was 

as follows: 5 min at 96 °C, 45 s at 94 °C, 45 s at 50 °C, 60 s at 72 °C (30 cycles), and 10 

min at 72 °C. The PCR products were sent to BGI for sequencing after purification using 

a TaKaRa MiniBEST Agarose Gel DNA Extraction Kit. 

 

The cox1 sequences of our deep-sea samples were aligned with sequences of other 

deep-sea polynoid species (Bathykurila guaymasensis, Branchinotogluma sandersi, 

Branchipolynoe symmytilida) as well as shallow-water polynoids (Halosydna brevisetosa, 

Harmothoe oculinarium and Lepidonotus squamatus) that are available in the Nucleotide 

Database of the National Center for Biotechnology Information (NCBI) using Mesquite 

that adopts the MUSCLE algorithm (Maddison & Maddison, 2001). The shallow-water 

polynoids served as the outgroups. Phylogenetic analyses were performed using both the 

Maximum Likelihood (ML) method implemented in RaXML GUI1.3, with the GTR+I+G 

substitution model being selected using jModelTest (Darriba et al., 2012).  

 

2.3 Results 

2.3.1 Genus Lepidonotopodium Pettibone, 1983 

Type species. Lepidonotopodium fimbriatum Pettibone, 1983 
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Diagnosis (Emended from Pettibone, 1983).  

Body short and flat. 23 to 30 segments with first achaetous. Pharynx with 6 to 9 pairs of 

papillae and 2 pairs of jaws with teeth. 11 pairs of elytra on segments 2, 4, 5, 7, 9, 11, 13, 

15, 17, 19, 21. Prostomium deeply incised, median antenna with ceratophore, without 

lateral antenna, without eyes. Pair of palps cylindrical and smooth. Parapodia biramous, 

and notopodia shorter than neuropodia. Notopodia with distal tips and bracts. 

Notochaetae and neurochaetae numerous. Male with 2 to 5 pairs of ventral segmental 

papillae from segments 11. Pygidium dorsal.  

 

Lepidonotopodium okinawae Sui and Li, 2017 

(Fig. 2.1, Fig. 2.2; Sui and Li, 2017: Fig. 4, Fig. 5, Fig. 6) 

 

Material examined. Eleven specimens including five males and six females (Fig. 2.1). 

 

Description. Ethanol preserved specimens light brownish. Specimens 0.9 to 1.25 cm in 

length, 0.6 to 1 cm in width including chaetae. Body with 24-26 segments, short, suboval, 

flattened dorsoventrally and fully covered by elytra. Elytra 11 pairs on segments 2, 4, 5, 7, 

9, 11, 13, 15, 17, 19 and 21 (Fig. 2.1A, C). Female specimens without ventral papillae 

(Fig. 2.1B). Male specimens with a pair of ventral papillae on each of segments 11 to 13 

(Fig. 2.1D; Fig. 2.2I). Dorsal cirri present on parapodia without elytra, as long as 

neurochaetae, smooth, with tapered end. Ventral cirri very short, tapered, attached on 

middle of neuropodia (Fig. 2.1B, D). 

 

Prostomium bilobed; anterior lobes subtriangular with small frontal filament (Fig. 2.2A). 

Eyes absent. Median antenna inserted in anterior notch with short cylindrical ceratophore 

(Fig. 2.2A). Lateral antennae absent. Palps slightly subulate. Elytra opaque, oval to 

subreniform, with numerous clavates in non-overlapping area (Fig. 2.1A, C; Fig. 2.2B-D). 

At higher magnification, globular micropapillae present in each foveola (Fig. 2.2E).  
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Mouth located between segments 1 and 2 ventrally. Six pairs of unequal pear-shaped 

papillae and two median papillae surrounding aperture of extended pharynx (Fig. 2.2F). 

Median papillae larger than other papillae (Fig. 2.2F). Two pairs of hooked jaws without 

teeth, located dorsally and ventrally inside pharynx (Fig. 2.2G). 

 

Parapodia biramous. In anterior view, notopodia shorter than and located anterodorsally 

of neuropodia (Fig. 2.2J). Notopodia cylindrical with bract. Neuropodia triangular with 

long conical acicular lobe located dorsally, and rounded by membrane-like edge (Fig. 

2.2J). In posterior view, notopodia longer than neuropodia (Fig. 2.2K). Notopodia with 

long conical acicular lobe in middle. Cleft present ventrally on neuropodia (Fig. 2.2K). 

Tufts of bacteria-like filaments present on neuropodia and notopodia, and on notochaetae 

(Fig. 2.2J, K).  

 

Notochaetae and neurochaetae numerous. Notochaetae straw colored, two kinds: one 

short and thick with blunt end and another long and thin (Fig. 2.2L, M). Neurochaetae 

light straw-colored and much thinner and longer than notochaetae, with lightly curved tip; 

two rows of numerous spines along one edge (Fig. 2.2N, O). 

 

Pygidium with anus located dorsally (Fig. 2.2P), and pair of long ventral cirri (Fig. 2.2Q).  

 

Variation. Body 24 to 25 segments, 0.9 to 1.25 cm long, 0.65 to 1 cm wide. Males with a 

pair of long ventral papillae on each of segments 11 to 13. Females without ventral 

papillae.  

 

Distribution. Lepidonotopodium okinawae has only been reported from the Okinawa 

Trough. 
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Remarks. Lepidonotopodium okinawae described by Sui and Li (2017) was based on six 

specimens collected on 20 May 2014 from Okinawa Trough (27°33.06928’N, 

126°58.13082’E, 1361 m), only 4 kilometers from our sampling site. Because their 

specimens are all females, no information about the shape and number of pairs of ventral 

papillae was included in their description. The lack of ventral papillae, the number of 

segments and the papillae on the surface of elytra were all used in the comparison with 

the other species in this genus. Here, we re-described this species and provided more 

details on some characters. Ventral papillae are present only in males and absent in 

females for L. okinawae. It is different from the other species in this genus in several 

characters: three pairs of long ventral papillae in male on segments 11 to 13; numerous 

foveola on the surface of elytra and there is one globular micropapilla in each foveola. 

 

2.3.2 Genus Levensteiniella Pettibone, 1985 

Type species. Levensteiniella kincaidi Pettibone, 1985 

Diagnosis (Emended from Pettibone, 1985b).  

Body short, flattened. Segments 24 to 28. Elytra 11 pairs, on segments 2, 4, 5, 7, 9, 11, 13, 

15, 17, 19 and 21. Elytra delicate, with micro- and macro papillae on surface and 

posterior border. Prostomium bilobed with frontal filaments; median antenna with small 

atophore. Lateral antennae and eyes absent. Parapodia biramous and both rami well 

developed. Notopodia shorter than neuropodia. Notochaetae and neurochaetae numerous. 

Notochaetae stouter with spinous row and blunt tip. Neurochaetae spinous with slightly 

hooked and tapered tip. Male with one or two pairs of ventral papillae from segment 11. 

Pygidium small with pair of anal cirri. Pharynx with 7 pairs of papillae, and 2 pairs of 

jaws.  

 

Levensteiniella xxx sp. nov. 

(Fig. 2.3 and Fig. 2.4) 



23 
 

 

Material examined. Holotype: male, 0.95 cm long, 0.55 cm wide including chaetae, 24 

segments. Five paratypes including one male and four females. Details are shown in 

Table 4.2. 

 

Description. Ethanol preserved specimens light brownish. Body short and suboval, 

flattened dorsoventrally and fully covered by elytra. Elytra 11 pairs, located on segments 

2, 4, 5, 7, 9, 11, 13, 15, 17, 19 and 21 (Fig. 2.3A, C). Most of the elytra detached after 

preservation in ethanol. Males with pair of long ventral papillae on both segments 11 to 

12 extending beyond tip of parapodia (Fig. 2.3B; Fig. 2.4I). Females without ventral 

papillae (Fig. 2.3D). On parapodia without elytra, dorsal cirri present, shorter than 

neurochaetae, smooth, with tapered end. Ventral cirri present on base of neuropodia, very 

thin, short, with tapered end (Fig. 2.3B, D).  

 

Prostomium bilobed, anterior lobes subtriangular with frontal terminal filaments, lateral 

antennae absent (Fig. 2.4A, C). Dark brownish area present in middle of prostomium in 

holotype (Fig. 2.4A) but not in some paratypes (Fig. 2.4C). Median antenna in anterior 

notch of prostomium, with short cylindrical ceratophore (Fig. 2.4A, C). Lateral antennae 

absent. Palps slightly subulate with dark brown pigment near end in holotype (Fig. 2.4B) 

but not distinct in some paratypes (Fig. 2.4D). Eyes absent. Elytra opaque, oval to 

subreniform, with irregularly-spaced macrotubercles on border of non-overlapping area 

(Fig. 2.3A, C; Fig. 2.4E-F). At higher magnification, globular micropapillae and conical 

microtubercles present on surface (Fig. 2.4F).  

 

Holotype with dark brown pigment in middle of ventral side (Fig. 2.4B). Peristomium 

with two lateral lobes distinct from ventral view (Fig. 2.4B, D). Mouth ventral, located 

between segments 1 and 2. Pharynx dark purplish, withdrawn inside body, located 

between segments 2 to 9. Extended pharynx with seven pairs of terminal papillae forming 
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circle, middle one smaller than side ones (Fig. 2.4G, H). Two pairs of hooked jaws 

without teeth, located dorsally and ventrally inside pharynx (Fig. 2.4H). Two pairs of long 

elongated papillae on segments 11 to 12, longer than neuropodia but shorter than 

neurochaetae (Fig. 2.4I).  

 

Parapodia biramous. In anterior view, notopodia shorter than and located anterodorsally 

of neuropodia (Fig. 2.4J). Neuropodia triangular with long conical acicular lobe located 

dorsally (Fig. 2.4J). In posterior view, notopodia longer than neuropodia, with long 

conical acicular lobe in middle (Fig. 2.4K).  

 

Notochaetae and neurochaetae numerous. Notochaetae forming radiating bundle and 

neurochaetae fan-shaped bundle. Mineral or bacteria-like materials present on 

notochaetae (Fig. 2.4J, K). Notochaetae straw colored, two kinds: one short and thick 

with blunt end bend to dorsal side with serration; another much longer and thinner (Fig. 

2.4L, M) with thorns and numerous scales and slightly bended end (Fig. 2.4N). 

Neurochaetae forming two bundles, both much thinner and longer than notochaetae. 

Neurochaetae in upper bunch with straight tip, and numerous spines along both sides (Fig. 

2.4O); those in lower bunch with slightly hooked tip and minute serration on one side 

(Fig. 2.4P). 

 

Pygidium with anus located dorsally (Fig. 2.2P), and pair of long ventral cirri (Fig. 2.4Q), 

but in some paratypes anal cirri missing (Fig. 2.4R). 

 

Variation. Adults 0.9 to 1 cm long, about 0.5 cm wide, 24 to 25 segments. Juveniles 0.3 

to 0.55 cm long, 0.15 to 0.3 wide, 18 segments. Some specimens with dark brownish 

pigment on prostomium and ventral side, as well as dorsal and ventral cirri. Other 

specimens without distinct pigment. Pharynx dark purplish, even for specimens without 

distinct surface pigment. Anal cirri missing in some of specimens.  
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Etymology.  

 

Distribution. Levensteiniella xxx sp. nov. has only been reported from the Okinawa 

Trough.  

 

Remarks. There are five recognized species in Levensteiniella. Three of them (L. 

intermedia, L. kincaidi, L. plicata) are from the Eastern Pacific, L. raisae is from the 

Mariana Trough and L. iris from the Mid-Atlantic Ridge. Both L. intermedia and L. iris 

have one pair of long ventral papillae only. L. xxx sp. nov., L. kincaidi, L. raisae and L. 

plicata all have two pairs of ventral papillae but the elytra of L. kincaidi are unique in 

having a wave-formed edge, whereas those of the other species have a smooth edge. In 

addition, the elytra of L. xxx sp. nov. have micro- and macro tubercle and bulbous papillae 

on the surface and posterior border and they are much larger and more distinct than those 

in L. raisae and L. plicata. Moreover, L. xxx sp. nov. has fewer segments (24-25) than L. 

raisae (27). The lengths of ventral papillae are different: they reach the middle of 

neurochaetae in L. xxx sp. nov., but they are longer than neurochaetae in L. kincaidi, and 

shorter than neuropodia in L. raisae.  

 

2.3.3 Genus Branchinotogluma Pettibone, 1985 

Type species. Branchinotogluma hessleri Pettibone, 1995 

Diagnosis (emended from Pettibone, 1985a). 

Body short. 21 segments. 10 pairs of elytra, on segments 2, 4, 5, 7, 9, 11, 13, 15, 17, 19. 

Branchiae beginning on segment 3 and continuing to near end or end of body. 

Prostomium bilobed, with anterior lobes bearing minute filaments. Lateral antennae and 

eyes absent. Median antenna with bulbous ceratophore in anterior notch, with long 

slender tip, Parapodia biramous. Notopodia shorter than neuropodia. Segment 2 with 

rounded bracts. Notochaetae stouter than neurochaetae, smooth or with few spines. 
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Neurochaetae long, slender, with spinous and hooked tip. Posterior 4 segments usually 

greatly modified in male, but not in female specimens. One or four or five pairs of ventral 

papillae from segment 11 and 3 to 7 ventral lamellae on the following segments. Pharynx 

with 5 terminal papillae and 2 pairs of hooked jaws with numerous minute teeth.   

 

Branchinotogluma japonicus Miura and Hashimoto, 1991 

(Fig. 2.5 and Fig. 2.6; Miura and Hashimoto, 1991: Fig. 4, Fig. 5, Fig. 6) 

 

Material examined. 21 specimens including 11 females (including 4 juveniles) and 10 

males (Table 4.3). 

 

Description. Ethanol preserved specimens light brownish. Specimens 0.4 to 1.1 cm in 

length, 0.3 to 0.8 cm including chaetae. Body with 24 or 25 segments, short and suboval, 

flattened dorsoventrally and fully covered by elytra. Elytra 10 pairs on segments 2, 4, 5, 7, 

9, 11, 13, 15, 17, 19 (Fig. 2.5A, C). Female specimens without ventral papillae and 

lamellae. Male specimens with a pair of long ventral papillae on segment 12 and five 

pairs of ventral papillae on the following five segments. Dorsal cirri present on parapodia 

without elytra; as long as neurochaetae, smooth, with tapered end. Ventral cirri very thin, 

long, with tapered end, attached on the middle of neuropodia (Fig. 2.5B, D).  

 

Prostomium bilobed, anterior lobes subtriangular with frontal filament (Fig. 2.6A); lateral 

antennae absent (Fig. 2.6A). The median antenna inserted in the anterior notch with a 

short bulbous ceratophore (Fig. 2.6A). Palps long tapered and smooth (Fig. 2.6B). Eyes 

lacking. Elytra very large, soft and overlapping, oval to subreniform with branched veins 

(Fig. 2.6C). At higher magnification, atypical and irregular squares and pentagons present 

on the surface of non-overlapping region (Fig. 2.6D). 

 

Mouth located between segments 1 and 2 ventrally. Two pairs of dorsal and ventral 
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cambered soft jaws without teeth at the end the extended pharynx (Fig. 2.6E). Five 

unequal papillae with tapered end present at lateral side of extended pharynx (Fig. 2.6F).  

 

Parapodia biramous. Notopodium short with stout notochaetae (Fig. 2.6G); Neuropodium 

triangle with a long conical acicular lobe (Fig. 2.6G). From posterior view of parapodium, 

notopodium with a long conical acicular lobe and neuropodia with a round tip (Fig. 2.6H). 

Branchiae beginning on segment 3, two groups with short terminal filaments (Fig. 2.6I), 

up the dorsal cirri or under elytra, largest on the middle of body and continuing to 

posterior end for females. Branchiae absent in the posterior 3 or 4 segments for males. 

 

Numerous notochaetae and neurochaetae on parapodia. Notochaetae slight straw colored 

and smooth with slight curved tip (Fig. 2.6J). Neurochaetae slight thinner and longer than 

notochaetae. Two kinds of neurochaetae: one with two rows of numerous long spines and 

inflated tips (Fig. 2.6K), another with borders finely spinous and tips slightly hooked (Fig. 

2.6L). Capillary neurochaete on several posterior parapodia (Fig. 2.6 M) 

 

Posterior three segments compressed. Last parapodia bowknot-like and not visible on 

ventral side. Pygidium with anus located dorsally (Fig. 2.6P), and pair of long ventral 

cirri (Fig. 2.6R), but in some paratypes anal cirri missing (Fig. 2.6R). 

 

Variation. Adults 0.45 to 1.1 cm in length, 0.3 to 0.85 cm in width, with 20 or 21 

segments. Smaller individuals (0.25-0.6 cm in length, 0.15 to 0.35 in width), considered 

juveniles, with fewer segments (15 to 18). Males with pair of long ventral papillae on 

segment 12 and five pairs of C-shaped overlapping ventral lamellae on segments 13 to 17. 

Females without ventral papillae or ventral lamellae. For most male specimens, posterior 

parapodia compressed. But in some male specimens (2 out of 10), posterior segments 

elongated. For male specimens with smaller size (2 out of 10), ventral papillae thinner 

and with round tips instead of tapered tips, and ventral lamellae smaller, not as distinct as 
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in adults. Branchiae present from segment 3 to end for females. No branchiae in 3 or 4 

most posterior parapodia for males. There are capillary chaetae on several posterior 

segments for some specimens. 

 

Distribution. Branchinotogluma japonicus is reported from the Okinawa Trough and 

Kaikata seamount in the Western Pacific. 

 

Remarks. In the original description of B. japonicus based on two male specimens, 

Miura and Hashimoto (1991) considered its large elytra, one pair of elongate ventral 

papillae on segment 12 and 5 (or 6) pairs of short lamellae on the following segments, 

and compressed posterior segments to be distinguishing characters for this species. Here, 

we provided supplementary information on the morphology of this species. First, the 

females of this species do not bear ventral papillae, which is probably a common trait 

shared by many deep-sea polynoids (Desbruyères et al., 2006). Second, instead of having 

compressed posterior segments, some male specimens have elongated posterior segments. 

Third, variation of shapes of ventral papillae and lamellae for males: most of them (8 out 

of 10) with tapered end, and few (2 out of 10) with rounded tip. Fourth, males and 

females differ in segments bearing branchiae: in males, no branchiae for the last three or 

four segments, whereas in females branchiae continue to end. Fifth, its pharynx with two 

cambered soft jaws without teeth and five unequal sized terminal papillae with tapered 

end on the lateral side of the extended pharynx. Overall, B. japonicus is characterized by 

its large elytra, ventral papillae on segment 12 and C-shape lamellae on several following 

segments in males, and a special pharynx.  

 

Branchinotogluma xxx sp. nov. 

(Fig. 2.7, Fig. 2.8) 

 

Material examined. 25 specimens including 14 females and 11 males. Holotype: adult, 
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one male (1.1 cm, 0.55 cm, 21 segments). Paratypes: 24 specimens including 14 females 

and 10 males, 0.5 to 1.2 cm long and 0.3 to 0.7 cm wide, 20 to 21 segments. More 

information about these types are shown in Table 4.4. 

 

Description. Specimens are light brown after being preserved in ethanol. Body short and 

suboval, flattened dorsoventrally and fully covered by elytra. The ten pairs of elytra are 

located on segments 2, 4, 5, 7, 9, alternate to 19 (Fig. 2.7A, C). For female specimens, no 

ventral papillae or lamellae (Fig. 2.7B). One pairs of ventral papillae on segments 12 and 

five pairs of C-shape overlapping ventral lamellae on following five segments from 13 to 

17 on male specimens (Fig. 2.7D). Dorsal cirri on parapodia without elytra, usually as 

long as neurochaetae, smooth, with tapered end. The ventral cirri are thin, short, with 

tapered end, and attached on the middle of the neuropodia (Fig. 2.7B, D).  

 

Prostomium deeply bilobed. Anterior lobes subtriangular with short conical end; lateral 

antennae absent (Fig. 2.8A). The median antenna inserted in the anterior notch with a 

short ceratophore (Fig. 2.8A). The palps long tapered and smooth (Fig. 2.8B). Eyes 

absent. The elytra are large, opaque, round or oval to subreniform (Fig. 2.8C, D) with 

numerous of small hill-like papillae along the non-overlapping margin (Fig. 2.8E, F).  

 

Mouth located between segments 1 and 2 ventrally. Pharynx extended with four pairs of 

papillae (two large in the middle and small in the lateral) and two pairs of jaws with 

numerous teeth (about 20) (Fig. 2.8G). 

 

Parapodia biramous. Notopodium shorter than neuropodia and with bract (Fig. 2.8H, I) 

which is distinct from dorsal view (Fig. 2.8K). Neuropodium triangle with a long conical 

acicular lobe (Fig. 2.8H, I). From posterior view of parapodium, notopodium with a long 

conical acicular lobe (Fig. 2.8I). Branchiae beginning on segment 3, up the dorsal cirri or 

under elytra, two groups with short terminal filaments (Fig. 2.8I, J), continuing to 
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posterior end. 

 

Numerous notochaetae and neurochaetae on parapodia. Notochaetae straw colored, slight 

curved tips, smooth or with two rows of spines (Fig. 2.8L). Neurochaetae slight thinner 

and longer than notochaetae. Neurochaetae with two rows of numerous spines on one side 

with curved tips. Capillary neurochaete on several posterior parapodia (Fig. 2.8O). For 

the last parapodia of male, special chaetae with several long spines on side (Fig. 2.8P).  

 

Four posterior segments in males greatly modified. Pygidium squarish with one pair of 

long ventral anal cirri (Fig. 2.8R). 

 

Variation. Body 0.5 to 1.2 cm in length and 0.3 to 0.7 cm in width, 20 to 21 segments. In 

posterior segments, capillary chaetae absent in most specimens but present in some 

specimens. One pair of ventral papillae on segments 12 and a pair of C-shape overlapping 

ventral lamellae on following five segments from 13 to 17 for male specimens. Last four 

segments in males greatly modified. Ventral papillae and lamellae are absent and without 

posterior modified segments for female specimens.   

 

Etymology.  

 

Distribution. Branchinotogluma xxx sp. nov. is only known from the Okinawa Trough. 

 

Remarks. There are eight recognized species in Branchinotogluma. Among them, five (B. 

burkensis, B. marianus, B. segonzaci, B. trifurcus, B. japonicus) were reported from the 

Western Pacific. Similar to B. xxx sp. nov., B. segonzaci, B. trifurcus have four pairs of 

pharyngeal papillae. But B. segonzaci usually has a larger body size (5 cm long) than B. 

xxx sp. nov. (about 1 cm), and the dorsal and ventral cirri have round tips. Frontal 

filaments are absent from the anterior lobes of prostomium in B. trifurcus but present in B. 
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xxx sp. nov. Also, the ventral papillae are very short (as long as segment) in B. trifurcus 

on segment 12, they are long and reach the middle of next segment in B. xxx sp. nov. The 

size and the shape of pharyngeal papillae are different: four pairs of small subuliform 

papillae (subequal in size) in B. segonzaci; four pairs of large ones (subequal in size) in B. 

trifurcus; four pairs of pear-like papillae with two pairs large and two pairs small in B. 

xxx sp. nov. The edge of elytra is smooth in all the reported species in this genus, but in B. 

xxx sp. nov. the external edge is wave-formed. Thus, B. xxx sp. nov. can be distinguished 

from other congeneric species by the size pharyngeal papillae, length of ventral papillae 

and the form of the elytral edge. 

 

2.3.4 Phylogenetic tree based on molecular data 

A fragment of the mitochondrial cytochrome c oxidase I (cox1) gene, approximately 620 

bp long, was successfully amplified and sequenced from both the male and female 

specimens of Lepidonotopodium okinawae, Branchinotogluma japonicus, 

Branchinotogluma xxx sp. nov. and one male specimen of Levensteiniella xxx sp. nov. 

The ML tree showed that for those species with both male and female sequences, the 

individuals were clustered by species, rather than the presence or absence of ventral 

papillae or ventral lamellae (Fig. 2.9). Moreover, in Branchinotogluma japonicus which 

included both males with compressed and elongate posterior ends, these individuals were 

clustered in the same clade. Branchinotogluma is paraphyletic because 

(Branchinotogluma sandersi + Branchinodogluma sp. nov.) is sister to (Bathykurila 

guaymasensis + (Branchinotogluma japonicus + Branchipolynoe spp.)). However, the 

relationships among the three genera need to be confirmed due to the low support values 

in several nodes. Sequences from more genes will improve the results of the phylogenetic 

analyses.  

 

2.4 Discussion 

Deep-sea polynoids are identified mainly based on the number of segments, number and 
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shape of elytron, shape and size of ventral papillae or lamellae, shape of prostomium and 

parapodia, and morphology of the posterior end. A handful of deep-sea polynoids 

reported during the last 40 years. However, nearly all of them were reported firstly based 

on morphology and without molecular information. Some of them were described based 

on two specimens (for example Branchinotogluma japonicus) or only female or male 

specimens (for example Lepidonotopodium okinawae). Therefore, some of the important 

characters were missing and resulted in different names for the male and female for the 

same species. Recent years, some revisions were done. Take Opisthotrochopodus 

Pettibone, 1985 for an example, it was considered as a male morphology subjective 

synonym of Branchinotogluma Pettibone, 1985, and all Opisthotrochopodus species 

except O. japonicus were accepted as Branchinotogluma species (Desbruyères et al., 

2006). 

 

In this chapter, four species (Lepidonotopodium okinawae and Branchinotogluma 

japonicus, Levensteiniella xxx sp. nov. and Branchinotogluma xxx sp. nov) from Okinawa 

Trough were described. Comparing with shallow-water polynoids, the male and female of 

deep-sea polynoids usually are different in the ventral papillae and modified posterior end. 

Both male and female morphology for the above four species were described and the 

molecular data was also provided. My data provide the molecular evidence for the 

variation of ventral papillae between male and female of deep-sea polynoids. However, 

the relationships among genera are not clear. More molecular data are needed to explore 

the relationships at genus level. Given the greatly modified characters of the males of 

deep-sea scale worms, a new species should only be described when both male and 

female specimens are available. Moreover, due to the high morphological variation in 

juveniles, the molecular data should be referred to confirm the intra-species variation. 
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Tables 

Table 2.1 Basic information of examined specimens of Lepidonotopodium okinawae. 

Specimen Original 

catalog no. 

Body length Body width No. of 

segments 

Sex Remarks 

1 1860 BC4-03 0.95 0.75 25 M DNA 

2 1860 BC4-03 1.05 0.7 24 M  

3 1858 BC3-8 1.2 0.85 25 F DNA 

4 1858 BC3-8 1.4 0.75 25 F  

5 1858 BC3-3 0.95 0.7 25 M  

6 1859 BC3-2 0.9 0.6 24 M  

7 1860 BC4-03 1.25 1 25 F  

8 1858 BC3-8 1.05 0.7 25 M  

9 1859 BC3-2 1.1 0.65 24 F  

10 1858 BC3-8 1.15 0.65 25 F  

11 1858 BC4-16 1.1 0.95 24 F  

12 1861 BC4-01 1.1 0.8 25 F DNA 

Note: unit of length and width: cm. F: female; M: male. DNA: cox1 sequence available for this 

specimen. 
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Table 2.2 Basic information of examined specimens of Levensteiniella xxx sp. nov. 

Specimen Original 

catalog no. 

Body length Body 

width 

No. of 

segments 

Sex Remarks 

Holotype      

1 1860 BC2-04 0.9 0.5 24 M  

Paratypes      

2 1859 BC1-5 1 0.5 25 F  

3 1859 BC1-5 0.3 0.15 18 F juvenile 

4 1859 BC1-5 0.5 0.25 18 F juvenile 

5 1860 BC2-04 0.55 0.3 15 F juvenile, 

lack 

posterior 

end 

6 1860 BC2-04 0.95 0.55 24 M DNA 

Note: unit of length and width: cm. F: female; M: male. DNA: cox1 sequence available for this 

specimen. 
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Table 2.3 Basic information of examined specimens of Branchinotogluma japonicus. 

Specimen Original 

catalog no. 

Body length Body width No. of 

segments 

Sex Remarks 

1 1858 BC4-11 0.9 0.5 21 F DNA 

2 1858 BC3-8 1.1 0.6 21 M DNA, elongated 

posterior segments 

3 1858 BC3-8 1.05 0.7 20 M DNA 

4 1859 BC2-02 0.75 0.55 20 M cutted for checking 

jaws 

5 1859 BC2-02 0.7 0.65 21 M  

6 1858 BC3-8 0.4 0.35 15 F  juvenile 

7 1858 BC3-8 0.6 0.35 18 F juvenile 

8 1859 BC3-2 0.85 0.65 21 F extended pharynx 

9 1858 BC3-8 0.9 0.7 21 M elongated posterior 

segments 

10 1859 BC2-02 0.45 0.3 20 M  

11 1858 BC3-8 1.1 0.85 21 F  

12 1858 BC3-8 0.55 0.5 20 F  

13 1858 BC3-8 1 0.5 20 F  

14 1858 BC3-8 0.6 0.45 21 M cutted for checking 

jaws 

15 1858 BC3-8 0.85 0.6 20 M  

16 1858 BC3-8 0.65 0.5 14 M lack posterior end 

17 1858 BC3-8 0.5 0.3 20 M  

18 1859 BC4-3-1 0.25 0.15 18 F  juvenile, extended 

pharynx 

19 1859 BC4-3-1 0.9 0.6 20 F DNA 

20 1860 BC2-04 1.1 0.8 21 F  

21 1860 BC2-04 0.4 0.3 15 F  juvenile 

Note: unit of length and width: cm. F: female; M: male. DNA: cox1 sequence available for this 

specimen. 
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Table 2.4 Basic information of examined specimens of Branchinotogluma xxx sp. nov. 

Specimen Original 

catalog no. 

Body length Body width No. of 

segments 

Sex Remarks 

Holotypes      

1 1859 BC1-5 1.1 0.55 21 M  

Paratypes      

2 1857 BC1-03 1.1 0.7 21 F  

3 1858 BC1-6 1.55 0.7 21 F DNA 

4 1858 BC1-6 0.8 0.45 21 F  

5 1858 BC1-6 0.6 0.35 21 M  

6 1859 BC4-3-1 0.9 0.55 20 M  

7 1859 BC4-3-1 0.7 0.45 20 F  

8 1858 BC3-8 1.1 0.65 21 F  

9 1858 BC3-8 0.7 0.49 21 F  

10 1858 BC3-8 0.5 0.35 21 M  

11 1858 BC4-11 1 0.65 21 F  

12 1859 BC2-02 1 0.65 21 F  

13 1859 BC4-3-1 0.55 0.35 21 M  

14 1859 BC4-3-1 0.95 0.6 21 M  

15 1859 BC4-3-1 1.05 0.55 21 M  

16 1859 BC4-3-1 0.8 0.45 20 M  

17 1859 BC4-3-1 1.2 0.6 21 F  

18 1859 BC4-3-1 1 0.55 21 F  

19 1859 BC4-3-1 0.9 0.5 21 M  

20 1859 BC4-3-1 0.5 0.3 20 F  

21 1860 BB1-02 1.2 0.7 21 F extended 

pharynx 

22 1860 BB1-02 1 0.65 20 M DNA 

23 1859 BC1-5 0.85 0.5 17 M lack 

posterior 

end 

24 1859 BC4-09 0.8 0.4 21 F DNA 

Note: unit of length and width is cm. F: female; M: male. DNA: cox1 sequence available for this 

specimen. 
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Table 2.5 Comparison of major morphological characters among described species of 

Branchinotogluma. 

Species B. sandersi/B. 

grasslei 

B. hessleri/O. 

alvinus 

B. burkensis  B. marianus B. segonzaci 

No. 1 2 3 4 5 

Reference Pettibone, 

1985 

Pettibone, 1985 Pettibone, 1989 Pettibone, 1989 Miura & 

Desbruyeres, 1995 

Type 

location 

East Pacific: 

Galapagos 

Spreading 
Center, East 

Pacific Rise: 

21°N to 17°S, 
Guaymas 

Basin. 

East Pacific: 

from Guaymas 

Basin to East 
Pacific Rise 

9°N, Galapagos 

Spreading 
Center. 

Mariana 

Back-Arc Basin 

Mariana Back-Arc 

Basin 

North Fiji, Lau and 

Manus Back-Arc 

Basins 

Length 

(mm) 

up to 60, no 
color 

16mm 30, no color 6 49 

Anterior 

end 

Prostomium 

bilobed, 

anterior lobes 
with terminal 

filaments; 

median 
antenna with 

cylindrical 

ceratophore in 
anterior notch, 

with long 

terminal 
filament 

Prostomium 

bilobed, 

anterior lobes 
triangular with 

frontal 

filaments; 
median antenna 

with bulbous 

ceratophore in 
anterior notch 

with tapered 

and long 
slender tip 

Bilobed 

prostoomium 

with prominent 
cylindrical 

anterior lobes 

with terminal 
filaments; 

median antenna 

with bulbous 
ceratophore in 

anterior notch 

and short 
tapered tip 

Prostomium bilobed, 

anterior lobes 

triangular with 
slender frontal 

filaments; median 

antenna with bulbous 
ceratophore in 

anterior notch, with 

slender short style 

Prostomium bilobed. 

Anterior lobes with 

frontal filaments; 
median antenna 

inserted in anterior 

notch, with very short 
cylindrical 

ceratophore and 

rounded tip. 

Elytra stiff, opaque smooth, 

branched veins 

smooth, 

branched veins 

smooth, branched 

veins 

smooth 

Dorsal 

cirri 

tapered end tapered end tapered end tapered end round tips 

Branchiae 3 to 18 3 to 17 3 to the end 3 to 15 3 to 19 with modified 

posterior, 3 to 21 
without modified 

posterior 

Ventral 

papillae 

4 or 5, S11 to 

S12-S15, 
short;  

1, S12, long 3, S11-S13, 

short 

1, S12; long  1, S12; short 

lamellae 3, S16-S18 7, S13-S19 7, S11-S17 6, S13-S18 5, S13-S17 

Notochaeta

e 

smooth smooth or with 

one or two rows 
of spines 

small spines smooth or with faint 

spinous rows 

serrated on distal 

margins 

Pharyngea

l papillae 

5 small: 3 

dorsal, 2 
ventral 

5 small: 3 

dorsal, 2 ventral 

5 small: 3 

dorsal, 2 ventral 

8: 4 dorsal with 2 

middle large 4 
ventral small; 

four pairs of small 

papillae 

Jaws with minute 

denticles 

with minute 

denticles 

with minute 

denticles 

without denticles without 

denticulations 

 

 

  



38 
 

Second part: 

Species B. trifurcus  B. tunnicliffeae B. japonicus B. xxx sp. nov 

No 6 7 8 9 

Reference Miura & 

Desbruyeres, 1995 

Pettibone, 1988 Miura & Hashimoto, 

1991 

this paper 

Type 

location and 

distribution 

North Fiji and Lau 
Back-Arc Basins. 

Explorer Ridge; Juan de 
Fuca Ridge: Endeavour 

segment; Axial 

Seamount and Southern 
Juan de Fuca Ridge. 

Kaikata seamount in 
Japan 

Okinawa trough 

Length 

(mm) 

15 up to 31 3.7 up to 1.2 

Prostomium Prostomium bilobed. 

Anterior lobes 
prominent, without 

frontal filaments; 

median antenna 
inserted in widely 

incised anterior notch, 

with very short 
ceratophore and 

subulate style, half as 

long as palp  

Prostomium deelply 

bilobed, anterior lobes 
subtriangular, with rather 

long frontal filamments; 

median antenna with 
bulbous ceratophore in 

anterior notch, subulater 

style with long slender 
tip, shorter than 

tentacular cirri 

Bilobed prostomium 

with short 
cylindrical anterior 

lobes terminating in 

cirriform tips and 
non-ocular paired 

oval areas, median 

antenna with 
bulbous ceratophore 

in anteior notch and 

short slender style 

Prostomium bilobed. 

Anterior lobes 
subtriangular with frontal 

short filaments; median 

antenna inserted in 
anterior notch, with very 

short cylindrical 

ceratophore and long 
slender tip 

Elytra smooth smooth smooth, branched 
veins 

smooth with small 
papillae on the margin 

Dorsal cirri tapered end tapered end tapered end tapered end 

Branchiae 3 to 18 with modified 

posterior, 3 to 21 
without modified 

posterior 

two pairs; From 3, to 

15-18 

3 to 14 (3-17, 3-16) 3 to end 

Ventral 

papillae 

1, S12; short long tapering on S12, 

shorter and thicker on 
S13-S15 

1, S12, long 1, S12, short 

lamellae 5, S13-S17 rounded lamellae S16 

and S17. 

5, S13-S17, squarish 5, S13-S17, C-shape and 

overlapping 

Notochaetae short spines on distal 
margins 

smooth or with two rows 
of spines 

smooth smooth or with two rows 
of spins 

Pharyngeal 

papillae 

Pharynx four pairs of 

large papillae,  

5 small: 3 dorsal, 2 

ventral 

five small lateral 

papillae;  

four pairs of papillae with 

middle two large and 
lateral much smaller 

Jaws jaws with 

denticulations 

jaws with minute 

denticles 

two pairs of dark 

jaws 

jaws with denticles. 

 

  



39 
 

 

Figure 2.1 Lepidonotopodium okinawae. A, dorsal view of female. B, ventral view of female. C, 

dorsal view of male. D, ventral view of male. Scale bar: 1mm. 
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Figure 2.2 Lepidonotopodium okinawae. A, Dorsal view of anterior part. B, First elytra. C, Second 

elytra. D, Six elytra showing the foveolae. E, Second elytra and papillae (lower right corner). F, 

Top view of extended pharynx. G, One piece of jaw. H. Ventral view of segments 11, 12 (female). 

I, Ventral view of segments 11 to 13 (male). J, Anterior view of parapodium (segment 9). K, 

Posterior view of parapodium (segment 8). L-M, Notochaetae. N-O, Neurochaetae. P, Dorsal view 

of posterior part. Q, Ventral view of posterior part. Scale bar: A, B, C, D, F, H, I, J, K, P, Q, 0.5 

mm.   
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Figure 2.3 Levensteiniella xxx sp. nov. Holotpyes: A, Dorsal view of male. B, Ventral view of 

male. C, Dorsal view of female. D, Ventral view of female. Scale bar: 1mm. 
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Figure 2.4 Levensteiniella xxx sp. nov. A, Dorsal view of anterior part. B, Ventral view of anterior 

part. C, Dorsal view of anterior part. D, Vorsal view of anterior part. E, Elytra. F, Elytra showing 

the macropapillae. G, Ventral view of pharynx (cut out). H, Two pairs of jaws. I. Ventral view of 

segments 11, 12 (male). J, Anterior view of parapodium (segment 11). K, Posterior view of 

parapodium (segment 11). L-N, Notochaetae. O-P, Neurochaetae. Q-R, Ventral view of posterior 

part. Scale bar: A, B, C, D, E, I, J, K, Q, R: 1 mm. F, G, H: 0.5 mm. A and B, holotype; C and D, 
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paratype. 

 
Figure 2.5 Branchinotogluma japonicus. A, Dorsal view of male. B, Ventral view of male. C, 

Dorsal view of female. D, Ventral view of female. Scale bar: 1mm. 
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Figure 2.6 Branchinotogluma japonicus. A, Dorsal view of anterior part. B, Ventral view of 

anterior part. C-D, Elytra. E, Ventral view of extended pharynx. F, Five papillae on the lateral side 

of pharynx. G, Anterior view of parapodium (segment 10). H, Posterior view of parapodium 

(segment 10). I, Shape of branchiae. J, Notochaetae. K-L, Neurochaetae. M, Capillary 

neurochaetae on poterior parapodia. N-O, Dorsal view of posterior part. P-R, Ventral view of 

posterior part. S, Special chaeta from last parapodia. Scale bar: A, B, C, G, H, N, O, P, Q, R: 1 mm. 

E, F, I: 0.5 mm.  
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Figure 2.7 Branchinotogluma xxx sp. nov. A, Dorsal view of female. B, Ventral view of female. C, 

Dorsal view of male. D, Ventral view of male. Scale bar: 1mm. 
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Figure 2.8 Branchinotogluma xxx sp. nov. A, Dorsal view of anterior part. B, Ventral view of 

anterior part. C-F, Elytra. G, Ventral view of extended pharynx. H, Anterior view of parapodium 

(segment 10). I, Posterior view of parapodium (segment 10). J, Shape of branchiae. K, dorsal view 

of neuropodia show neuropodia bract. L, Notochaetae. M-N, Neurochaetae. O, Capillary 

neurochaetae on poterior parapodia. P, Special chaeta from last parapodia of male. Q-T, Ventral 

view of posterior part. Scale bar: A, B, C, D, H, I, K, Q, R, S, T, U: 1 mm. E, G, J: 0.5 mm.  
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Figure 2.9 Phylogenetic tree constructed by the Maximum Likelihood methods using cox1. 

Numbers above branches represent ML bootstrap values. M: male; F: female. Numbers above 

branches represent ML bootstrap values based on 1,000 iterations, with 100 as the highest value. 

Accession numbers of cox1: Halosydna brevisetosa, AY894313; Harmothoe oculinarium, 

AY894314; Lepidonotus squamatus, AY894316; Bathykurila guaymasensis, DQ074766; 

Branchinotogluma sandersi, JN852923; Branchipolynoe symmytilida, AY646021. 
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Chapter 3 Phylogeny and evolution of scale worms (Aphroditiformia, Annelida): 

Insights from analysis of mitochondrial genomes and ribosomal sequences 

 

3.1 Introduction 

Polychaetous worms in the suborder Aphroditiformia (Annelida) are commonly called 

scale worms due to their presence of dorsal scales (elytra). Scale worms are diverse, with 

approximately 1,200 species classified into 256 genera in 7 families (Acoetidae, 

Aphroditidae, Eulepethidae, Iphionidae, Pholoidae, Polynoidae, Sigalionidae) (Norlinder 

et al., 2012; Read & Fauchald, 2017). They are found almost everywhere in the sea, from 

the tropics to polar regions, and from the intertidal zone to the deep sea (Pettibone, 1984; 

Glover et al., 2005; Glasby et al., 2000; Rouse & Pleijel, 2001). The lifestyle of scale 

worms varies from free-living to commensal with a variety of invertebrates such as 

sponges, corals, deep-sea mussels, shrimps and other polychaetes (Martin & Britayev, 

1998; Britayev & Martin, 2006).  

 

Most members of Aphroditiformia have well-developed sensory appendages and 

parapodia (Glasby et al., 2000; Rouse & Pleijel, 2001). Morphological characters such as 

the number of body segments and elytra, the shape of prostomium and parapodium, the 

insertion point of lateral antennae, and ornamentation of scales and chaetae, have been 

used for their classification. But the delimitations of some of the morphological character 

states are ambiguous (Wiklund et al., 2005; Norlinder et al., 2012). The taxonomy of 

Aphroditiformia, especially Polynoidae, is complex because a substantial number of 

deep-sea species have been described during the last forty years. Among them, more than 

120 species assigned to 53 genera in Polynoidae from various chemosynthesis-based 

habitats, and more than half of genera contain only one species (Van Dover et al., 2008; 

Read & Fauchald, 2017). The relationships within deep-sea scale worms and the 

relationship between shallow-water and deep-sea species are unclear. 
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There have been several phylogenetic studies of Aphroditiformia. Rouse and Fauchald 

(1997), based on cladistics of morphological characters, recognized Aphroditiformia as a 

monophyletic clade containing six families (Acoetidae, Aphroditidae, Eulepethidae, 

Pholoidae, Polynoidae, Sigalionidae), with Pholoidae as the basal group. Rouse & Pleijel 

(2001) further elaborated this classification scheme, with scale worms with simple 

chaetae only (Acoetidae, Aphroditidae, Eulepethidae and Polynoidae) considered as 

Aphroditoidea; Siglionidae with both simple and compound chaetae as the sister clade of 

Aphroditoidae; Pholoidae, also having both simple and compound chaetae but much 

smaller body size and by stiffer body than Siglionidae, as the sister clade of the clade 

consisting of Siglionidae and Aphroditoidae; and Pisionidae, a group of scale-less 

polychaetes with some degrees of cephalization, as the basal group of Aphroditiformia.  

 

Two later studies, one based on molecular data (Struck et al., 2005) and another based on 

combined molecular and morphological data (Wiklund et al., 2005) do support Pisionidae 

as a member of Aphroditiformia, however, recognizing Pisionidae as well as Pholoidae 

would make Sigalionidae paraphyletic. Furthermore, Palmyra, a scale-less polychaete 

that has a confused taxonomy history and has been assigned to Palmyridae, 

Chrysopetalidae and Aphroditidae, indeed belongs to Aphroditidae (Wilklund et al., 

2005). A recent study covering more taxa, using both molecular and morphology data, 

further clarified some phylogenetic relationships within Aphroditiformia (Norlinder et al. 

2012), including proposing Pholoididae and Pisionidae as junior synonyms of 

Sigalionidae, recognizing Iphionidae and Polynoidae as separate families, and 

Aphroditidae and Eulepethidae are the basal families. However, there are still several 

unresolved relationships within Aphroditiformia. For instance, it is not sure whether 

Aphroditidae or Eulepethidae is the basal family. The supporting node values for the 

sister clade relationship between Acoetidae and Polynoidae are low. Within Polynoidae, 

although the three deep-sea species used (Bathykurila guaymasensis, Branchinotogluma 

sandersi and Branchipolynoe symmytilidae) form a well-supported clade, the taxon 
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sampling was too small to allow for assessment of the status and relationship within the 

genera that are also designated as separate subfamilies. These unresolved relationships 

might be partially due to limited taxon sampling in some taxa, especially in Acoetidae, 

Aphroditidae and Eulepethidae, as well as the deep-sea species of Polynoidae. 

 

In addition to the problem of limited taxon sampling, the use of only one to four 

molecular biomarkers in previous studies may have contributed to the inability to fully 

resolve the phylogenetic relationships within Aphroditiformia. Mitochondrial genomes of 

animals, which typically contains 37 genes, including 13 protein-coding genes (PCGs), 

22 transfer RNA (tRNA) and 2 ribosomal RNA (rRNA), have been shown to be a 

powerful tool in phylogenetic studies (Boore, 1999; Osigus et al., 2013; Bourguignon et 

al., 2015). In addition to providing sequences from multiple genes for phylogeny 

reconstruction, such data can be used in evolutionary studies by comparing 

base-substitution rates among taxa (Gissi et al., 2008; Eo & DeWoody, 2010). 

Furthermore, mitochondrial gene orders may have value in phylogenetic inference 

(Sankoff et al., 1992; Lavrov & Lang, 2005).  

 

Although mitochondrial genomes have been widely applied in phylogenetic and 

evolutionary studies across the animal kingdom, they are still poorly represented in some 

taxa, including Annelida, a diverse phylum of animals with around 21,000 described 

species comprising the traditionally recognized classes of Polychaeta, Oligochaeta and 

Hirudinea, as well as the previously recognized phyla of Echiurida, Sipunculida, and 

Siboglinida (McHugh, 1997; Bleidorn et al., 2006; Struck et al., 2007; Weigert et al., 

2016). Currently annelids are considered to include three major groups: Errantia, 

Sedentaria and basal branching families (i.e., Megelonidae, Owenidae, Chaetopteriidae 

and Sipunculidae) (Struck et al., 2011; Weigert et al., 2016; Andrade et al., 2015; Weigert 

& Bleidorn, 2016). There are only 27 published complete mitochondrial genomes from 

Errantia, 45 from Sedentaria (including 28 from Clitellata) and 8 from the basal 
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branching families. Among the published mitochondrial genomes from Errantia and 

Sedentaria, the gene order is highly conserved, usually differing only in a few 

rearrangements of tRNAs (Jennings & Halanych, 2005; Vallès & Boore, 2006; Zhong et 

al., 2008; Weigert et al., 2016), except in 5 species of Syllidae (Order Phyllodocida, 

Suborder Nereidiformia) which have substantially rearranged gene orders (Aguado et al., 

2015; 2016). Within Errantia there are 26 published complete mitochondrial genomes 

from the Order Phyllodocida which includes the Suborders Aphroditiformia, 

Phyllodociformia, Glyceriformia, Nereidiformia and Phyllodocida incertae sedis (Read & 

Fauchald, 2017). Seven of these published mitochondrial genomes are from Nereididae 

and seven from Syllidae in the Suborder Nereidiformia, and one from Goniadidae and ten 

from Glyceridae in Suborder of Glyceriformia, and one from Nephtyidae in the Suborder 

of Phyllodocida incertae sedis. 

  

To improve our understanding of the phylogeny and mitochondrial genome evolution in 

Aphroditiformia, we applied low-coverage DNA sequencing on 16 species of scale 

worms belonging to seven families (Table. 3.1). Low-coverage sequencing has been 

shown to be an effective tool in rapid discovery of genetic markers in annelids, especially 

nuclear ribosomal and mitochondrial genes (Weigert et al., 2016; Aguado et al., 2015; 

2016; Ritcher et al., 2015) for phylogenetic and gene order analyses. However, the 

correspondence between mitochondrial gene order rearrangement and base-substitution 

rate has not been examined in annelids. 

 

3.2 Material and methods 

3.2.1 Collection the specimens of scale worms 

Specimens belonging to 16 species were collected from the intertidal to the deep-sea in 

different parts of the world (Table. 3.1). They represent the 7 recognized families of 

Aphroditiformia (WoRMS, 2016): 8 species in 7 genera of Polynoidae, 2 species in 2 

genera of Sigalionidae, 2 species in 1 genus of Pholoidae, and 1 species in each of 
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Acoetidae, Aphroditidae, Eulepethidae and Iphionidae. The specimens were preserved in 

100% ethanol. 

 

3.2.2 Genome sequencing and assembly 

Genomic DNA was extracted by the CTAB (cetyltrimethylammonium bromide) method 

(Stewart & Via, 1993), and paired-end sequenced on either an Illumina MiSeq or Illumina 

HighSeq platform with a read length of 100, 125 or 250 (Table. 3.2). The reads were 

filtered to remove low quality sequences using Trimmomatic V0.33 (LEADING:3 

TRAILING:3 SLIDINGWINDOW:4:15 MINLEN:36) (Bolger et al., 2014), then 

assembled using CLC Genomics Workbench version 7.0.3 (CLCbio, Arhus, Denmark).  

 

3.2.3 Mitochondrial genome annotation  

Contigs containing the mitochondrial genomes were selected by local BLAST V2.2.24. 

Mitochondrial genomes were annotated using MITOS (Bernt et al., 2013). The 

boundaries of PCGs and rRNA genes were further determined by alignment with several 

published mitochondrial genomes of polychaetes. The GC-skew and AT-skew patterns 

were determined according to Perna and Kocher (1995). In details, the GC-skew and 

AT-skew are (G-C)/(G+C) and (A-T)/(A+T) respectively. So, negative skew value means 

the coding strand has more Cs or Ts, respectively. In contrast, positive value indicates 

more Gs or As. 

 

3.2.4 Phylogenetic analysis 

Since 18S and 28S rRNA genes are commonly used for identification and phylogeny 

(Neal et al., 2014; Norlinder et al., 2012), they were also picked up for all of the 

sequenced species and are included in phylogenetic analysis. The mitochondrial genes 

and 18S and 28S rRNA were aligned respectively using Mesquite that adopts the 

MUSCLE algorithm (Maddison & Maddison, 2001). Poorly aligned positions and 

divergent regions were removed using the Gblocks Server, and the data from different 
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genes were concatenated using SequenceMatrix (Vaidya et al, 2011). Phylogenetic 

analyses were performed using both the Maximum Likelihood (ML) and Maximum 

Parsimony (MP) methods. The ML analysis was conducted using RaXML GUI1.3, with 

the GTR+I+G substitution model being selected using jModelTest (Darriba et al., 2012). 

The MP analysis was conducted using the heuristic search algorithm based on 100 

random addition sequences in PAUP* V4.0 (Swofford, 2003). Tree bisection 

reconstruction (TBR) branch swapping was in effect. Bootstrap analysis based on 

heuristic searches of 1000 random addition replicates. Gaps were treated as missing data. 

Phylogenetic analyses were also conducted using a more comprehensive dataset 

comprising two nuclear genes (18S and 28S rRNA), as well as 13 mitochondrial PCGs 

and two mitochondrial rRNA genes (12S and 16S rRNA) from the 16 newly sequenced 

species. Methods for sequence alignment, data concatenation, and phylogenetic analyses 

were identical to those described above. Platyneresis dumerilii, Perinereis nuntia and 

Nephtys sp. were used as outgroup for the phylogeny based on mitochondrial genome and 

the accession numbers are AF178678, JX644015 and EU293739 respectively.   

 

3.2.5 Comparisons of mitochondrial gene order 

CREx was used to conduct comparisons of mitochondrial gene order (Bernt et al., 2007). 

The type of genome data was selected as circular. Genome rearrangement scenarios 

includes transpositions, reverse transpositions, reversals, and 

tandem-duplication-random-loss (TDRL) events were estimated by pairwise comparison.  

 

3.2.6 Substitution rates of mitochondrial genes 

Non-synonymous to synonymous rate ratio (dN/dS, ω) of each mitochondrial gene was 

estimated by the one-ratio model implemented in PAMLx’s codeml program (Xu & Yang, 

2013). The ω values were calculated for groups of polynoids, deep-sea and shallow-water 

species respectively to compare their differences. 
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3.3 Results 

3.3.1 Sequencing data, assembly and characterization of mitochondrial genome 

The sequencing output and data quality for the 16 species of scale worms are summarized 

in Table. 3.2. There were approximately 2.9 to 9.9 Gb clean reads, and 82% to 97% of 

them were retained after data trimming. Assembly of the reads using CLC Genomics 

Workbench resulted in 45,098 to 825,874 contigs. Local BLAST was conducted to 

recover contigs containing complete or nearly complete mitochondrial genomes, as well 

as 18S and 28S rRNA genes from the 16 sequenced species. In 13 species (Panthalis 

oerstedi, Laetmonice producta, Eulepethus nanhaiensis, Iphione sp., Branchinotogluma 

japonicus, Branchipolynoe pettiboneae, Branchipolynoe sp., Levensteiniella iris, 

Melaenis sp., Halosydna sp., Lepidonotus sp., Pisione sp., Euthalenessa festiva), the 

mitochondrial genome was recovered as a single contig ranging from 15023 to 16036 bp 

in length (Table. 3.2). The nearly complete mitochondrial genome of Lepidonotopodium 

okinawae contains three contigs with a total length of 16353 bp; and that of Pholoe 

pallida contains two contigs with a total length of 15463 bp. The mitochondrial genome 

of Pholoe sp. was not assembled successfully, and only 2 potential contigs containing the 

2 PCGs were recovered.  

 

The compositions of the mitochondrial genomes are summarized in Table. 3.2. The 

mitochondrial genomes all have 37 genes, including 13 PCGs, 2 rRNA genes and 22 

tRNA genes. The incomplete mitochondrial genomes contain partial tRNA G in B. 

japonicus, partial cox2, nad2, nad4, nad5 in P. pallida, but tRNA L1 and A are missing in 

L. okinawae (Table. 3.3). For all PCGs in all species, the start codon is ATG, and the stop 

codon is either TAA, TAG, TGA or a single T (Table. 3.3). Most of the scale-worm 

mitochondrial genomes are AT-rich (> 60%) (Table. 3.3). But in Panthalis oerstedi, the 

AT content is smaller (52.1%). The GC-skew values in all species are negative, which 

ranged from -0.19 to -0.36 (Table. 3.3). The AT-skew values are also negative, with a 
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larger difference among the species (-0.05 to -0.22). In all species, the GC-skew value 

was more negative than the AT-skew value, expect in Pisione sp. whose GC-skew vale is 

more negative than AT-skew vale (Table. 3.3). 

 

3.3.2 Phylogeny of Aphroditoformia reconstructed using cox1 and three rRNA genes 

Phylogenetic relationship among Aphroditiformia was reconstructed using the same four 

genes (i.e., cox1, 16S, 18S, 28S) as in Norlinder et al. (2012). Taxa used included all in 

Norlinder’ paper as well as the 16 species selected in this study. Applying Gblocks 

resulted in 3,608 characters in total for the four genes (580 for cox1, 441 for 16S, 1766 

for 18S, and 821 for 28S). The phylogenetic tree (Fig. 3.1) showed that species in 

Aphroditiformia formed a well-supported monophyletic clade. Among the seven currently 

recognized families, the clade of deep-sea polynoids was well-supported and they derived 

from the shallow-water species. However, among the branchia-bearing genera, 

Branchipolynoe was included in the clade of Branchinotogluma. In subfamily level, 

Branchinotogluminae and Macellicephalinae were both paraphyletic with high support 

value. In family level, Iphionidae was the sister taxon to Acoetidae; Pholoidae was nested 

in Sigalionidae but the clade of Pholoe (Pholoidae) and Sthenelais (Siglionidae) was poor 

supported; Eulepethidae was the basal group of Aphroditiformia. 

 

3.3.3 Phylogeny of Aphroditiformia reconstructed using rRNA and mitochondrial 

PCGs  

Phylogenetic analyses were also conducted for the 16 newly sequenced species of scale 

worms only, based on 19,066 characters from 13 mitochondrial PCGs (10,826 characters), 

12S (i.e., rrnS, 687 characters) and 16S (i.e., rrnL,1046 characters) mitochondrial genes, 

and 18S and 28S (6507 characters) rRNA nuclear genes. Although with reduced taxon 

sampling, the results on family relationships among Aphroditiformia are similar with the 

former tree based on cox1 and 3 rRNA genes, but most of nodes have higher support 

values (Fig. 3.2). In general, both the MP and ML trees support the sister clade 
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relationship between Eulepethus nanhaiensis (Eulepethidae) and Laetmonice producta 

(Aphroditidae), and together they form the sister clade of all other scale worms (Fig. 3.2). 

Siglionidae is paraphyletic if Pholoidae is recognized as a family. Acoetidae and 

Iphionidae are sister clade in ML tree but not supported in MP tree. Polynoidae is a sister 

clade to the clade comprising Acoetidae and Iphionidae. Deep-sea polynoids form a 

monophyletic clade, with shallow-water Melanis sp. as the sister taxon. Within the 

deep-sea polynoids, the two non-branchia bearing species (L. iris, L. okinawae) and the 

three branchia-bearing species (B. pettibonae, Branchipolynoe sp., B. japonicus) each 

form a well-supported clade (Fig. 3.2). 

 

3.3.4 Rearrangements of mitochondrial genome  

The gene orders of the 15 mitochondrial genomes are shown in Fig. 3.3, with the 

conserved gene blocks marked using different colors. Conserved gene blocks S1-D, 

atp8-Y and W-nad5 are present in all species in Aphroditiformia (Fig. 3.3). The 

mitochondrial genomes in the shallow-water species belonging to 7 families are identical 

except the location of L2. However, there are three patterns of gene order arrangement in 

the five deep-sea polynoids. Specifically, within the clade of deep-sea polynoids whose 

parapodia do not bear branchia, L. iris has a gene order that is almost identical to that of 

the shallow-water species, except that the S2-nad3 block is separated by two tRNA genes 

(L1, A). In the other four species of deep-sea polynoids, there are two novel patterns of 

mitochondrial gene arrangement. The gene order of L. okinawae, another deep-sea 

species that does not bear branchia, is different in the locations of the conserved gene 

blocks atp8-Y and S2-nad3, and three tRNAs (L2, E, V). Three deep-sea branchia-bearing 

species show the third gene order arrangement characterized by different locations of 

conserved gene block S2-nad3 and L2, and separation of gene blocks cox3-cob and F-G. 

Compared with the conserved mitochondrial genome gene orders, another difference in 

the rearranged mitochondrial genomes is that they contain at least four long (> 50 bp) 

non-coding regions (Fig. 3.3; Table. 3.3). The mean AT percentage of these non-coding 
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regions is 77.99%, whereas the value for protein-coding regions is only 61.85% (Table. 

3.3). In addition, the locations of these relatively long non-coding regions are often the 

boundaries where rearrangements happen.  

 

Showing the phylogenetic tree and gene orders of Aphroditiformia side by side reveals 

the pattern of mitochondrial genome evolution. In most family/species of Aphroditiformia, 

the gene order is very conserved (Fig. 3.4) and identical to that of their outgroups in the 

families Nereididae and Nephtyidae except the position of several rRNAs (Fig. 3.4). 

Among the four rearrangement events (inversion, transposition, reverse transposition and 

TDRL) that have been known to be responsible for mitochondrial gene order 

rearrangements (Perseke et al., 2008), the CREx analysis indicated that transposition and 

TDRL may have involved in the mitochondrial genomes of Aphroditiformia (Fig. 3.4). 

Specifically, only one transposition of L2 from the ancestral pattern was needed to 

generate the pattern in Pisione, Iphione, Panthalis or shallow-water polynoids species, 

respectively. For the deep-sea Levensteiniella, two transpositions (L2, L1-A) were needed. 

For the other deep-sea polynoids, duplication of the whole mitochondrial genome 

followed by two patterns of random gene loss was likely responsible for the formation of 

the new mitochondrial gene order patterns found in Branchipolynoe, Branchinotogluma 

and Lepidonotopodium, otherwise it would have required too many transpositions to 

reach the current patterns in these species. 

 

3.3.5 Relaxed purifying selection in mitochondrial genes of deep-sea polynoids 

The mean ω values determined by PAMLx varied from 0.00039 to 0.03449 for the 13 

mitochondrial PCGs for shallow-water polynoids and from 0.00581 to 0.11828 for 

deep-sea species (Fig. 3.5). The results showed that mitochondrial PCGs have evolved 

globally under strong purifying selection. Among them, genes belonged in complex IV 

(i.e. cox1, cox2, cox3) and nad1 have the smallest ω values. Comparing with 

shallow-water species, deep-sea group have higher ω values for all mitochondrial PCGs 
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except cox3. In addition, the ω values for half of PCGs (atp8, cox2, nad1, nad4, nad4l, 

nad6) in deep-sea species are four times larger than that in shallow-water species. The 

result indicated the general relaxation of purifying selection on mitochondrial genome in 

deep-sea polynoids. 

 

3.4 Discussion 

This is the first report of complete mitochondrial genome in Aphroditiformia. The 

phylogeny was constructed using the molecular information of four partial genes used in 

previous reports, as well as mitochondrial genome and two nuclear rRNAs. As expected, 

the species belonged to Aphroditiformia form a well-supported monophyletic clade. In 

addition, our results showed that the mitochondrial gene orders in deep-sea polynoids are 

very different form that in shallow-water scale worms. 

 

3.4.1 Phylogenetic relationships in Aphroditiformia 

Our analyses supported some of the findings from previous studies. First, the results from 

both the 4-gene and 17-gene datasets recovered Aphroditiformia as a well-supported 

monophyletic clade, consistent with Struck et al. (2005), Wiklund et al. (2005) and 

Norlinder et al. (2012). In addition, Sigalionidae is paraphyletic in both the MP and ML 

analyses. Although the support values were not very high in the reconstructed 

phylogenetic tree based on the four partial genes, Pholoidae is nested in Sigalionidae with 

high support values in the tree based on more genetic markers, indicating the Pholoidae 

should be considered as a junior synonym of Sigalionidae. As the second largest family of 

Aphroditiformia, Sigalionidae has a complex taxonomical history. Three families (i.e., 

Pholoididae, Pholoidae and Pisionidae) have been variously considered as belonging to 

Sigalionidae or not (Norlinder et al., 2012). Based on phylogenetic results (Struck et al., 

2005; Wilklund et al., 2005; Norlinder et al., 2012), Norlinder et al. (2012) treated 

Pholoididae and Pisionidae as junior synonyms of Sigalionidae, but they retained 

Pholoidae as a family, although this would make Sigalionidae paraphyletic. We propose 
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to treat Pholoidae as a junior synonym of Sigalionidae, which would make Sigalionidae a 

monophyletic clade of Aphroditiformia, and compound neural chaeta is apomorphic 

character. 

 

Our analyses resulted in several novel findings at the family, subfamily and genus level. 

At the family level, Eulepethidae is the basal family of Aphroditiformia for the first time 

based on four partial genes. Eulepethidae, a small family with only 24 reported species in 

several genera (Zhang et al., 2017), was not included in the studies of Struck et al. (2005) 

or Wiklund et al. (2005). These two studies indicated that Aphroditidae is the basal family 

of Aphroditiformia. Norlinder et al. (2012) showed that Aphroditidae and Eulepethidae 

are the sister groups of all other scale worm families, but they did not resolve which of 

these two is the basal family of Aphroditiformia. Aphroditidae are a group of polychaetes 

commonly called sea mice. They have a stout body covered on the dorsum by long thin 

capillary chaetae forming a felt-like mat. The four species belonging to three genera used 

in the analyses based on four partial genes form a well-supported monophyletic clade. 

Among them, Palmyra aurifera, a scale-less species is the basal branch of Aphroditidae, 

which is consistent with Norlinder et al. (2012). This result, together with the uncertainty 

of whether Aphroditidae or Eulepethidae is the basal family, raises two possibilities 

regarding whether elytra is a synapomorphic character of all scale worms (Norlinder et al., 

2012). If Aphroditidae is indeed the basal family of the suborder and Palmyra the basal 

genus of the family, the lack of elytra may represent a primary absence or secondary loss. 

Phylogenetic results based on 4 partial genes (cox1, 16S, 18S and 28S rRNA) showed that 

there are strong supports for Aphroditidae as the sister clade to a clade comprising 

Sigalionidae, Polynoidae, Iphionidae and Acoetidae. Together they are the sister clade of 

Eulepethidae, the basal family of the annelid suborder. Nevertheless, the phylogenetic 

tree based on concatenated dataset of mitochondrial PCGs, rRNA and two nuclear rRNAs 

supported that Eulepethidae was the sister taxon to Aphroditidae and they together form 

the basal branch of Aphroditiformia in both ML and MP analysis. It is not consistent with 
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the tree based on four partial genes. Considering the more information and higher support 

values in the tree based on mitochondrial genes and nuclear rRNAs, Eulepethidae and 

Aphroditidae together may be the basal branch of Aphroditiformia. These results indicate 

that the lack of scale in Palmyra is an autapomorphic loss instead of primary absence. 

Therefore, elytra can be considered as a clear-cut synapomorphic character for 

Aphroditiformia.  

 

Polynoidae is the largest scale-worm family, containing around 750 species. Consistent 

with previous studies (Struck et al., 2005; Wilklund et al., 2005; Norlinder et al., 2012), 

our study showed that this family forms a well-supported clade. For the shallow-water 

polynoids, most species used fall in one of the two clades represented by either 

Polynoinae or Lepidonotinae. However, the phylogenetic positions of some genera are 

still not resolved. For instance, Paralepidonotus, currently assigned in Polynoinae (Read 

& Fauchald, 2017), is clustered with deep-sea polynoids belonging to four other 

subfamilies, rather than other species of Polynoinae (Fig. 3.1). Alentia, currently assigned 

in Lepidonoyinae (Read & Fauchald, 2017), is clustered in other species in Polynoinae. 

Harmothoe is paraphyletic, unless a large number of genera (i.e., Bylgides, Eunoe, 

Gattyana, Meleanis, Malmgreniella and Neopolynoe) are treated as synonyms of this 

genus. 

 

Deep-sea polynoids used in this study formed a well-supported clade, consistent with 

Norlinder et al. (2012) who pointed out the problem of a large number of subfamilies and 

genera for only few species. The higher taxon sampling used in the present study has 

allowed us to assess relationships among the subfamilies and genera. These deep-sea 

polynoids contain species bearing well-developed branchia. Our analyses showed that the 

branchia bearing genera (Branchipolynoe and Branchinotogluma) and the non-branchia 

bearing genera (Bathykurila, Lepidonotopodium and Levensteiniella) each form a 

well-supported clade respectively. Nevertheless, at the genus level, the branchia bearing 
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clade is paraphyletic, unless Branchipolynoe or Branchinotogluma is treated as a 

synonym. Although several morphological differences were described originally between 

the two branchiate genera, including the segment where branchiae begins to appear, 

whether the ceratophore is distinct, the size of elytra and number of notochaetae 

(Pettibone, 1985), but it is not easy to distinguish the two genera as some of them exhibit 

ranges. Moreover, there appears some inconsistency in the use of these characters. For 

instance, branchiae beginning on segment 2 and 3 is a character for Branchipolynoe and 

Branchinotogluma respectively (Pettibone, 1985), but in Branchipolynoe seepensis the 

branchiae begin on segment 3 (Pettibone, 1986). At the subfamily level, both 

Branchinotogluminae and Macellicephalinae are also paraphyletic, and 

Branchipolynoinae and Lepidonotopodinae should be treated as synonyms to make these 

taxa monophyletic. 

 

3.4.2 Rearrangement of mitochondrial genome in deep-sea polynoids 

This is the first report of 15 complete mitochondrial genomes in Aphroditiformia. 

Previous reports showed that the gene order is relatively conserved in Annelida (Boore & 

Brown, 2000; Jennings & Halanych, 2005; Zhong et al., 2008), especially in members of 

Errantia and Sedentaria (Weigert & Bleidorn, 2016; Weigert et al., 2016), with the 

exception in Syllidae, whose different gene orders were considered to be associate with 

the unusual branching asexual reproductive mode (Aguado et al., 2015; 2016). As shown 

in our results, the mitochondrial gene order is indeed conserved in all shallow-water 

species of Aphroditiformia, which is consistent with the conserved pattern in most species 

in Errantia and Sedentaria (Weigert et al., 2016). However, the gene orders of within the 

polynoids used, the deep-sea polynoids have two gene orders that are remarkably 

different from the ancestral gene order. They are also different from those of all other 

reported mitochondrial genomes in Annelida. Results in this chapter provide an example 

to show that, within Errantia that is characterized by a conserved mitochondrial gene 

order, rearrangement could occur for species living in the deep-sea extreme environment. 
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Since the mitochondrial gene order in the deep-sea species Levensteiniella iris is similar 

to the ancestral pattern in shallow-water polynoids, we propose that the large 

rearrangements in other deep-sea species occurred after the invasion of shallow-water 

polynoids to the deep sea. The large numbers of genes involved in the rearrangements 

could be best explained by TDRLs (Chaudhuri et al., 2006). Moreover, the two derived 

gene orders, one in the branchia bearing clade, and one in the non-branchia bearing clade, 

are substantially different, indicate the occurrence of two independent TDRL events, 

instead of serial translocation events. 

 

Usually, metazoan mitochondrial genes are separated by very short non-coding regions or 

overlapping of very few bases. However, relatively long non-coding regions are common 

in the large rearranged mitochondrial genomes in several species in Syllidae, such as 

Typosyllis antoni and Trypanobia cryptica (Aguado et al., 2015), Ramisyllis multicaudata, 

Streptosyllis sp. and Typosyllis sp. (Aguado et al., 2016), which belongs to Errantia. Our 

results showed that there were several long non-coding regions in the rearranged 

mitochondrial genomes in deep-sea polynoids. Interestingly, the locations of these 

non-coding regions coincide with the boundaries of conserved gene clusters in Errantia 

and Sedentaria, indicating their higher susceptibility to mitochondrial rearrangement 

events. It is known that the non-coding regions are usually AT-rich and less stable than 

other regions because the AT bond is weaker than the CG bond (Mohajeri & Nobandegani, 

2008), and extremely high mutation rates have been associated with repetitive AT-rich 

sequences (Hamilton et al., 2016). The non-coding AT-rich region may facilitate the 

binding of certain enzymes, including the various protein-DNA binding proteins (Lundin 

et al., 1994), and triggered the TDRL under the deep-sea high pressure conditions that 

can cause DNA damage. Indeed, our transcriptome study (Zhang et al., 2017) showed 

that genes involved in DNA repair and DNA recombination in deep-sea polynoids are 

more active than that in shallow-water species. Some of these genes might have also 

participated in the TDRLs in deep-sea polynoids. 
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Although selection is widely recognized as an important force shaping molecular 

evolution (Nielsen, 2005), there is a debate of whether positive selection or purifying 

selection is more important during the generation and maintenance of genetic variation 

(Stewart et al., 2008). Due to their important biological functions, mitochondrial genes 

are generally considered to be under strong purifying selection to guarantee coding 

sequence functionality (Castellana et al., 2011). Relaxed purifying selection of 

mitochondrial genes has been reported for animals that have undergone dramatic changes 

in life style (e.g., domesticated dogs, Björnerfeldt et al., 2006) or living in an extreme 

environment (e.g., Tibetan loaches, Wang et al., 2016). Our results indeed showed that 

mitochondrial genes in polynoids were under strong purifying selection. Nevertheless, the 

purifying selection in deep-sea polynoids is weaker than in shallow-water polynoids, 

leading to more elevated nonsynonymous changes in the mitochondrial genes of deep-sea 

polynoids.  

 

Overall, using Aphroditiformia as an example, my study has demonstrated the 

effectiveness of low-coverage next-generation sequencing in phylogenetic and 

evolutionary studies. In addition to resolving several issues in the phylogeny of 

Aphroditiformia, we showed that mitochondrial gene order in the shallow-water 

families/genera is conserved, but in deep-sea Polynoidae there are two patterns of gene 

order rearrangement, providing evidence to refute the assumption that mitochondrial gene 

order in Errantia is conserved. Comparative analyses of gene orders, locations of 

non-coding regions and base-substitution rates point to the deep-sea extreme environment 

as a driving force for the evolution of mitochondrial genome in polynoids. Nevertheless, 

further studies are needed to determine the mechanisms of such mitochondrial genome 

evolution.   
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Tables 

Table. 3.1 Collection information of specimens. 

Species Collected 

date 

Location Coordinates Depth 

(m) 

Deposited at 

Acoetidae      

Panthalis oerstedi Dec. 6, 
2006 

Tautra, 
Trondheimsfjord, 

Norway 

63.4845°N, 
10.354833°E 

301 A5344, Scripps 
Institution of 

Oceanography 

Aphroditidae      

Laetmonice 

producta 

Sep. 24, 

2011 

Shag Rock(SR2-7), 

Antarctica 

53.57466°S, 

41.67889°W 

134 A2989; Scripps 

Institution of 
Oceanography 

Eulepethidae      

Eulepethus 

nanhaiensis 

Jun. 25, 

2015 

Daya Bay, China 114.7289°E, 

22.6083°N 

20 AMW.49067, 

Australian Museum 

Iphionidae      

Iphione sp. Jun, 2013 Pak Sha Wan coral 
reef, Hong Kong 

22.359043°N, 
114.262610°E 

~7 Hong Kong Baptist 
University 

Pholoidae       

Pholoe pallida Jul. 26, 

2004 

off Kristineberg, 

Sweden 

58.2519445°N, 

11.466667°E 

42 A6209, Scripps 

Institution of 
Oceanography 

Pholoe sp. Nov. 10, 

2010 

West of Opunohu Bay 

(BIZ-536), Tahiti 

17.4941°S 

149.862°W 

10 A2841, Scripps 

Institution of 

Oceanography 

Polynoidae      

Branchinotoglum
a japonicus 

Nov. 12 , 
2015 

Vent, Hitoshi site, 
Okinawa Trough, 

Japan 

27.5481°N, 
126.98951.°E 

1555 JAMSTEC 

Branchipolynoe 

pettiboneae 

Jun., 2013 Seep, South China Sea 22.115598°N, 

119.285510°E 

1122 Hong Kong Baptist 

University 

Branchipolynoe 

sp. 

2011 Vent, Southwest 

Indian Ridge, Dragon 

vent field 

37.013055°S, 

49.010833°E 

~2800 JC67-f-033/1b, 

Natural History 

Museum 

L. okinawae Nov. , 2015 Vent, pseudo Noho 

site, Okinawa Trough, 

Japan 

27.516973°N, 

126.981637°E 

1555 JAMSTEC 

Levensteiniella 

iris 

Jan. 30, 

2010 

East Scotia Ridge 

Segment E9 

60.042617°S, 

29.981667°W 

2400 JC42-F344A, Natural 

History Museum 

Melaenis sp. Apr. 21, 
2015 

Tai Tam reservoir, 
Hong Kong 

22.243298°N, 
114.225507°E 

1 Hong Kong Baptist 
University 

Halosydna sp. Apr. 1, 
2015 

a fishfarm in Yung 
Shue O, Hong Kong 

22.424867°N, 
114.278647°E 

1 Hong Kong Baptist 
University 

Lepidonotus sp. May 4, 

2014 

Clear Water Bay, 

Hong Kong 

22.338125°N, 

114.269286°E 

1 Hong Kong Baptist 

University 

Sigalionidae      

Pisione sp. Jul. 23, 
2008 

San Fransisquito, Sea 
of Cortez, Baja 

California, Mexico 

28.408333°N, 
112.85695°W 

1 A6210, Scripps 
Institution of 

Oceanography 

Euthalenessa 

festiva 

Nov. 8, 

2010 

East of Cook's Bay 

pass (BIZ-516), 
Mo'orea 

17.49044°S, 

129.82672°W 

18 A2819, Scripps 

Institution of 
Oceanography 
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Table. 3.2 Information of next generation sequencing and assembly. 

Species #Platfo

rm 

Clean 

Reads 

Clean bases trimmed No. of 

contig 

Mini_c

ontig 

N50 

Acoetidae        

Panthalis oerstedi 5Hiseq 

4000 

66,759,850  6,675,985,000  60,881,942 

(91.20%) 

45,098 400  683 

Aphroditidae        

Laetmonice 

producta  

2Hiseq 

1500 

66,401,160  6,640,116,000  54,767,950 

(82.48%) 

291,699 200  1774 

Eulepethidae        

Eulepethus 
nanhaiensis 

5Hiseq 
4000 

66,900,068  6,690,006,800  61,688,906 
(92.21%) 

357,797 400  646 

Iphionidae        

Iphione sp. 2Hiseq 

1500 

51,048,582  5,104,858,200  47,636,728 

(93.32%) 

825,874 200  643 

Pholoidae        

Pholoe pallida 5Hiseq 
4000 

66,809,504  6,680,950,400  61,408,610 
(91.92%) 

216,249 400  813 

Pholoe sp. 5Hiseq 
4000 

64,796,266  6,479,626,600  62,431,924 
(96.35%) 

212,101 400  983 

Polynoidae        

Branchinotoglum

a japonicus 

4Miseq 14,759,972  3,689,993,000  13,189,320 

(89.36%) 

219,035 300  539 

Branchipolynoe 

pettiboneae 

1Hiseq 

1500 

60,854,972  6,085,497,200  55,700,574 

(91.53%) 

469,285 200  331 

Branchipolynoe 
sp. 

3Hiseq 
2500 

75,100,202  9,387,525,250  72,884,036 
(97.05%) 

366,431 400  706 

Levensteiniella 

iris 

3Hiseq 

2500 

68,791,624  8,598,953,000  66,524,236 

(96.70%) 

666,393 200  402 

Melaenis sp. 3Hiseq 

2500 

65,077,460  8,134,682,500  63,535,280 

(97.63%) 

477,610 400  1385 

Halosydna sp. 3Hiseq 

2500 

79,208,868  9,901,108,500  77,554,356 

(97.91%) 

473,076 400  1348 

Lepidonotus sp. 2Hiseq 
1500 

53,313,158  5,331,315,800  49,865,786 
(93.53%) 

721,758 200  492 

L. okinawae 4Miseq 11,490,868  2,872,717,000  10,583,910 

(92.11%) 

233,953 300  645 

Sigalionidae        

Pisione sp. 5Hiseq 

4000 

66,883,608  6,688,360,800  59,373,830 

(88.77%) 

299,742 400  706 

Euthalenessa 
festiva 

5Hiseq 
4000 

66,932,006  6,693,200,600  61,086,926 
(91.27%) 

422,385 400  1179 

# Sequenced date, site and read length: 

1. 2014, Jan. sequenced at HKU, CGS (Li Ka Shing Faculty of Medicine, University of Hong Kong); Reads length: 100 bp. 

2. 2014, Jul. sequenced at HKU, CGS (Li Ka Shing Faculty of Medicine, University of Hong Kong); Reads length: 100 bp. 

3. 2015, Jul. sequenced at BGI (Beijing Genomics Institute); Reads length: 100 bp. 

4. 2016, Jan. sequenced at HKBU: Hong Kong Baptist University; Reads length: 250 bp. 

5. 2016, Jun. sequenced at BGI (Beijing Genomics Institute); Reads length: 150 bp. 
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Table. 3.3 Accession numbers of mitochondrial genome and the contigs contained 18S and 28S 

rRNA. 

species 18S-2

8S_le

ngth 

Genbank 

accession 

number 

mitoge

nome_

length 

Genbank 

accession 

number 

Incom

plete 

or 

missin

g 

genes# 

GC 

conten

t (%) 

AT 

conten

t (%) 

GC 

skew 

AT 

skew 

B. japonicus 8230 KY753841 15513 KY753824 28S; G 32.798 67.137 -0.281 -0.085 

B. pettiboneae 8835 KY753840 15202 KY753825  33.239 66.761 -0.269 -0.084 

Branchipolynoe 

sp. 

8997 KY753847 15968 KY753826 28S 33.210 66.790 -0.278 -0.084 

L. iris 8662 KY753848 16036 KY753827  36.948 63.052 -0.358 -0.102 

L. okinawae 8393 KY753842 16353 KY753828 28S;  
L1#, A# 

36.353 63.647 -0.336 -0.098 

Melaenis sp. 8373 KY753849 15164 KY753829 28S 37.965 62.035 -0.212 -0.159 

Lepidonotus sp. 9130 KY753851 15134 KY753831  35.476 64.524 -0.278 -0.161 

Halosydna sp. 9096 KY753845 15124 KY753830  35.599 64.401 -0.247 -0.183 

Iphione sp. 9311 KY753852 15385 KY753835  38.030 61.970 -0.293 -0.057 

E. nanhaiensis 7209 KY753850 15351 KY753834 28S 38.662 61.338 -0.364 -0.025 

L. producta  8869 KY753853 15677 KY753833  31.626 68.374 -0.296 -0.038 

P. oerstedi 11354 KY753846 15261 KY753832  47.854 52.146 -0.325 -0.034 

E. festiva 7846 KY753839 15023 KY753837 28S 39.473 60.467 -0.293 -0.074 

Pisione sp. 8833 KY753844 15394 KY753836 28S 36.969 63.031 -0.190 -0.220 

P. pallida 8266 KY753843 15463 KY753838 cox2, 

nad2, 

nad4, 

nad5 

36.528 63.472 -0.247 -0.069 

Pholoe sp. 8299 KY753854 NA NA 28S NA NA NA NA 

NA: Not available. 
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Table. 3.4 Information of gene content of mitochondrial genomes from 15 sequenced species and 

AT, GC content of non-coding region and protein-coding genes. 

gene name start end length gap start codon stop codon non-coding AT content CG content 

Branchipolynoe pettiboneae (15202)       

trnS1(tct) 81 148 68 80   A 88.75 11.25 

nad2 149 1148 1000 0 ATG T  66.77 33.23 
cox1 1149 2690 1542 0 ATG TAA  61.80 38.20 

non-coding 2691 2742 52 52   B 76.92 23.08 

cox2 2743 3432 690 0 ATG TAA  63.62 36.38 
trnD(gtc) 3437 3502 66 4      

atp8 3503 3658 156 0 ATG TGA  58.07 41.93 

trnY(gta) 3660 3726 67 1      
cox3 3728 4507 780 1 ATG TAA  61.67 38.33 

trnQ(ttg) 4512 4581 70 4      
cob 4603 5740 1138 21 ATG T  65.80 34.20 

trnL2(taa) 5741 5806 66 0      

trnF(gaa) 5807 5873 67 0      
trnE(ttc) 5880 5943 64 6      

trnP(tgg) 5945 6008 64 1      

non-coding 6009 6135 127 0   C 81.10 18.90 
nad4 6136 7491 1356 0 ATG TGA  67.11 32.89 

trnG(tcc) 7500 7562 63 8      

trnS2(tga) 7627 7693 67 64   D 84.38 15.63 
nad1 7694 8626 933 0 ATG TAG  66.02 33.98 

trnI(gat) 8625 8691 67 -2      

trnK(ttt) 8696 8762 67 4      
nad3 8763 9107 345 0 ATG TGA  65.25 34.75 

trnN(gtt) 9121 9184 64 13      

non-coding 9185 9243 59 0   E 77.97 22.03 
nad6 9244 9732 489 0 ATG TAA  68.92 31.08 

trnW(tca) 9755 9818 64 22      

atp6 9819 10520 702 0 ATG TAG  64.10 35.90 
trnR(tcg) 10519 10581 63 -2      

trnH(gtg) 10583 10646 64 1      

nad5 10647 12344 1698 0 ATG TAA  67.20 32.80 
trnT(tgt) 12365 12429 65 20      

nad4l 12430 12732 303 0 ATG TAA  63.83 36.17 

trnC(gca) 12750 12812 63 17      
trnM(cat) 12818 12881 64 5      

rrnS 12882 13689 808 0      

trnV(tac) 13690 13752 63 0      
rrnL 13753 15043 1291 0      

trnL1(tag) 15044 15108 65 0      

trnA(tgc) 15110 15173 64 1      
    30   F 90.00 10.00 

Branchipolynoe sp. (15968)       

trnS1(tct) 758 826 69 757   A 73.02 26.98 
nad2 827 1826 1000 0 ATG T  67.97 32.03 

cox1 1827 3368 1542 0 ATG TAA  61.35 38.65 

non-coding 3369 3420 52 0   B 75.00 25.00 
cox2 3421 4107 687 0 ATG TAA  64.63 35.37 

trnD(gtc) 4115 4179 65 7      

atp8 4180 4335 156 0 ATG TGA  57.87 42.13 
trnY(gta) 4337 4403 67 1      

cox3 4405 5184 780 1 ATG TAA  61.54 38.46 

trnQ(ttg) 5189 5258 70 4      
cob 5267 6404 1138 8 ATG T  64.76 35.24 

trnL2(taa) 6405 6470 66 0      

trnF(gaa) 6471 6537 67 0      
trnE(ttc) 6544 6607 64 6      

trnP(tgg) 6609 6672 64 1      

non-coding 6673 6800 128 0   C 79.69 20.31 
nad4 6801 8162 1362 0 ATG TAA  66.81 33.19 

trnG(tcc) 8165 8229 65 2      

trnS2(tga) 8293 8359 67 63   D 82.54 17.46 
nad1 8360 9292 933 0 ATG TAG  65.27 34.73 

trnI(gat) 9291 9357 67 -2      
trnK(ttt) 9362 9428 67 4      

nad3 9430 9783 354 1 ATG TAA  66.10 33.90 

trnN(gtt) 9788 9851 64 4      
non-coding 9852 9909 58 0   E 74.14 25.86 

nad6 9910 10398 489 0 ATG TAA  67.48 32.52 
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trnW(tca) 10421 10484 64 22      
atp6 10485 11186 702 0 ATG TAG  64.67 35.33 

trnR(tcg) 11185 11247 63 -2      

trnH(gtg) 11249 11312 64 1      
nad5 11313 13010 1698 0 ATG TAA  67.20 32.80 

trnT(tgt) 13030 13095 66 19      

nad4l 13096 13398 303 0 ATG TAA  62.38 37.62 
trnC(gca) 13416 13478 63 17      

trnM(cat) 13484 13547 64 5      

rrnS 13548 14355 808 0      
trnV(tac) 14356 14418 63 0      

rrnL 14419 15713 1295 0      

trnL1(tag) 15714 15778 65 0      
trnA(tgc) 15780 15843 64 1      

    125   F 86.40 13.60 

Branchinotogluma japonicus (15513)      
trnS1(tct) 130 197 68 129   A 81.40 18.60 

nad2 198 1200 1003 0 ATG T  67.76 32.24 

cox1 1201 2742 1542 0 ATG TAA  63.04 36.96 

non-coding 2743 2794 52 0   B 80.77 19.23 

cox2 2795 3481 687 0 ATG TAA  64.34 35.66 

trnD(gtc) 3487 3551 65 5      
atp8 3552 3710 159 0 ATG TAA  61.08 38.92 

trnY(gta) 3709 3774 66 -2      

cox3 3777 4556 780 2 ATG TAA  61.79 38.21 
trnQ(ttg) 4561 4630 70 4      

cob 4636 5805 1170 5 ATG TAA  65.47 34.53 
trnL2(taa) 5774 5836 63 -32      

trnF(gaa) 5845 5909 65 8      

trnE(ttc) 5915 5979 65 5      
trnP(tgg) 5980 6043 64 0      

non-coding 6044 6163 120 0   C 77.50 22.50 

nad4 6164 7525 1362 0 ATG TAA  67.69 32.31 
trnG(tcc) 7529 7594 65 4      

trnS2(tga) 7848 7914 67 257   D 66.54 33.46 

nad1 7915 8845 931 0 ATG T  67.63 32.37 
trnI(gat) 8846 8912 67 0      

trnK(ttt) 8916 8980 65 3      

nad3 8981 9334 354 0 ATG TAA  66.67 33.33 
trnN(gtt) 9340 9403 64 5      

non-coding 9404 9479 76 0   E 82.89 17.11 

nad6 9480 9962 483 0 ATG TAA  67.29 32.71 
trnW(tca) 9975 10037 63 12      

atp6 10038 10739 702 0 ATG TAG  65.81 34.19 

trnR(tcg) 10738 10801 64 -2      
trnH(gtg) 10804 10868 65 2      

nad5 10869 12572 1704 0 ATG TAA  68.02 31.98 

trnT(tgt) 12599 12663 65 26      
nad4l 12664 12966 303 0 ATG TAA  67.66 32.34 

trnC(gca) 13012 13074 63 45      

trnM(cat) 13077 13140 64 2      
rrnS 13141 13954 821 0      

trnV(tac) 13955 14016 62 0      

rrnL 14017 15321 1372 0      
trnL1(tag) 15322 15386 65 0      

trnA(tgc) 15388 15453 66 1      

    60   F 90.00 10.00 
Lepidonotopodium okinawae (6811+1633+7909=16354)    

Part 1 (6811)          

trnS1(tct) 423 482 60 422   A 71.56 28.44 
nad2 483 1491 1009 0 ATG T  61.48 38.52 

cox1 1492 3031 1540 0 ATG T  58.56 41.44 

trnN(gtt) 3032 3092 61 0      
cox2 3093 3782 690 0 ATG TAA  61.16 38.84 

trnD(gtc) 3787 3847 61 4      

non-coding 3848 3901 54 0   B 72.22 27.78 
cox3 3902 4681 780 0 ATG TAA  57.05 42.95 

trnQ(ttg) 4684 4752 69 2      

nad6 4753 5233 481 0 ATG T  61.27 38.73 
cob 5234 6371 1138 0 ATG TAA  59.32 40.68 

trnL2(taa) 6372 6432 61 0      

trnE(ttc) 6518 6581 64 85   C 54.12 45.88 
trnV(tac) 6624 6687 64 42      

    124   D1 93.55 6.45 

Part 2 (1633)          
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trnS2(tga) 343 409 67 342   D2 79.82 20.18 
nad1 410 1342 933 0 ATG TAA  60.88 39.12 

    291   E1 74.57 25.09 

Part 3 (7909)          
trnI(gat) 248 312 65 247   E2 83.81 16.19 

trnK(ttt) 313 376 64 0      

nad3 377 730 354 0 ATG TAA  63.84 36.16 
non-coding 731 849 119 0   F 68.91 31.09 

atp8 850 1005 156 0 ATG TAA  56.31 43.69 

trnY(gta) 1008 1072 65 2      
trnW(tca) 1097 1159 63 24      

atp6 1160 1861 702 0 ATG TAG  61.54 38.46 

trnR(tcg) 1860 1922 63 -2      
trnH(gtg) 1924 1985 62 1      

nad5 1986 3701 1716 0 ATG TAA  65.15 34.85 

trnF(gaa) 3682 3745 64 -20      
trnP(tgg) 3751 3813 63 5      

trnT(tgt) 3816 3881 66 2      

nad4l 3883 4185 303 1 ATG TAA  63.37 36.63 

nad4 4179 5537 1359 -7 ATG TGA  61.59 38.41 

trnC(gca) 5542 5604 63 4      

trnG(tcc) 5605 5668 64 0      
trnM(cat) 5670 5733 64 1      

rrnS 5734 6539 806 0      

rrnL 6540 7909 1370 0      
Levensteiniella iris (16036)       

trnL1(tag) 766 831 66 765   A 70.81 29.19 
trnA(tgc) 832 895 64 0      

trnI(gat) 926 992 67 30      

trnK(ttt) 993 1060 68 0      
nad3 1061 1414 354 0 ATG TAA  59.60 40.40 

trnS1(tct) 1421 1484 64 6      

nad2 1485 2480 996 0 ATG TAA  58.13 41.87 
cox1 2483 4022 1540 2 ATG T  59.40 40.60 

trnN(gtt) 4023 4091 69 0      

cox2 4092 4778 687 0 ATG TAA  59.10 40.90 
trnD(gtc) 4781 4842 62 2      

atp8 4843 4998 156 0 ATG TGA  59.23 40.77 

trnY(gta) 5001 5062 62 2      
cox3 5067 5846 780 4 ATG TAA  58.85 41.15 

trnQ(ttg) 5850 5918 69 3      

nad6 5919 6399 481 0 ATG T  64.27 35.73 
cob 6400 7539 1140 0 ATG TAA  63.25 36.75 

trnL2(taa) 7539 7600 62 -1      

trnW(tca) 7601 7663 63 0      
atp6 7664 8365 702 0 ATG TAG  59.97 40.03 

trnR(tcg) 8364 8428 65 -2      

trnH(gtg) 8432 8494 63 3      
nad5 8495 10190 1696 0 ATG T  62.90 37.10 

trnF(gaa) 10191 10256 66 0      

trnE(ttc) 10257 10320 64 0      
trnP(tgg) 10321 10383 63 0      

trnT(tgt) 10387 10451 65 3      

nad4l 10452 10754 303 0 ATG TAA  57.43 42.57 
nad4 10748 12107 1360 -7 ATG T  63.42 36.58 

trnC(gca) 12108 12170 63 0      

trnG(tcc) 12172 12235 64 1      
trnM(cat) 12236 12300 65 0      

rrnS 12302 13092 791 1      

trnV(tac) 13094 13156 63 1      
rrnL 13158 14459 1302 1      

trnS2(tga) 14926 14992 67 466   B 74.84 25.16 

nad1 14993 15928 936 0 ATG TAA  60.47 39.53 
    109   C 95.41 4.59 

Melaenis sp. (15164)        

trnS2(tga) 393 459 67 391   A 56.01 43.99 
nad1 460 1390 931 0 ATG T  61.72 38.28 

trnI(gat) 1391 1460 70 0      

trnK(ttt) 1463 1531 69 2      
nad3 1532 1885 354 0 ATG TAA  59.04 40.96 

trnS1(tct) 1890 1957 68 4      

nad2 1958 2963 1006 0 ATG T  62.29 37.71 
cox1 2964 4503 1540 0 ATG T  59.08 40.92 

trnN(gtt) 4504 4570 67 0      

cox2 4571 5260 690 0 ATG TAA  60.43 39.57 
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trnD(gtc) 5262 5326 65 1      
atp8 5327 5482 156 0 ATG TGA  57.51 42.49 

trnY(gta) 5485 5550 66 2      

cox3 5552 6331 780 1 ATG TAA  56.92 43.08 
trnQ(ttg) 6345 6415 71 13      

nad6 6416 6896 481 0 ATG T  63.47 36.53 

cob 6897 8034 1138 0 ATG T  60.05 39.95 
trnL2(taa) 8035 8100 66 0      

trnW(tca) 8102 8165 64 1      

atp6 8166 8864 699 0 ATG TAA  62.95 37.05 
trnR(tcg) 8869 8937 69 4      

trnH(gtg) 8938 9002 65 0      

nad5 9003 10698 1696 0 ATG T  65.16 34.84 
trnF(gaa) 10699 10764 66 0      

trnE(ttc) 10765 10830 66 0      

trnP(tgg) 10834 10897 64 3      
trnT(tgt) 10899 10965 67 1      

nad4l 10966 11262 297 0 ATG TAG  65.66 34.34 

nad4 11256 12615 1360 -7 ATG T  60.62 39.38 

trnC(gca) 12616 12678 63 0      

trnG(tcc) 12682 12746 65 3      

trnM(cat) 12747 12811 65 0      
rrnS 12813 13614 802 1      

trnV(tac) 13616 13682 67 1      

rrnL 13684 14966 1283 1      
trnL1(tag) 14968 15031 64 1      

trnA(tgc) 15033 15098 66 1      
    66   B 89.39 10.61 

Lepidonotus sp. (15134)        

trnS2(tga) 313 379 67 312   A 64.74 35.26 
nad1 380 1315 936 0 ATG TAA  66.13 33.87 

trnI(gat) 1317 1384 68 1      

trnK(ttt) 1385 1452 68 0      
nad3 1453 1806 354 0 ATG TAA  63.84 36.16 

trnS1(tct) 1822 1888 67 15      

nad2 1889 2894 1006 0 ATG T  66.57 33.43 
cox1 2895 4475 1581 0 ATG TAG  62.05 37.95 

trnN(gtt) 4435 4501 67 -41      

cox2 4502 5188 687 0 ATG TAA  63.17 36.83 
trnD(gtc) 5190 5254 65 1      

atp8 5255 5413 159 0 ATG TAA  61.44 38.56 

trnY(gta) 5412 5475 64 -2      
cox3 5481 6260 780 5 ATG TAA  58.59 41.41 

trnQ(ttg) 6266 6334 69 5      

nad6 6335 6823 489 0 ATG TAG  64.42 35.58 
cob 6816 7985 1170 -8 ATG TAA  62.39 37.61 

trnL2(taa) 7954 8019 66 -32      

trnW(tca) 8020 8083 64 0      
atp6 8084 8782 699 0 ATG TAG  62.52 37.48 

trnR(tcg) 8781 8845 65 -2      

trnH(gtg) 8853 8919 67 7      
nad5 8920 10618 1699 0 ATG T  65.96 34.04 

trnF(gaa) 10619 10684 66 0      

trnE(ttc) 10690 10759 70 5      
trnP(tgg) 10760 10825 66 0      

trnT(tgt) 10830 10896 67 4      

nad4l 10898 11194 297 1 ATG TAA  67.00 33.00 
nad4 11188 12546 1359 -7 ATG TGA  66.15 33.85 

trnC(gca) 12551 12613 63 4      

trnG(tcc) 12619 12684 66 5      
trnM(cat) 12685 12750 66 0      

rrnS 12751 13564 821 0      

trnV(tac) 13565 13631 67 0      
rrnL 13632 14954 1323 0      

trnL1(tag) 14955 15019 65 0      

trnA(tgc) 15027 15092 66 7      
    42   B 92.86 7.14 

Halosydna sp. (15124)        

trnS2(tga) 316 382 67 314   A 65.92 31.21 
nad1 383 1318 936 0 ATG TAG  66.56 33.44 

trnI(gat) 1318 1384 67 -1      

trnK(ttt) 1385 1451 67 0      
nad3 1453 1806 354 1 ATG TAA  65.54 34.46 

trnS1(tct) 1812 1878 67 5      

nad2 1879 2890 1012 0 ATG T  66.47 33.53 
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cox1 2891 4430 1540 0 ATG T  61.87 38.13 
trnN(gtt) 4431 4496 66 0      

cox2 4497 5183 687 0 ATG TAA  63.32 36.68 

trnD(gtc) 5186 5251 66 2      
atp8 5253 5408 156 1 ATG TGA  59.15 40.85 

trnY(gta) 5410 5473 64 1      

cox3 5476 6255 780 2 ATG TAA  60.38 39.62 
trnQ(ttg) 6265 6333 69 9      

nad6 6334 6814 481 0 ATG T  66.46 33.54 

cob 6815 7952 1138 0 ATG T  61.90 38.10 
trnL2(taa) 7953 8017 65 0      

trnW(tca) 8018 8083 66 0      

atp6 8084 8773 690 0 ATG TAG  64.10 35.90 
trnR(tcg) 8784 8850 67 10      

trnH(gtg) 8851 8916 66 0      

nad5 8917 10612 1696 0 ATG T  64.91 35.09 
trnF(gaa) 10613 10680 68 0      

trnE(ttc) 10684 10752 69 3      

trnP(tgg) 10753 10820 68 0      

trnT(tgt) 10825 10891 67 4      

nad4l 10893 11189 297 1 ATG TAA  61.28 38.72 

nad4 11183 12545 1363 -7 ATG T  64.09 35.91 
trnC(gca) 12546 12608 63 0      

trnG(tcc) 12619 12683 65 10      

trnM(cat) 12684 12749 66 0      
rrnS 12751 13566 816 1      

trnV(tac) 13568 13633 66 1      
rrnL 13635 14944 1310 1      

trnL1(tag) 14946 15010 65 1      

trnA(tgc) 15015 15078 64 4      
    46   B 91.30 8.70 

Euthalenessa festiva (15023)       

trnS2(tga) 314 380 67 313   A 63.90 36.10 
nad1 381 1313 933 0 ATG TGA  60.13 39.87 

trnI(gat) 1312 1379 68 -2      

trnK(ttt) 1380 1445 66 0      
nad3 1446 1797 352 0 ATG T  60.17 39.83 

trnS1(tct) 1799 1868 70 1      

nad2 1869 2877 1009 0 ATG T  64.59 35.41 
cox1 2878 4413 1536 0 ATG TAG  57.42 42.58 

trnN(gtt) 4415 4479 65 1      

cox2 4480 5157 678 0 ATG TGA  59.97 40.03 
trnD(gtc) 5165 5230 66 7      

atp8 5231 5386 156 0 ATG TGA  62.36 37.64 

trnY(gta) 5388 5451 64 1      
cox3 5455 6234 780 3 ATG TAA  56.92 43.08 

trnQ(ttg) 6235 6303 69 0      

nad6 6304 6783 480 0 ATG TAA  63.75 36.25 
cob 6776 7915 1140 -8 ATG TAA  59.04 40.96 

trnW(tca) 7914 7977 64 -2      

atp6 7978 8679 702 0 ATG TAG  59.69 40.31 
trnR(tcg) 8678 8742 65 -2      

trnH(gtg) 8743 8806 64 0      

nad5 8807 10502 1696 0 ATG T  60.13 39.87 
trnF(gaa) 10506 10572 67 3      

trnE(ttc) 10575 10638 64 2      

trnP(tgg) 10639 10702 64 0      
trnT(tgt) 10703 10768 66 0      

nad4l 10769 11065 297 0 ATG TAA  54.88 45.12 

nad4 11059 12411 1353 -7 ATG TGA  59.79 40.21 
trnC(gca) 12416 12478 63 4      

trnG(tcc) 12480 12545 66 1      

trnM(cat) 12546 12611 66 0      
rrnS 12612 13430 819 0      

trnV(tac) 13431 13497 67 0      

rrnL 13498 14764 1267 0      
trnL1(tag) 14765 14829 65 0      

trnA(tgc) 14830 14893 64 0      

trnL2(taa) 14895 14959 65 1      
    64   B 90.63 9.38 

Pisione sp. (15394)        

trnS2(tga) 596 662 67 595   A 64.20 35.80 
nad1 663 1592 930 0 ATG TAA  61.94 38.06 

trnI(gat) 1594 1662 69 1      

trnK(ttt) 1677 1742 66 14      
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nad3 1743 2094 352 0 ATG T  62.15 37.85 
trnS1(tct) 2095 2161 67 0      

nad2 2162 3172 1011 0 ATG T  64.79 35.21 

cox1 3171 4703 1533 -2 ATG T  60.40 39.60 
trnN(gtt) 4705 4772 68 1      

cox2 4773 5459 687 0 ATG TGA  61.57 38.43 

trnD(gtc) 5458 5522 65 -2      
atp8 5523 5678 156 0 ATG TGA  60.79 39.21 

trnY(gta) 5684 5752 69 5      

cox3 5755 6532 778 2 ATG T  57.95 42.05 
trnQ(ttg) 6533 6602 70 0      

nad6 6603 7082 480 0 ATG TAG  65.00 35.00 

trnL2(taa) 7085 7148 64 2      
cob 7153 8295 1143 4 ATG TAA  62.20 37.80 

trnW(tca) 8298 8364 67 2      

atp6 8365 9063 699 0 ATG TAA  62.37 37.63 
trnR(tcg) 9070 9137 68 6      

trnH(gtg) 9138 9200 63 0      

nad5 9201 10904 1704 0 ATG TAA  64.08 35.92 

trnF(gaa) 10900 10964 65 -5      

trnE(ttc) 10971 11037 67 6      

trnP(tgg) 11042 11110 69 4      
trnT(tgt) 11111 11179 69 0      

nad4l 11180 11473 294 0 ATG TAA  61.95 38.05 

nad4 11470 12820 1351 -4 ATG T  63.12 36.88 
trnC(gca) 12824 12887 64 3      

trnG(tcc) 12888 12953 66 0      
trnM(cat) 12954 13021 68 0      

rrnS 13022 13806 785 0      

trnV(tac) 13807 13874 68 0      
rrnL 13875 15158 1284 0      

trnL1(tag) 15159 15224 66 0      

trnA(tgc) 15228 15293 66 3      
    101   B 81.19 18.81 

Iphione sp. (15385)        

trnS2(tga) 547 613 67 543   A 65.93 34.07 
nad1 614 1540 927 0 ATG TAA  60.95 39.05 

trnI(gat) 1548 1615 68 7      

trnK(ttt) 1617 1682 66 1      
nad3 1684 2028 345 1 ATG TGA  64.48 35.52 

trnS1(tct) 2033 2099 67 4      

nad2 2100 3101 1002 0 ATG TAA  62.38 37.62 
cox1 3110 4651 1542 8 ATG TAA  58.30 41.70 

trnN(gtt) 4654 4719 66 2      

cox2 4720 5403 684 0 ATG TAG  60.94 39.06 
trnD(gtc) 5405 5468 64 1      

atp8 5469 5627 159 0 ATG TAA  53.81 46.19 

trnY(gta) 5626 5690 65 -2      
cox3 5695 6474 780 4 ATG TAA  58.72 41.28 

trnQ(ttg) 6477 6545 69 2      

nad6 6546 7031 486 0 ATG TAG  62.35 37.65 
cob 7024 8142 1119 -8 ATG TGA  61.66 38.34 

trnL2(taa) 8165 8229 65 22      

trnW(tca) 8227 8290 64 -3      
atp6 8291 8998 708 0 ATG TAA  60.03 39.97 

trnR(tcg) 8997 9059 63 -2      

trnH(gtg) 9065 9128 64 5      
nad5 9129 10830 1702 0 ATG T  61.32 38.68 

trnF(gaa) 10831 10895 65 0      

trnE(ttc) 10900 10965 66 4      
trnP(tgg) 10967 11030 64 1      

trnT(tgt) 11032 11097 66 1      

nad4l 11098 11394 297 0 ATG TAA  61.95 38.05 
nad4 11388 12754 1367 -7 ATG TGA  63.22 36.78 

trnC(gca) 12757 12819 63 2      

trnG(tcc) 12820 12885 66 0      
trnM(cat) 12886 12949 64 0      

rrnS 12950 13732 783 0      

trnV(tac) 13733 13797 65 0      
rrnL 13798 15051 1254 0      

trnL1(tag) 15052 15117 66 0      

trnA(tgc) 15135 15201 67 17      
    184   B 86.96 13.04 

Laetmonice producta (15677)       

trnS2(tga) 814 880 67 813   A 76.01 23.99 
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nad1 881 1813 933 0 ATG TAA  69.24 30.76 
trnI(gat) 1817 1883 67 3      

trnK(ttt) 1884 1950 67 0      

nad3 1951 2301 351 0 ATG TAG  70.90 29.10 
trnS1(tct) 2314 2380 67 12      

nad2 2381 3389 1009 0 ATG T  70.55 29.45 

cox1 3390 4945 1556 0 ATG T  62.33 37.67 
trnN(gtt) 4946 5011 66 0      

cox2 5012 5696 685 0 ATG T  64.56 35.44 

trnD(gtc) 5697 5763 67 0      
atp8 5764 5922 159 0 ATG TAA  65.47 34.53 

trnY(gta) 5941 6004 64 18      

cox3 6026 6805 780 21 ATG TAA  62.31 37.69 
trnQ(ttg) 6814 6881 68 8      

nad6 6882 7358 477 0 ATG TAA  69.39 30.61 

cob 7369 8505 1137 10 ATG TAA  64.56 35.44 
trnW(tca) 8504 8567 64 -2      

atp6 8568 9267 700 0 ATG T  65.67 34.33 

trnR(tcg) 9268 9333 66 0      

trnH(gtg) 9342 9405 64 8      

nad5 9406 11101 1696 0 ATG T  69.78 30.22 

trnF(gaa) 11102 11170 69 0      
trnE(ttc) 11177 11241 65 6      

trnP(tgg) 11245 11311 67 3      

trnT(tgt) 11318 11382 65 6      
nad4l 11383 11670 288 0 ATG TAA  71.53 28.47 

nad4 11664 13025 1362 -7 ATG TGA  68.87 31.13 
trnC(gca) 13030 13092 63 4      

trnG(tcc) 13093 13155 63 0      

trnM(cat) 13158 13221 64 2      
rrnS 13222 14032 820 0      

trnV(tac) 14033 14096 64 0      

rrnL 14097 15386 1290 0      
trnL1(tag) 15387 15449 63 0      

trnA(tgc) 15449 15512 64 -1      

trnL2(taa) 15511 15573 63 -2      
    104   B 90.38 9.62 

Eulepethus nanhaiensis (15351)      

trnS2(tga) 388 454 67 387   A 72.09 27.91 
nad1 455 1385 931 0 ATG T  62.17 37.83 

trnI(gat) 1389 1456 68 3      

trnK(ttt) 1466 1531 66 9      
nad3 1532 1885 354 0 ATG TAA  59.04 40.96 

trnS1(tct) 1892 1959 68 6      

nad2 1960 2968 1009 0 ATG T  60.44 39.56 
cox1 2969 4523 1555 0 ATG T  57.68 42.32 

trnN(gtt) 4530 4596 67 6      

cox2 4597 5283 687 0 ATG TGA  59.24 40.76 
trnD(gtc) 5282 5353 72 -2      

atp8 5354 5509 156 0 ATG TGA  55.03 44.97 

trnY(gta) 5524 5589 66 14      
cox3 5598 6377 780 8 ATG TAA  55.64 44.36 

trnQ(ttg) 6380 6448 69 2      

nad6 6449 6934 486 0 ATG TAG  64.40 35.60 
cob 6927 8090 1164 -8 ATG TAA  58.33 41.67 

trnW(tca) 8089 8153 65 -2      

atp6 8154 8855 702 0 ATG TAA  59.26 40.74 
trnR(tcg) 8854 8921 68 -2      

trnH(gtg) 8938 9004 67 16      

nad5 9005 10708 1704 0 ATG TAA  61.33 38.67 
trnF(gaa) 10704 10769 66 -5      

trnE(ttc) 10784 10849 66 14      

trnP(tgg) 10851 10915 65 1      
trnT(tgt) 10931 10999 69 15      

nad4l 11000 11296 297 0 ATG TAA  60.94 39.06 

nad4 11290 12648 1359 -7 ATG TGA  59.90 40.10 
trnC(gca) 12654 12717 64 5      

trnG(tcc) 12718 12781 64 0      

trnM(cat) 12783 12846 64 1      
rrnS 12847 13671 825 0      

trnV(tac) 13672 13735 64 0      

rrnL 13736 15061 1326 0      
trnL1(tag) 15062 15127 66 0      

trnA(tgc) 15148 15212 65 20      

trnL2(taa) 15216 15282 67 3      
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    69   B 94.20 5.80 
Panthalis oerstedi (15261)       

trnS2(tga) 482 548 67 481   A 54.89 45.11 

nad1 567 1484 918 18 ATG TAG  51.82 48.18 
trnI(gat) 1483 1551 69 -2      

trnK(ttt) 1552 1618 67 0      

nad3 1619 1975 357 0 ATG TAA  52.10 47.90 
trnS1(tct) 1983 2050 68 7      

nad2 2051 3053 1003 0 ATG T  53.33 46.67 

cox1 3054 4577 1524 0 ATG TAA  49.77 50.23 
trnN(gtt) 4594 4662 69 16      

cox2 4663 5343 681 0 ATG TAA  54.42 45.58 

trnD(gtc) 5351 5416 66 7      
atp8 5417 5572 156 0 ATG TGA  36.26 63.74 

trnY(gta) 5575 5638 64 2      

cox3 5641 6420 780 2 ATG TAA  48.33 51.67 
trnQ(ttg) 6423 6491 69 2      

nad6 6492 6965 474 0 ATG T  52.74 47.26 

cob 6967 8101 1135 1 ATG T  52.59 47.41 

trnL2(taa) 8105 8169 65 3      

trnW(tca) 8171 8233 63 1      

atp6 8234 8935 702 0 ATG TAA  53.28 46.72 
trnR(tcg) 8934 9001 68 -2      

trnH(gtg) 9003 9064 62 1      

nad5 9065 10783 1719 0    52.12 47.88 
trnF(gaa) 10761 10828 68 -23      

trnE(ttc) 10830 10892 63 1      
trnP(tgg) 10893 10958 66 0      

trnT(tgt) 10960 11024 65 1      

nad4l 11025 11321 297 0 ATG TAA  51.18 48.82 
nad4 11315 12676 1362 -7 ATG TGA  51.91 48.09 

trnC(gca) 12681 12743 63 4      

trnG(tcc) 12744 12808 65 0      
trnM(cat) 12810 12874 65 1      

rrnS 12875 13684 810 0      

trnV(tac) 13685 13751 67 0      
rrnL 13752 15075 1324 0      

trnL1(tag) 15076 15140 65 0      

trnA(tgc) 15144 15206 63 3      
    55   B 89.09 10.91 

Pholoe pallida (3466+11997=15463)      

Part 1 (3466)          
trnS2(tga) 1154 1220 67 1153   A 65.39 34.43 

nad1 1221 2150 930 0 ATG TAG  64.41 35.59 

trnI(gat) 2150 2216 67 -1      
trnK(ttt) 2222 2284 63 5      

nad3 2285 2636 352 0 ATG T  63.84 36.16 

trnS1(tct) 2637 2705 69 0      
nad2 2705 3466 762 -1 ATG ?  64.82 35.18 

Part 2 (11997)          

cox1 20 1553 1534 19 ATG T  60.17 39.83 
trnN(gtt) 1554 1617 64 0      

cox2 1618 2316 699 0 ATG TAA  62.86 37.14 

trnD(gtc) 2303 2369 67 -14      
atp8 2370 2525 156 0 ATG TGA  59.00 41.00 

trnY(gta) 2527 2589 63 1      

cox3 2591 3370 780 1 ATG TAA  58.59 41.41 
trnQ(ttg) 3372 3440 69 1      

nad6 3441 3923 483 0 ATG TAG  65.42 34.58 

cob 3928 5058 1131 4 ATG TAA  62.56 37.44 
trnW(tca) 5057 5118 62 -2      

atp6 5119 5814 696 0 ATG TAA  62.64 37.36 

trnR(tcg) 5813 5875 63 -2      
trnH(gtg) 5876 5941 66 0      

nad5 5942 7652 1711 0 ATG TAA  64.29 35.71 

trnF(gaa) 7636 7701 66 -17      
trnE(ttc) 7704 7768 65 2      

trnP(tgg) 7769 7833 65 0      

trnT(tgt) 7833 7894 62 -1      
nad4l 7894 8190 297 -1 ATG TAA  60.94 39.06 

nad4 8184 9536 1353 -7 ATG TGA  64.08 35.92 

trnC(gca) 9523 9585 63 -14      
trnG(tcc) 9586 9647 62 0      

trnM(cat) 9648 9711 64 0      

rrnS 9710 10495 786 -2      
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trnV(tac) 10496 10558 63 0      
rrnL 10559 11767 1209 0      

trnL1(tag) 11768 11831 64 0      

trnA(tgc) 11838 11899 62 6      
trnL2(taa) 11900 11964 65 0      
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Figures 

 

Figure 3.1 Phylogenetic tree of Aphroditiformia based on partial cox1, 16S, 18S and 28S rRNAs. 

New added samples are marked blue. Different families were indicated by different color 

background. Numbers above branches represent ML/MP bootstrap values. Asterisks stand for 

highest possible support 100.  
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Figure 3.2 Phylogenetic tree constructed using the combined data of nuclear 18S, 28S rRNA and 

mitochondrial PCGs, rRNA by two methods. Numbers above branches represent ML (left) or MP 

(right) bootstrap values. Asterisks stand for highest possible support 100. 
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Figure 3.3 Gene orders of mitochondrial genomes in Aphroditiformia and their relationship with 

the phylogeny of the suborder. Gene orders of mitochondrial genomes with different colors 

showing conserved gene clusters. Boxes with a dashed line indicate incomplete genes. Arrows 

show the position of long non-coding regions (> 50 bp): Green and red arrow indicates the 

beginning and end of non-coding region of the contig containing mitochondrial genome, 

respectively. The green arrows also shows the position of putative control region. The missing 

genes are filled with black. 
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Figure 3.4 Possible mechanisms of mitochondrial gene rearrangement estimated using CREx in 

Aphroditiformia with reference to their phylogenetic relationship. Genes filled with colors are 

involved in mitochondrial gene rearrangement. Red arrows show the direction of transpositions, 

and blue arrows show the direction of TDRLs and transpositions. 

  



80 
 

 

Figure 3.5 Results of substitution analysis for PCGs in Polynoidae. Mean ω of mitochondrial 

PCGs in shallow-water species and deep-sea species are shown with different colors. 
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1 Chapter 4 Adaptation and evolution of deep-sea scale worms (Annelida: 

Polynoidae): insights from transcriptome comparison with a shallow-water species 

 
4.1 Introduction 

Hydrothermal vents and cold seeps were discovered in the late 1970s and in the early 

1980s, respectively, which have revolutionized our view of life in the deep sea. 

Hydrothermal vents discharge geothermally heated water rich in methane, hydrogen 

sulfide and other hydrocarbon-rich fluids, while cold seeps release the same dissolved 

organic chemicals slowly without causing an appreciable temperature rise (Levin, 2002). 

Despite the differences in the source of reduced organic compounds and temperature in 

the fluids, hydrothermal vents and cold seeps are both productive ecosystems in the deep 

sea (Levin et al., 2002), and they can share more than 20% species when occur in the 

same region, indicating their genetic connectivity (Watanabe et al., 2010).  

 

There has been great interest in understanding how animals have adapted to the extreme 

conditions in these habitats that are characterized by high pressure, darkness, variable 

temperatures and high concentrations of toxic substances (Minic et al., 2006; McMullin 

et al., 2007; Yokoyama et al., 2000; Hemmer-Hansen et al., 2007; Kenaley et al., 2014; 

Van Campenhout et al., 2016). However, except for few species (Bettencourt et al., 2010; 

Wong et al., 2015), the limited genomic resources have hindered studies of physiological 

adaptation at the molecular level for animals living in these extreme environments.  

 

Advances in sequencing technologies over the last few years have provided 

unprecedented opportunities for biologists. To date, these technologies have been applied 

in various areas of genomic research including whole genome sequencing, whole 

transcriptome sequencing, targeted resequencing, and noncoding RNA sequencing. 

                                                             
1 The data in this chapter has been published in Scientific Reports. The NRG and publisher do not reuqire 

permission to reuse the data for the author’s thesis. The reference is shown below: 

Zhang, Y., Sun, J., Chen, C., Watanabe, H. K., Feng, D., Zhang, Y., ... & Qiu, J. W., 2017. Adaptation and 

evolution of deep-sea scale worms (Annelida: Polynoidae): insights from transcriptome comparison with a 

shallow-water species. Scientific Reports, 7.  
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Among these research areas, transcriptome sequencing, which targets the expressed gene 

transcripts, has been applied widely to gene discovery and to understanding the genetic 

base of adaptation to extreme environments due to its high affordability (Ekblom & 

Galindo, 2011; Higashi et al., 2015). For instance, transcriptome sequencing was applied 

to analyze gene duplication in an Antarctic icefish, and found that the duplicated genes 

are highly enriched in mitochondrial functions (Coppe et al., 2013). It was used to 

understand the adaptation of a highland fish, which showed that genes related to hypoxia 

and energy metabolism have undergone rapid evolution (Yang et al., 2015). This 

technique was also applied to analyze several depth-related genes (LDH-A, LDH-B, 

MDHc, ACTA1 isoform 1) in a deep-sea fish which indicated that these genes are 

constrained by purifying selection (Stefanni et al., 2014). Moreover, transcriptome 

analysis of a hydrothermal vent annelid showed that high frequency of charged versus 

polar residues can be responsible for its thermo-adaptation (Holder et al., 2013). 

 

Scale worms in the family Polynoidae are well represented from the shallow intertidal to 

the deep sea (Desbruyeres et al., 1985; Rouse & Pleijel, 2001; Norlinder et al., 2012). In 

the deep sea, more than 120 species in 53 genera of polynoids have been reported from 

various chemosynthesis-based habitats, including hydrothermal vents, cold seeps, sunken 

wood and whale carcasses (Desbruyères et al., 2008; WoRMS, 2016). These scale worms 

are believed to be the descendants of shallow-water species that invaded the deep sea ca. 

60 million years ago, and thereafter diverged to colonize various chemosynthesis-based 

habitats across the world’s oceans (Projecto-Garcia et al., 2010). Members of the genus 

Branchipolynoe (Polynoidae) are commonly found in the mantle cavity of Bathymodiolus 

mussels living in hydrothermal vents and cold seeps (Xu et al., 2016; Feng et al., 2015). 

Currently this genus has three species described from different biogeographic areas 

(Cheyaldonne et al., 1998): B. symmytilida from the hydrothermal vents of the Galápagos 

Rift in the eastern Pacific (Pettibone, 1984), B. seepensis from the cold-seeps of the 

Florida Escarpment in the Gulf of Mexico (Pettibone, 1986), and B. pettiboneae from the 
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hydrothermal vents of the Okinawa Trough and the Kaikata Seamount in the northwestern 

Pacific (Miura & Hashimoto, 1991). Undescribed species of Branchipolynoe have been 

reported in other regions, such as the Central Indian Ridge and sunken vegetation off 

Papua New Guinea (Pante et al., 2012). The widespread geographic occurrence of 

Branchipolynoe spp. makes them an excellent model in studies of population genetics, 

speciation, and biogeography (Hurtado et al., 2004; Olu et al., 2010). Moreover, previous 

studies have shown that Branchipolynoe spp. have some morphological and molecular 

adaptations that have allowed them to thrive in the deep-sea chemosynthesis habitats that 

often experience hypoxia (Hourdez & Lallier, 2007; Projecto-Garcia et al., 2015), making 

them an excellent model for studies of adaptive evolution. Specifically, their parapodia 

bear well-developed arborescent branchiae, which are used to facilitate gaseous exchange 

with the environment (Fisher et al., 1988). Their coelomic fluid is red, containing high 

concentrations of hemoglobin for oxygen storage and transport. These morphological and 

molecular adaptations are believed to be essential for their survival in the chemosynthesis 

habitats that are often hypoxic, with oxygen concentrations being less than 2 mg/L 

(Nakayama et al., 2007; Nygren et al., 2011). The hemoglobins in B. symmytilida and B. 

seepensis have high affinity to oxygen; it has a tetra-domain structure that is unique 

among the hemoglobins of polychaetes (Projecto-Garcia et al., 2010; Projecto-Garcia et 

al., 2015). Lepidonotopodium spp. are free-living polynoids in deep-sea hydrothermal 

vents (Desbruyères et al., 2008). They do not bear branchiae but their coelomic fluid is 

also red and contains a one-domain hemoglobin (Projecto-Garcia et al., 2010).  

 

To gain insight into the genetic basis of adaptation of deep-sea polynoids to extreme 

environmental conditions, we sequenced the transcriptomes of B. pettiboneae and L. 

okinawae, and compared them with that of the shallow-water polynoid Harmothoe 

imbricata, which is in a clade of polynoids that is closest in phylogenetic relationship 

with all deep-sea polynoids (Norlinder et al., 2012). Harmothoe imbricata is commonly 

found in low intertidal and subtidal rocky shores of North America and northern Europe 
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(Nygren et al., 2011). We aim to provide genomic resources for the deep-sea polynoids, 

and discover several aspects of their transcriptomic differences with the shallow-water 

species, including codon and amino acid usage, expression of highly expressed genes, 

composition of duplicated genes, as well as evolutionary patterns of selected genes that 

may have undergone positive selection. In a broader sense, the findings will help us better 

understand how animals have adapted to deep-sea extreme environments. 

 

4.2 Materials and methods 

4.2.1 Obtaining high-throughput cDNA sequences 

Specimens of Branchipolynoe pettiboneae were collected from Jiaolong Ridge, a cold 

seep in the South China Sea (22°06.921’N, 119°17.131’E, depth 1122 m) in June 2013 

during the first scientific cruise of the manned submersible Jiaolong. At this site, B. 

pettiboneae lived inside the mantle cavity of the deep-sea mussel Bathymodiolus platifons. 

The site temperature was 3.6 °C, but dissolved oxygen concentration was not measured. 

Specimens of L. okinawae were collected from the pseudo Noho site, a hydrothermal vent 

in the Okinawa Trough (27°31.0’N, 126°58.9’E, depth 1550 m), using ROV Kaiko 

MK-IV on-board R/V Kairei during the cruise KR15-17 in November 2015. The site 

temperature was 3.84 °C, and dissolved oxygen concentration was 1.76 mg/L.  

 

The samples were kept in partially insulated sample boxes, and were preserved in 

RNALater (Ambion, Austin, TX) immediately once they were brought to the deck, which 

was roughly three hours after sampling. The samples were later transported to Hong 

Kong Baptist University on dry ice. For both deep-sea species, total RNA was extracted 

from three middle parapodia with elytra of a specimen using TRIzol reagent (Invitrogen, 

Carsbad, NM, USA) following the manufacturer’s protocol. The quality of RNA samples 

were detected by 1% agarose gel electrophoresis and stained using GelRed (Biotium, 

Fremont, CA, USA), then visualized under ultraviolet light. The quantity of RNA samples 

were analyzed using Bioanalyzer 2100 (Agilent Technologies, CA, USA). The RNA 
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samples were sent to Beijing Genomics Institute (BGI), Shenzhen for messenger RNA 

enrichment, RNA fragmentation, cDNA synthesis, adapter ligation, and PCR 

amplification (Sun et al., 2012), and the PCR product was sequenced to produce 

paired-end reads of 100 bp read length for B. pettiboneae using an Illumina Hiseq 2000 in 

2014, and 150 bp read length for L. okinawae using an Illumina Hiseq 4000 in 2015. The 

raw transcriptomic data for Branchipolynoe pettiboneae and Lepidonotopodium okinawae 

are deposited in NCBI SRA database with accession number of SRR4419842 and 

SRR4419843, respectively. Raw transcriptome sequences of Harmothoe imbricata were 

obtained from NCBI’s SRA database (Francis et al., 2013) (accession no. SRX1015591). 

The RNA of this sample was extracted from an elytra of a middle parapodia collected 

from the intertidal zone of a rocky shore at Land’s End (43.807 °N, 69.995 °W) on Bailey 

Island, Maine, U.S.A (Francis et al., 2013). Below the rocky shore is a sandy beach and 

the seawater at the site is well-oxygenated. 

 

4.2.2 Transcriptome assembly and annotation 

The raw reads were filtered using Trimmomatic v0.33 (Bolger et al., 2014). In brief, 

adapters were removed based on information provided in the TruSeq RNA Library Prep 

Kit which was used in RNA library preparation (B. pettiboneae and H. imbricata: 

ILLUMINACLIP: TruSeq2-PE.fa:2:30:10; L. okinawae: ILLUMINACLIP: 

TruSeq3-PE.fa:2:30:10), the leading and trailing low quality bases were removed 

(LEADING:3 TRAILING:3), and cut when the average quality per base was below 15 

with a 4-base wide sliding window, and removed when the length was below 36 bases 

(SLIDINGWINDOW:4:15 MINLEN:36). Trimmed paired-end reads of the three species 

were used for assembly using Trinity trinityrnaseq-2.0.6 (Grabherr et al., 2011). RSEM 

1.2.19 (Li & Dewey, 2011) was used to estimate the transcript abundance, and the lowly 

expressed transcript isoforms (IsoPct < 1%) were removed. TransDecoder was then used 

to identify the candidate open reading frames (ORFs) and peptides in the filtered 

transcripts. Identical sequences (100% similarity) in predicted peptides were removed by 
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CD-HIT (Huang et al., 2010). The longest predicted protein of each contig was selected 

using a python script. Annotation was carried out by InterProScan-5.13-52.0 (Jones et al., 

2014). A Gene Ontology (GO) annotation plot was made using WEGO (Ye et al., 2006). 

 

4.2.3 Calculation of GC content and codon usage 

The overall GC content and codon usage of transcriptome from B. pettiboneae, L. 

okinawae and H. imbricata were calculated using codonW 1.4.4 (Peden, 2000). Relative 

synonymous codon usage (RSCU) was used to indicate the codon usage pattern. RSCU = 

1 indicates that the codons are used equally and randomly. RSCU > 1 and RSCU < 1 

indicates positive and negative codon usage bias, respectively. Codon usage bias was 

considered strong when absolute ΔRSCU > 0.1 (Duret & Mouchiroud, 1999). The 

proportion of each amino acid is the summation of all its codons.  

 

4.2.4 Identification of orthologous genes and Ka/Ks analysis 

Orthologs were identified by pair-wise comparison using OrthoMCL (Li et al., 2003). 

The predicted protein sequences with high identity (> 95%) were removed with CD-HIT 

to eliminate isoforms caused by alternative splicing. Default settings were used for the 

OrthoMCL analysis and aligned sequences with less than 50 amino acids were excluded. 

Only 1:1 orthologous genes were used for base substitution analysis. The input files for 

Ka/Ks_Calculator (Zhang et al., 2006) were prepared using ParaAT1.0 (Zhang et al., 

2012). A maximum likelihood method with the MLPB model was used to calculate 

non-synonymous substitutions per nonsynonymous site (Ka), synonymous substitutions 

per synonymous site (Ks), and the ratio between Ka and Ks (Ka/Ks). Only ortholog pairs 

with P-value (Fisher’s exact test) < 0.05, 0.01 < Ks < 1, and Ka < 1 were retained (Chen 

et al., 2015). Ka/Ka > 1 was considered as a clear signal of positive selection. Positively 

selected genes were annotated based on the GO annotation and InterPro online database 

(Mitchell et al., 2015). 
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4.2.5 Comparison of highly expressed genes in three species 

Gene expression level was estimated using RSEM 1.2.19. Based on the reads per kilobase 

of exon per million reads mapped (fragments per kilobase million, FPKM), only highly 

expressed annotated genes (top 10%) were included in the comparison. The 10% highly 

expressed genes were classified based on their functional annotation. Their percentage 

and average expression level were compared to illustrate the differences in cellular 

processes among the three species.  

 

4.2.6 Identification of putatively duplicated genes 

Putatively duplicated genes were identified using OrthoMCL based on an E value of 1e × 

10−5 in BLASTP (Camacho et al., 2008). Alignments shorter than 50 amino acid residues 

(i.e. < 150 nt) were removed. Pairs of peptide sequences with similarity between 70% and 

98% were considered as duplicated genes (Coppe et al., 2013). Only clusters with 

annotation were included in the comparison. Gene Ontology classification was made 

using WEGO. Functional enrichment analysis was done using GOEAST (Zhang & Wang, 

2008). Specifically, the Benjamini and Yekutieli false discovery rate correction under 

dependency was applied. GO terms with p < 0.05 were considered as significantly 

enriched based on a hypergeometric statistical test.  

 

4.2.7 Phylogenetic and evolutionary analyses of hemoglobins 

To illustrate the use of the transcriptome data, we conducted phylogenetic and 

evolutionary analyses of hemoglobins in deep-sea scale worms. This group of proteins 

function in oxygen binding, and could be important in the adaptation of deep-sea scale 

worms to the hypoxic conditions in chemosynthesis-based ecosystems (McMullin et al., 

2007; Projecto-Garcia et al., 2010). Potential hemoglobin sequences were fetched from 

the assembled transcriptome of the three scale worms using BLASTP with an E value of 

1e × 10−5. Hemoglobin sequences from other deep-sea scale worms were also obtained 

from GenBank. Phylogenetic analyses were conducted using the Maximum Parsimony 
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(MP) and the Maximum Likelihood (ML) methods. A total of 18 hemoglobin sequences 

from the other deep-sea scale worms including B. seepensis and B. symmytilida obtained 

from GenBank were added in the alignment and phylogenetic analysis. Several 

intracellular hemoglobin sequences from Glycera dibranchiata (family Glyceridae), and 

extracellular hemoglobin sequences from Lumbricus terrestris (family Lumbricidae, 

Oligochaeta) were used as outgroups. Accession numbers for the hemoglobin sequences 

are listed in Supplementary Table. 4.1. All the sequences were aligned using 

Muscle3.8.31 implemented in Mesquite (Maddison & Maddison, 2015). The MP tree was 

constructed using PAUP* V4.0 (Swofford, 2003). The ML analysis was conducted using 

RaXML GUI1.3 (Stamatakis, 2006) with the Dayhoff+I+G model which was determined 

using ProtTest-3.058. The bootstrap values were all based on 1000 iterations. The 

candidate single domain and tetra-domain sequences of B. pettiboneae were confirmed 

based on their similarities with characterized hemoglobins obtained from the 

phylogenetic analysis. The hemoglobin sequences were analyzed for positive selection 

using PAML 4.8 following a previous study (Projecto-Garcia et al., 2015). 

 

4.3 Results 

4.3.1 Transcriptome assembly and annotation 

There are 3.8 Gb raw reads in B. pettiboneae, 7.0 Gb raw reads in L. okinawae, and 3.9 

Gb raw reads in Harmothoe imbricata (Table. 4.2). Removing adaptors and low-quality 

reads resulted in the retention of 98.4%, 84.7 % and 91.3% reads for the three species, 

respectively. The cleaned reads were used for the assembly and generated 153,339 contigs 

for B. pettiboneae, 225,709 contigs for L. okinawae and 98,806 contigs for H. imbricata. 

The assembled transcriptome had an average contig length of 521 to 738 bp with N50 of 

583 to 1,198 in the three species. Contig length distributions for the three species are 

shown in Fig. 4.1. Short contigs (< 1,000 bp) constituted about one third in the three 

species, but there were about 8% more long contigs (>1,000) in L. okinawae. There were 

38,734, 79,930 and 36,001 predicted proteins in B. pettiboneae, L. okinawae and H. 
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imbricata, respectively. Applying InterProScan revealed 38.7%, 41.2% and 48.6% 

annotated genes for B. pettiboneae, L. okinawae and H. imbricata, respectively (Table. 

4.2). A WEGO gene ontology annotation plot (Fig. 4.2) showed that the compositions of 

genes in the three species were broadly similar in cellular components, molecular 

functions and biological processes. 

 

4.3.2 Comparison of GC content and codon usage 

The GC content of the B. pettiboneae, L. okinawae and H. imbricata transcriptome is 

52.1%, 53.2% and 52%, respectively. The difference in codon usage ranges from 0 to 

5.14 ‰, and the difference in Relative Synonymous Codon Usage (RSCU) ranges from 0 

to 0.24. Most of the codons have very similar proportions and RSCU values among the 

three species. However, 14 codons have strong negative or positive codon usage bias 

(absolute ΔRSCU > 0.1) in the deep-sea species compared with the shallow-water species 

(Table. 4.3). More than half of the codons with strong biased ΔRSCU values encode the 

amino acids glycine, proline and cysteine. The usage pattern of amino acids is listed in 

Table. 4.4. The species difference in proportion for more than half of the amino acids is 

less than 0.2%. However, there are large differences (> 0.4%) for several amino acids 

between the deep-sea and shallow-water species. Specifically, there are more positively 

charged amino acids (i.e., histidine and arginine) and less negatively charged amino acids 

(i.e., aspartic acid and glutamic acid) in the deep-sea species. In addition, there are more 

non-polar amino acid leucine and less glycine in the deep-sea species. 

 

4.3.3 Positively selected genes  

There were 5,494, 6,851 and 7,311 pairs of orthologs between B. pettiboneae and H. 

imbricata, L. okinawae and H. imbricata, and B. pettiboneae and L. okinawae, 

respectively (Table. 4.5). Filtering reduced the numbers to 1,161, 1,801 and 3,269 for the 

three pairs, respectively. Base substitution analysis revealed a clear signal of positive 

selection (Ka/Ks > 1) in 192 orthologs between B. pettiboneae and H. imbricata, 306 
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orthologs between L. okinawae and H. imbricata, and 416 orthologs between B. 

pettiboneae and L. okinawae. However, only 51, 40 and 29 positive selected genes were 

annotated in the three pair-wise comparisons, respectively (Table. 4.5). These positively 

selected genes are mainly related to six different functions: cell structure and cell 

adhesion, energy-related process, chromatin structure and gene expression, signal 

pathway and immunity, protein metabolism and function, and transport (Fig. 4.3). Among 

the positively selective orthologs between B. pettiboneae and H. imbricata, genes 

involved in protein metabolism, signal pathway, immune, and energy-related process 

accounted for the largest proportions (64% in total). Between L. okinawae and H. 

imbricata, the largest proportion of positively selected genes is related to protein 

metabolism and function (43%), followed by signal pathway and immunity (20.0%). 

Between the two deep-sea species, more than one third of positively selected genes (38%) 

are involved in chromatin structure and gene expression, and one fifth are involved in 

signal pathway and immunity.  

 

4.3.4 Comparison of highly expressed genes 

The top 10% highly expressed genes included 1465 genes in B. pettiboneae, 3215 genes 

in L. okinawae and 1733 genes in H. imbricata. These genes had FPKM value ranging 

from 7.78 to 4527.82 (average 72.8), from 8.77 to 60511.8 (average 117.9) and from 

10.22 to 2897.81 (average 80.7) in B. pettiboneae, L. okinawae and H. imbricata, 

respectively. Gene groups related to conserved biological processes are compared with 

respect to their percentage (Fig. 4.4A) and expression level (Fig. 4.4B). Gene groups 

related to several biological processes, including dehydrogenase, transcription, translation, 

proteolysis and cytoskeleton (actin and tubulin), were of comparable expression levels in 

the three species. Nevertheless, there were notable differences in the expression of several 

gene groups among the three species. In particular, globin genes in both deep-sea species 

were more abundant (about three times) and had higher expression levels (more than ten 

times) than in the shallow-water species. Gene groups involved in DNA recombination 
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and integration including reverse transcriptase, DNA breaking-rejoining domains and 

integrase were only present and highly expressed in the two deep-sea species (Fig. 4.4). 

Zinc finger and EF hand, which are common protein-DNA binding domains, were more 

abundant in the two deep-sea species (Fig. 4.4A).  

 

4.3.5 Comparison of putatively duplicated genes 

There were 517, 1260 and 638 annotated duplicated gene clusters in B. pettiboneae, L. 

okinawae and H. imbricata, respectively. Their average duplicated copies were 3.6, 3.0 

and 2.5 in the three species, respectively. GO functional annotation results of the 

duplicated clusters are shown in Fig. 4.5A. Compared with the shallow-water species, 

only the two deep-sea species have duplicated genes involved in cofactor binding, 

enzyme inhibitor and oxidoreductase activity of molecular function, and transmembrane 

transport of biological process. Several GO terms were only present in one deep-sea 

species, such as phosphatase regulator in B. pettiboneae; ribonucleoprotein complex of 

cellular component, carbohydrate binding, carboxylic acid binding, chromatin binding, 

isomerase, ligase, nucleside-triphosphatase regulator, biosynthetic process and regulation 

of metabolic process in L. okinawae. There were 57 GO terms significantly enriched for 

putatively duplicated genes in B. pettiboneae, 116 in L. okinawae, and 37 in H. imbricata. 

There were 23 GO terms enriched only in the two deep-sea species (Table. 4.6; Fig. 4.5B), 

including three terminal GO terms: small molecular metabolic process, translation and 

DNA metabolic process. The first is related to carbohydrate and protein metabolism 

including pyruvate kinase and citrate synthase; and aminoacyl-tRNA synthetase and 

Peptidase are involved in protein metabolism. Genes enriched in translation are mainly 

ribosomal proteins that are responsible for protein synthesis. Genes enriched in DNA 

metabolism are involved in DNA recombination, integration and DNA repair. 
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4.3.6 Hemoglobins 

There were 17 extracellular hemoglobin sequences from B. pettiboneae, 5 from L. 

okinawae and 7 from H. imbricata. Phylogenetic analysis showed that most of the 

hemoglobin sequences from the deep-sea scale worms are nested in a major clade 

(highlighted in red in Fig. 4.6). This result is consistent with the phylogenetic relationship 

reconstructed with concatenated sequences from the cox1 and 16S, 18S, and 28S rRNA 

genes that showed all deep-sea polynoids with a sequence in the NCBI database were 

derived from the same shallow-water common ancestor (Fig. 4.7). Among the 

hemoglobin tree, there are 2 sequences from Lepidonotopodium and 6 sequences from B. 

pettiboneae whose structures are unknown. Ten single-domain hemoglobins from 2 

species of L. okinawae, 1 species of Branchiplicatus, 2 species of Branchinologluma, and 

3 species of Branchipolynoe are clustered in a clade, which is sister to a clade including 

all the tetra-domain hemoglobins from three species of Branchipolynoe including B. 

pettiboneae, B. seepensis and B. symmytilida. In each of the four domains, the B. 

pettiboneae sequence is sister to a clade containing the B. seepensis and B. symmytilida 

sequences, indicating the tetra-domain hemoglobins were present before the divergence 

of the Branchipolynoe spp. and the level of divergence is related to the geographic 

distribution of these species. These species with tetra-domain hemoglobin are in a 

terminal branch of the phylogenetic tree, with Branchinotogluma (a species with 

single-domain hemoglobin) as the sister taxon, and this result is also consistent with the 

phylogenetic tree based on the concatenated cox1 and 16S, 18S, and 28S rRNA sequences 

(Fig. 4.6).  

 

Alignment of the single- and tetra-domain hemoglobin sequences showed that more than 

a quarter of amino acids (39/140) are conserved, and the first half of the sequences is 

more conserved than the second half (Fig. 4.8). Heme pocket residues, which explain the 

high oxygen affinity (Projecto-Garcis et al., 2010), are conserved in tetra-domain 

hemoglobin sequences. There are 15 conserved amino acids in the tetra-domain 
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sequences. Base substitution analyses of single-domain and tetra-domain hemoglobins in 

Branchipolynoe spp. using the branch-site model in PAML showed that three of the 

tetra-domains (except TD1) carry a clear signal of positive selection (Table. 4.7). There 

are three sites having undergone positive selection in the tetra-domain hemoglobins 

(Table. 4.7, Fig. 4.8). 

 

4.4 Discussion 

We provided transcriptome resources for the deep-sea scale worms Branchipolynoe 

pettiboneae and L. okinawae by high-throughput next-generation sequencing and de novo 

assembly. These are the only transcriptome resources for this group of scale-bearing 

polychaetes that are widely distributed in deep-sea chemosynthesis-based ecosystems. 

The resources can be used to support physiological, phylogenetic and evolutionary 

studies at the molecular level.  

 

Our analysis of the codon usage and amino acid composition showed that there were 

differences in these two parameters between the deep-sea and shallow-water species, 

which is consistent with the case between deep-sea and intertidal nematodes (Van 

Campenhout et al., 2016). In addition, there are more basic polar amino acids (arginine 

and histidine), and less acidic polar amino acid (aspartic acid) in deep-sea polynoids, 

which is consistent with a previously study showing that basic polar amino acids are more 

abundant in organisms living in low temperatures than in high temperatures (Yang et al., 

2015). The change in amino acid composition has been considered an adaptation to low 

temperature, which could affect protein function (Yang et al., 2015). 

 

Changes in DNA or protein sequences can be adaptive because just a few mutations can 

significantly affect molecular function. For example, only two amino acid substitutions in 

key functional positions of the skeletal actin of deep-sea fish can reduce the volume 

change associated with actin polymerization, which maintains the DNase I activity of 



94 
 

actin at high pressure (Morita, 2003). However, it is important to distinguish 

nonsynonymous mutation that alters amino acid from synonymous mutation that does not 

change amino acid. Analyzing the transcriptome-wide rates of nonsynonymous 

substitution to synonymous substitution can reveal genes that evolve slowly from those 

that evolve quickly, thereby providing a quantitative measure on the selection force (Yang 

et al., 2015; Voolstra et al., 2011). In the present study, we detected 120 positively 

selected genes through pair-wise comparisons of homologs among the three scale worms, 

which can be used for more detailed studies of genetic basis of adaptation to the deep-sea 

environment. These genes are involved in many fundamental biological processes, 

including cell structure and cell adhesion, indicating reshaping of cell structures to 

increase toughness might have contributed to the adaption to high hydrostatic pressure in 

the deep sea. Positive selection in genes related to energy-related process, chromatin 

structure and gene expression, protein metabolism and function may have allowed the 

deep-sea worms to adapt to the deep sea, since high hydrostatic pressure and low 

temperature can inhibit gene transcription and translation, and protein function (Feller & 

Gerday, 2003; Simonato et al., 2006). Moreover, sulfide is a major toxic substance for 

deep-sea organisms (McMullin et al., 2007). Oxidation of sulfide is a way for deep-sea 

animals to avoid the damage by this chemical and this process is coupled with energy 

production directly in the mitochondria (Chen et al., 2008). Nevertheless, only 

protein-coding genes were included in the positive selection analysis in this study, but 

positive selection could occur in the regulatory regions, such as promoters and enhancers. 

Further analysis of positive selection in scale worms can be done when genomes of these 

organisms become available. 

 

Considering that gene expression is under precise regulation in living cells, and that 

several genes involved in chromatin structure and regulation of gene expression exhibit 

signals of positive selection, we also compared the highly expressed genes among the 

three species of scale worms. Even though the change in environment conditions during 
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the sampling might have affected gene expression, especially the expression of 

heat-shock proteins, comparison of transcriptome data should reflect most of the intrinsic 

gene expression difference between the deep-sea and shallow-water species. Specifically, 

the higher expression of hemoglobins in the deep-sea species might be a response to the 

hypoxic condition in the chemosynthesis-based habitats, rather than a response to higher 

oxygen levels they experienced during ascending. Indeed, a previous study which also 

involved placing the samples in a partially insulated box, indicated that ascending to 

surface wouldn’t eliminate the difference in expression of hemoglobin genes for the 

polychaete Ridgeia piscesae collected from deep-sea habitats with different DO 

concentrations; they also found that levels of hemoglobin gene expression of animals 

processed immediately were not significantly different from those processed 10–12 h 

after (Carney et al., 2007). The result showed that, compared with the shallow-water 

species, a number of conserved gene families had remarkably different expression 

patterns between the deep-sea and shallow-water species. In particular, in both deep-sea 

species, hemoglobins, a group of oxygen-binding proteins, were much more abundant in 

gene number (> 3 times) and had much higher expression levels (> 10 times), likely an 

adaptation to the need of using oxygen more effectively and efficiently in the deep-sea 

chemosynthesis habitats that often experience hypoxia (Levin, 2002; Nakayama et al., 

2007). In addition, the dehydrogenase gene family, which participates in carbohydrate 

and lipid metabolism and ATP production, has the largest number of genes in L. okinawae 

and highest expression level in B. pettiboneae. This result is consistent with the high 

expression of dehydrogenases in deep-sea black scabbardfish (Stefanni et al., 2014). 

Furthermore, several proteins that are involved in DNA repair and recombination (i.e. 

reverse transcriptase, DNA breaking-rejoining domains and integrase are involved in 

DNA repair and recombination) were only present in the top 10% expressed genes in the 

two deep-sea species. The two deep-sea species also had higher abundance of proteins 

with zinc finger and EF hand domains which are commonly present in protein-DNA 

binding proteins. Together with the finding that, chromatin structure and regulation of 
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gene expression is the largest part of positively selected genes in the two deep-sea species, 

these results suggest that DNA repair, recombination and integration are more active in 

the two deep-sea species than in the shallow-water species. This is probably related to the 

DNA damage caused by various stressors from the extreme deep-sea environment 

(Projecto-Garcia et al., 2015).  

 

Gene gains and losses are assumed to play a crucial role in the adaptive evolution of 

animals (Chen et al., 2008; Ding et al., 2012). Previous studies have indicated that gene 

duplication may have contributed to the adaptation to cold in marine fish: there were 

significantly more duplicate genes in the icefish Chionodraco hamatus compared with 

several model fish species (Coppe et al., 2013), and that many of the protein-coding 

genes that are specifically expressed in the Antarctic fish Dissostichus mawsoni 

corresponded to the up-regulated gene families when compared with non-Antarctic fish 

based on the transcriptome data (Morita, 2003). Even though duplicated genes might be 

present in shallow-water species’ genome, transcriptomic data indicates that both 

deep-sea species have larger numbers of duplicated genes than the shallow-water species. 

Different pathways were enriched for putative duplicated genes in deep-sea scale worms, 

especially DNA metabolism process involved in DNA recombination, DNA integration 

and repair. For example, there were 18 duplicated integrases in B. pettiboneae and 32 in L. 

okinawae, but only 3 in H. imbricata, further supporting that DNA recombination and 

repair activities are more active in the two deep-sea species, consistent with a previous 

study that showed frequent DNA strand breakage in animals collected from deep-sea 

hydrothermal vents (Pruski & Dixon, 2003). Furthermore, the translation pathway was 

significantly enriched in deep-sea species for duplicated genes. Among them are 58 and 

20 duplicated ribosomal proteins in B. pettiboneae and L. okinawae with a total of 123 

and 56 genes, respectively, indicating more ribosomes might be needed for protein 

synthesis in the deep-sea species. 
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Hemoglobins have been a research focus in deep-sea scale worms because the 

involvement of gene duplication as a possible adaptive mechanism to hypoxia. As 

oxygen-binding proteins, hemoglobins are important for energy generation. Most 

deep-sea scale worms are red-blooded, indicating the presence of high concentrations of 

hemoglobins. It has been reported that tetra-domain hemoglobins from the deep sea have 

higher affinity for oxygen and can store oxygen for a longer period in complete anoxia 

when compared with single-domain hemoglobins from their littoral relatives (Hourdez et 

al., 1999; Hourdez & Weber, 2005). Tetra-domain hemoglobins were previously known 

only in B. seepensis and B. symmytilida (Projecto-Garcia et al., 2010). We found 22 

hemoglobin sequences in the two deep-sea scale worms, including 17 in B. pettiboneae 

and 5 in L. okinawae. Consistent with their importance in oxygen storage and transport, 

the hemoglobins of B. pettiboneae and L. okinawae accounted for higher percentages of 

highly expressed genes and had higher expression levels than the shallow-water species H. 

imbricata. Branchipolynoe pettiboneae also has a tetra-domain hemoglobin, and that each 

of its four domains is consistent in forming the sister clade of the corresponding domain 

of B. seepensis and B. symmytilida. This result indicates that the formation of the 

tetra-domain predated the divergence of the three species of Branchipolynoe, and that B. 

seepensis (a Gulf of Mexico species) and B. symmytilida (an eastern Pacific species) are 

more closely related to each other than to B. pettiboneae (a western Pacific species), 

indicating that the most recent common ancestor of B. seepensis and B. symmytilida 

spread from western Pacific and subsequently diverged to form these two species. More 

taxon sampling around the world would allow for testing this hypothesis about the 

geographical origin of tetra-domain hemoglobin. The phylogenetic analysis showed that 

the three Branchipolynoe species have both single domain and tetra-domain hemoglobins. 

The tetra-domain hemoglobins, having high affinity to oxygen (Projecto-Garcia et al., 

2010), were only present in Branchipolynoe species, consistent with previous findings. 

The result from the transcriptome that the tetra-domain hemoglobin is unique in 

Branchipolynoe spp. should be confirmed when full genome sequences from scale worms 
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are available. Substitution analysis of hemoglobins in Branchipolynoe spp. by branch-site 

model using PAML showed that all of the single domain and tetra-domain hemoglobins 

except TD1 were positively selected, indicating divergent evolution of hemoglobins has 

contributed to the adaptation in deep-sea scale worms. Specifically, the amino acid 66C 

(Cysteine) in the hemoglobin is under positive selection, the same with some extracellular 

globins from other annelids living in sulfide-rich environments (Bailly et al., 2003). 

Cysteine in the same position was proposed to be involved in the reversible binding of 

sulfide in the deep-sea tube worm Riftia (Zal et al., 1998). Interestingly, although L. 

okinawae does not possess tetra-domain hemoglobin, the expression level of the other 

type of hemoglobin was almost four times that of B. pettiboneae, indicating this scale 

worm has adopted a different strategy to efficiently obtain oxygen in the hypoxic 

deep-sea environment.  
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Tables 

Table. 4.1 Accession numbers of downloaded annelid hemoglobin sequences used in phylogenetic 

analysis. 

Species name Gene name Accession no. 

Branchiplicatus cupreus_2 hemoglobin, partial ADO63771.1 

Lepidonotopodium williamsae hemoglobin, partial ADO63772.1 

Branchiplicatus cupreus_1 hemoglobin, partial ADO63770.1 

Branchinotogluma segonzaci hemoglobin ADO63769.1 

Branchinotogluma trifurcus hemoglobin ADO63768.1 

Branchipolynoe seepensis extracellular single-domain globin, partial ACU21605.1 

Branchipolynoe symmytilida extracellular single-domain globin, partial ACU21604.1 

Branchipolynoe seepensis extracellular tetra-domain globin, partial ACU21603.1 

Branchipolynoe seepensis extracellular tetra-domain globin, partial ACU21602.1 

Branchipolynoe seepensis extracellular tetra-domain globin, partial ACU21601.1 

Branchipolynoe seepensis extracellular tetra-domain globin, partial ACU21600.1 

Branchipolynoe symmytilida extracellular tetra-domain globin, partial ACU21599.1 

Branchipolynoe symmytilida extracellular tetra-domain globin, partial ACU21598.1 

Branchipolynoe symmytilida extracellular tetra-domain globin, partial ACU21597.1 

Branchipolynoe symmytilida extracellular tetra-domain globin, partial ACU21596.1 

Glycera dibranchiata globin P1 CAA37995.1 

Glycera dibranchiata globin P2 AAA29160.1 

Glycera dibranchiata globin P3  AAA29161.1 

Lumbricus terrestris hemoglobin chain d2 AAC14536.1 

Lumbricus terrestris Extracellular globin-1 P08924.1 

Lumbricus terrestris Extracellular globin-2 P02218.2 

Lumbricus terrestris Extracellular globin-3 P11069.3 

Lumbricus terrestris Extracellular globin-4 P13579.1 
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Table. 4.2 Raw data and assembly information in the transcriptomes of three scale worms. 

Parameters B. pettiboneae L. okinawae H. imbricata 

Total bases 3.8 G 7.0 G  3.9 G 

Read length 100 bp 150 bp 100 bp 

Number of reads 38,159,052 46,701,686 39,257,588 

Number of clean reads 37,548,398 (98.4%) 39,579,324 (84.7%) 35,823,606 (91.3%) 

Number of contigs# 153,339 225,709 98,806 

Shortest contig 224 224 224 

Longest contig 11,622 18,505 18,407 

Average contig length 521.49 738.60 536.55 

N50 value 583 1,198 605 

Predicted genes 38,734 79,930 36,001 

Annotated genes* 14,998 (38.7%) 32,915 (41.2%) 17,493 (48.6%) 

Proteins with GO annotation 8,386 20,849 10,343 

 

#Contigs: sequences in Trinity.fasta, the output file of Trinity. 

*Annotated genes: predicted proteins in the output file of InterProScan. 
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Table. 4.3 Codon usage of transcriptome in three species. 

  B. pettiboneae  L. okinawae  H. imbricata  

  8077643 ‰ RSCU 26753983 ‰ RSCU 7825093 ‰ RSCU 

Phe UUU 121260 15.0118 0.83 356799 13.33629 0.76 104519 13.3569 0.78 

 UUC 170237 21.0751 1.17 576675 21.55473 1.24 162821 20.8075 1.22 

Leu UUA 72964 9.03283 0.59 189334 7.076853 0.46 63141 8.06904 0.56 

 UUG 126945 15.7156 1.03 387535 14.48513 0.94 107331 13.7163 0.95 

 CUU 108404 13.4203 0.88 353327 13.20652 0.86 98343 12.5676 0.87 

 CUC 156216 19.3393 1.26 562919 21.04057 1.37 147111 18.7999 1.3 

 CUA 68196 8.44256 0.55 220257 8.232681 0.54 71914 9.19018 0.64 

 CUG 209535 25.9401 1.69 750971 28.0695 1.83 188696 24.1142 1.67 

Ile AUU 121599 15.0538 0.96 362645 13.5548 0.9 94854 12.1218 0.82 

 AUC 163299 20.2162 1.29 563360 21.05705 1.4 164176 20.9807 1.43 

 AUA 94244 11.6673 0.75 280268 10.47575 0.7 86222 11.0187 0.75 

Met AUG 205103 25.3914 1 693987 25.93958 1 197938 25.2953 1 

Val GUU 112072 13.8743 0.82 342832 12.81424 0.77 102806 13.138 0.78 

 GUC 149629 18.5238 1.1 494299 18.47572 1.1 146255 18.6905 1.12 

 GUA 87283 10.8055 0.64 268947 10.0526 0.6 98696 12.6128 0.75 

 GUG 196893 24.3751 1.44 686450 25.65786 1.53 176288 22.5286 1.35 

Ser UCU 106092 13.134 0.92 371770 13.89587 0.93 117820 15.0567 1.04 

 UCC 128518 15.9103 1.12 498541 18.63427 1.25 138714 17.7268 1.22 

 UCA 130621 16.1707 1.14 433325 16.19665 1.09 127794 16.3313 1.13 

 UCG 95619 11.8375 0.83 285700 10.67878 0.72 72162 9.22187 0.64 

 AGU 103469 12.8093 0.9 354797 13.26146 0.89 109292 13.9669 0.97 

 AGC 124758 15.4449 1.09 445558 16.65389 1.12 113655 14.5244 1 

Pro CCU 100501 12.4419 0.86 331941 12.40716 0.84 110469 14.1173 0.96 

 CCC 114464 14.1705 0.98 409744 15.31525 1.03 116680 14.911 1.02 

 CCA 142326 17.6197 1.22 489082 18.28072 1.23 146496 18.7213 1.28 

 CCG 107735 13.3374 0.93 354997 13.26894 0.9 84278 10.7702 0.74 

Thr ACU 109696 13.5802 0.85 347985 13.00685 0.82 103460 13.2216 0.82 

 ACC 144746 17.9193 1.13 472223 17.65057 1.12 151823 19.4021 1.21 

 ACA 158728 19.6503 1.24 502112 18.76775 1.19 160668 20.5324 1.28 

 ACG 100028 12.3833 0.78 370239 13.83865 0.87 87287 11.1548 0.69 

Ala GCU 129166 15.9906 0.9 416871 15.58164 0.89 134376 17.1724 1 

 GCC 177837 22.016 1.24 596164 22.28319 1.27 176347 22.5361 1.31 

 GCA 149027 18.4493 1.04 479041 17.90541 1.02 141326 18.0606 1.05 

 GCG 115940 14.3532 0.81 386865 14.46009 0.82 86875 11.1021 0.64 

Tyr UAU 87751 10.8634 0.83 247955 9.267966 0.73 72980 9.32641 0.73 

 UAC 123357 15.2714 1.17 427254 15.96973 1.27 125836 16.0811 1.27 

His CAU 108430 13.4235 0.84 316881 11.84426 0.77 86228 11.0194 0.83 

 CAC 149760 18.5401 1.16 503726 18.82808 1.23 121028 15.4667 1.17 

Gln CAA 120601 14.9302 0.74 367281 13.72809 0.67 120330 15.3775 0.73 

 CAG 204611 25.3305 1.26 732372 27.37432 1.33 211180 26.9875 1.27 

Asn AAU 123791 15.3251 0.84 378522 14.14825 0.78 106956 13.6683 0.74 

 AAC 170960 21.1646 1.16 591214 22.09817 1.22 182111 23.2727 1.26 

Lys AAA 164350 20.3463 0.81 489810 18.30793 0.76 161897 20.6895 0.78 

 AAG 239130 29.6039 1.19 795759 29.74357 1.24 253755 32.4284 1.22 

Asp GAU 162819 20.1567 0.84 520953 19.47198 0.8 171996 21.9801 0.83 

 GAC 224117 27.7453 1.16 787470 29.43375 1.2 244532 31.2497 1.17 

Glu GAA 171354 21.2134 0.84 569019 21.26857 0.79 190758 24.3777 0.8 

 GAG 237455 29.3966 1.16 875841 32.73685 1.21 286280 36.5849 1.2 

Cys UGU 110880 13.7268 1 329412 12.31263 1 99404 12.7032 1.13 

 UGC 110206 13.6433 1 332264 12.41923 1 77013 9.8418 0.87 

Trp UGG 108594 13.4438 1 351482 13.13756 1 94701 12.1022 1 

Arg CGU 69414 8.59335 0.8 233117 8.713357 0.81 73869 9.44002 0.95 

 CGC 107743 13.3384 1.24 372600 13.9269 1.3 82436 10.5348 1.06 

 CGA 64267 7.95616 0.74 195891 7.321938 0.68 51434 6.57296 0.66 

 CGG 96136 11.9015 1.11 345931 12.93007 1.21 82255 10.5117 1.06 

 AGA 85236 10.5521 0.98 258949 9.678895 0.91 82833 10.5856 1.06 

 AGG 99162 12.2761 1.14 310226 11.59551 1.08 94336 12.0556 1.21 

Gly GGU 122241 15.1333 0.96 376154 14.05974 0.88 150224 19.1977 1.11 

 GGC 159708 19.7716 1.26 521257 19.48334 1.23 147294 18.8233 1.09 

 GGA 115516 14.3007 0.91 394188 14.73381 0.93 141652 18.1023 1.05 

 GGG 109473 13.5526 0.86 409063 15.2898 0.96 101782 13.0071 0.75 

Stop UAA 7972 0.98692 0.87 20568 0.768783 0.75 5467 0.69865 0.85 

 UAG 7637 0.94545 0.84 24384 0.911416 0.89 5826 0.74453 0.9 

 UGA 11822 1.46355 1.29 36880 1.378486 1.35 8067 1.03091 1.25 

Total 64 8077643   26753983   7825093   
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Table. 4.4 The proportions (%) of amino acid of transcriptomes from B. pettiboneae (PB), L. 

okinawae (PL) and H. imbricata (PH). 

 AA PB PL PH PB-PL PB-PH PL-PH 

Non polar AA Ala 7.080902 7.023033 6.887126 0.05787 0.193776 0.135907 

Val 6.757875 6.700042 6.696981 0.05783 0.060894 0.003061 

Ile 4.693721 4.50876 4.412114 0.18496 0.281607 0.096647 

Leu# 9.189067 9.211126 8.645725 -0.0221 0.543342 0.565401 

Met 2.539144 2.593958 2.529529 -0.0548 0.009615 0.064429 

Phe 3.608689 3.489103 3.416445 0.11959 0.192244 0.072658 

Trp 1.344377 1.313756 1.210222 0.03062 0.134155 0.103534 

Special AA Gly# 6.275816 6.356668 6.913042 -0.0809 -0.63723 -0.55637 

Pro 5.756952 5.927207 5.851982 -0.1703 -0.09503 0.075226 

Cys 2.737011 2.473187 2.254504 0.26382 0.482508 0.218683 

Negative 

charged AA 

Asp# 4.790209 4.890573 5.322978 -0.1004 -0.53277 -0.43241 

Glu# 5.060994 5.400542 6.09626 -0.3395 -1.03527 -0.69572 

Positive 

charged AA 

His# 3.196353 3.067233 2.648607 0.12912 0.547746 0.418626 

Lys 4.995021 4.80515 5.311784 0.18987 -0.31676 -0.50663 

Arg# 6.461761 6.416667 5.970063 0.04509 0.491698 0.446604 

Polar 

uncharged 

AA 

Thr 6.353314 6.326381 6.43108 0.02693 -0.07777 -0.1047 

Tyr 2.613485 2.52377 2.540749 0.08972 0.072736 -0.01698 

Gln 4.026075 4.11024 4.236499 -0.0842 -0.21042 -0.12626 

Asn 3.648973 3.624642 3.694103 0.02433 -0.04513 -0.06946 

Ser 8.530669 8.932094 8.682798 -0.4014 -0.15213 0.249297 

AA: amino acid. 

#: the differences are larger than 0.4% between deep-sea and shallow-water species. 
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Table. 4.5 Summary of the orthologous genes and Ka/Ks analyses in pair-wise comparison among 

three scale worms. 

 Bran vs Harm Lepi vs Harm Bran vs Lepi 

No. of orthologs 5,494 6,851 7,311 

No. of orthologs after filtering 1,161 1,801 3,269 

mean Ka value 0.208 0.201 0.151 

mean Ks value 0.593 0.586 0.672 

mean Ks/Ks value 0.659 0.637 0.545 

No. of orthologs with Ka/Ks > 1 192 306 416 

mean Ka value 0.500 0.421 0.360 

mean Ks value 0.266 0.222 0.170 

mean Ka/Ks value 2.704 2.475 3.141 

No. of orthologs Ka/Ks > 1 (with annotation) 51 40 29 

mean Ka value 0.642 0.565 0.579 

mean Ks value 0.370 0.337 0.319 

mean Ka/Ks value 2.017 1.889 2.135 

Bran: B. pettiboneae; Harm: H. imbricata; Lepi: L. okinawae. 
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Table. 4.6 List of GO terms enriched for putative duplicated genes in deep-sea scale worms. 

GO ID Term Level B. pettiboneae p value L. okinawae p value 

GO:1901564 organonitrogen compound 

metabolic process 

2 154 2.82376E-25 138 4.43E-14 

GO:0034641 cellular nitrogen compound 

metabolic process 

3 200 1.07872E-33 175 2.98E-18 

GO:0046483 heterocycle metabolic process 2 81 1.42628E-12 130 3.44E-13 

GO:1901360 organic cyclic compound 

metabolic process 

1 81 1.42628E-12 130 3.44E-13 

GO:0009058 biosynthetic process 1 137 2.93676E-22 127 7.26E-13 

GO:0006725 cellular aromatic compound 

metabolic process 

2 81 1.42628E-12 120 4.46E-12 

GO:1901576 organic substance biosynthetic 
process 

2 137 2.93676E-22 117 9.74E-12 

GO:0044249 cellular biosynthetic process 3 137 2.93676E-22 116 1.25E-11 

GO:0006139 nucleobase-containing 
compound metabolic process 

6 81 1.42628E-12 111 4.49E-11 

GO:0044281 small molecule metabolic 

process 

2 28 0.000949781 96 2.13E-09 

GO:0044271 cellular nitrogen compound 

biosynthetic process 

4 135 6.39467E-22 85 3.52E-08 

GO:0009059 macromolecule biosynthetic 
process 

3 129 6.51231E-21 77 2.71E-07 

GO:0034645 cellular macromolecule 

biosynthetic process 

5 129 6.51231E-21 77 2.71E-07 

GO:1901566 organonitrogen compound 

biosynthetic process 

3 131 3.04692E-21 75 4.45E-07 

GO:0010467 gene expression 1 131 3.04692E-21 70 1.58E-06 

GO:0090304 nucleic acid metabolic process 7 70 9.4965E-11 67 3.42E-06 

GO:0006518 peptide metabolic process 3 123 7.00753E-20 55 6.2E-05 

GO:0043603 cellular amide metabolic 
process 

3 123 7.00753E-20 55 6.2E-05 

GO:0006412 translation 8 123 7.00753E-20 52 0.000131 

GO:0043043 peptide biosynthetic process 5 123 7.00753E-20 52 0.000131 

GO:0043604 amide biosynthetic process 5 123 7.00753E-20 52 0.000131 

GO:1901135 carbohydrate derivative 

metabolic process 

1 25 0.002830072 46 0.000575 

GO:0006259 DNA metabolic process 8 58 1.00416E-08 41 0.001952 
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Table. 4.7 Positive selection analysis of single-domain and tetra-domain hemoglobins in 

Branchipolynoe spp. 

 TD1-4 TD1 TD2 TD3 TD4 

InL -2631.577 -2641.405 -2637.472 -2644.831 -2637.171 

κ 1.734 1.713 1.691 1.755 1.726 

np 32 32 32 32 32 

ω0 0.219 (65.8%) 0.232 (78.9%) 0.230 (75.9%) 0.248 (76.96%) 0.231 (76.3%) 

ω1 1 (16.0%) 1 (21.1%) 1 (15.4%) 1 (19.3%) 1 (17.4%) 

ω2a 40.993 (14.6%) 1 (0) 10.305 (3%) 76.832 (3%) ∞ (5.1%) 

ω2b 40.993 (3.5%) 1 (0) 10.305 (0.7%) 76.832 (0.7%) ∞ (1.2%) 

2ΔlnL# 12.439 *** 0NS 4.820 * 7.148 ** 7.415** 

Selected sites 31A; 66C; 112L    11 S 

InL: integral nonlinearity, the maximum deviation between the ideal output and the actual output level; κ: 

transition/transversion ratio; np: number of parameters estimated by the model; ω0: estimated ω for the category of sites 

under purifying selection; ω1: estimated ω for sites under neutral evolution; ω2a: estimated ω for sites under positive 

selection in the foreground branches against background branches under purifying selection; ω2b: estimated ω for sites 

under positive selection in the foreground branches against background branches under neutral evolution.  

# P < 0.05: *; P < 0.01: **; P < 0.001. NS: not significant.  
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Figures 

 

Figure 4.1 Contig length distribution in the assembled transcriptomes of B. pettiboneae, L. 

okinawae and H. imbricata. 

 

  



107 
 

 

Figure 4.2 Gene Ontology (GO) distribution of annotated genes in the transcriptomes of B. 

pettiboneae, L. okinawae and H. imbricata. Genes are grouped into three main functional 

categories: biological process, cellular component and molecular function. The left abscissa 

indicates the percentage and right one shows the number of annotated genes. One gene may have 

match in multiple GO terms.  
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Figure 4.3 Biological functions of positively selected genes in pair-wise comparisons among the 

three species of scale worms.  
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Figure 4.4 Comparison of highly expressed genes in B. pettiboneae, L. okinawae and H. imbricata. 

A, Percentage of genes participated in different cellular processes. Each datum shows the 

percentage each gene group to all top 10% highly expressed genes. B, Expression level for gene 

groups participated in different cellular processes. Each datum shows the percentage of average 

FPKM value of a gene group to average FPKM value of all top 10% highly expressed genes. 

 



110 
 

 

Figure 4.5 Comparison of putatively duplicated genes in three species of scale worms. A, Gene 

Ontology (GO) distribution of putatively duplicated genes in the three species. The triangles stand 

for groups only present in B. pettiboneae; the squares for groups only present in L. okinawae; the 

pentagons for groups present in both deep-sea species. B, Significantly enriched biological process 

GO terms of putatively duplicated genes only present in both deep-sea species (highlighted in 

yellow). Boxes framed in red show terminal GO terms in both deep-sea species. Data in 

parentheses include the number of genes associated with the listed GO term in B. pettiboneae (first 

number) and L. okinawae (second number). A dash in parenthesis indicates absence of the gene. 

Arrows represent the connection between two enriched GO terms at different levels. Only selected 

significantly enriched GO branches in deep-sea species are shown to illustrate the interspecific 

differences with shallow-water species. 
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Figure 4.6 Phylogenetic tree of several polynoids based on several genes (i.e. cox1 and 16S, 18S, 

28S rRNA). It was constructed following the method described in Phylogenetic analysis in the 

section of Materials and methods. GTR+I+G model was used in ML tree. Three species (bold) 

compared in this paper were included in the phylogenetic tree. Sequences from Lumbricus 

terrestris and Glycera dibranchiata served as outgroups. Numbers near branches represent 

MP/ML bootstrap values based on 1,000 iterations, with 100 (indicated using an asterisk) as the 

highest value. Bootstrap values below 50 are shown only as a short dash due to the weak support. 

Deep-sea species are highlighted in red color. Accession numbers of related sequences (cox1, 16S, 

18S, 28S) are shown as follows: Lumbricus terrestris: HQ024638, KM987009, AJ272183, 

HQ691218; Glycera dibranchiata: HQ024038, GQ478120, AY995208, AY995207; Harmothoe 

imbricata: GQ478931, AY340463, AY340434, AY340400; Lepidonotus squamatus: AY894316, 

JN852903, AY176290, JN852865; Halosydna brevisetosa: AY894313, JN852895, JN852827, 

JN852857; Melaneis loveni: JN852936, JN852905, JN852835, JN852867; Polynoe scolopendrina: 

JN852940, JN852909, JN852839, JN852870; Branchinotogluma sandersi: JN852923, JN852889, 

JN852821, JN852851; Branchipolynoe symmytilida: AY646057, AF315055, -, - ; Bathykurila 

guaymasensis: DQ074766, -, DQ074765, -. The sequences of Branchipolynoe pettiboneae and L. 

okinawae were obtained from assembled transcriptome by BLAST. 
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Figure 4.7 Phylogenetic tree of potential hemoglobin sequences from scale worms. Sequences 

from Lumbricus and Glycera served as outgroups. Numbers above branches represent MP/ML 

bootstrap values based on 1,000 iterations, with 100 (indicated using an asterisk) as the highest 

value. Bootstrap values below 50 are shown only as a short dash due to the weak support. 

Sequences from deep-sea species are highlighted in red color. 
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Figure 4.8 Alignment of hemoglobin sequences from deep-sea polynoids. The sequences with a 

blue background are tetra-domain hemoglobins from three species of Branchipolynoe. Green 

letters above sequences indicate the positions of the heme pocket residues in tetra-domain 

hemoglobin. Red letters indicate the positions of conserved amino acid residues in all hemoglobin 

domains. Black letters show the positions of conserved amino acids in all hemoglobins from 

deep-sea polynoids. Orange letters show the positions of conserved amino acids in tetra-domain 

hemoglobins. The asterisks show positive selected sites in tetra-domain hemoglobins. SD: 

single-domain; TD: tetra-domain; Bse: B. seepensis; Bsy: B. symmytilida; Bpe: B. pettiboneae; 

Lepw: Lepidonotopodium williamsae; Branchipc: Branchiplicatus cupreus; Branchins: 

Branchinotogluma segonzaci; Branchint: Branchinotogluma trifurcus. 
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Chapter 5 General summary and discussion 

 
Overall, my study has contributed to a better understanding of the taxonomy, phylogeny 

and evolution of scale worms. Through morphological analyses, I have described two 

new species of deep-sea polynoid scale worms, and re-described the male or female of 

another two species of polynoids. Moreover, the barcoding gene (i.e. cox1) of these four 

species was also used to confirm the distinction between them and to discover some 

variations within species. These sequences represent most of the available barcodes 

currently available for deep-sea scale worms because most of the previous species 

description was based on morphology only. In the future, having DNA barcodes from 

more species will facilitate identification in deep-sea scale worms, including different 

sexes and different life stages whose morphology can vary substantially. 

 

Using low-coverage DNA sequencing, I obtained rRNA genes (18S and 28S rRNA) and 

mitochondrial genomes from 16 species of scale worms representing 7 families in the 

suborder Aphroditiformia. The molecular data were used in phylogenetic analyses. The 

results showed that Aphroditiformia is monophyletic, with Eulepethidae and Aphroditidae 

forming the basal clade. Nevertheless, which of these two families is the sister group of 

all other scale worms is not resolved since there are inconsistent results present in the 

phylogenetic trees based on four partial genes and 17 genes including all the 

mitochondrial protein-coding genes. Acoetidae is sister to Iphionidae. Polynoidae is 

monophyletic, but within this family, deep-sea subfamilies Branchinotogluminae and 

Macellicephalinae are paraphyletic. The mitochondrial genomes in most scale-worm 

families have a conserved gene order, but within Polynoidae there are two novel 

rearrangements in the deep-sea clade. The mitochondrial protein-coding genes in 

polynoids globally have evolved under strong purifying selection, but substitution rates in 

deep-sea species are much higher than those in shallow-water species, indicating relaxed 

purifying selection in deep-sea polynoids. The comparison of mitochondrial gene order 
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indicated that the deep-sea extreme environment may have affected the mitochondrial 

genome evolution rate and gene order arrangement in Polynoidae, provided evidence to 

refute the assumption that mitochondrial gene order in Errantia is conserved.  

 

From analysis of the two transcriptomes of deep-sea polynoids (Branchipolynoe 

pettiboneae and Lepidonotopodium okinawae) and the comparison with a shallow-water 

polynoid (Harmothoe imbricata), I found the deep-sea species have more positively 

charged amino acids (i.e., histidine and arginine) and less negatively charged amino acids 

(i.e., aspartic acid and glutamic acid). This result is consistent with a previously study 

showing that basic polar amino acids are more abundant in organisms living in low 

temperatures than in high temperatures (Yang et al., 2015). The change in amino acid 

composition has been considered an adaptation to low temperature, which could affect 

protein function (Yang et al., 2015). So far, tetra-domain hemoglobins have been reported 

only from species in the genus Branchipolynoe, and they have high affinity of oxygen 

(Projecto-Garcia et al., 2010). Among the 10% most highly expressed genes, there were 

more hemoglobin genes with high expression levels in both deep-sea species. The results 

showed that there was no tetra-domain hemoglobin in L. okinawae, which is consistent 

with previous studies of other species in this genus. The results suggested that deep-sea 

scale worms have adopted two strategies of adaptation to hypoxia in the 

chemosynthesis-based habitats (i.e., rapid evolution of tetra-domain hemoglobin in 

Branchipolynoe or high expression of single-domain hemoglobin in L.okinawae). The 

duplicated genes related to DNA recombination and metabolism, and gene expression 

were only enriched in deep-sea species, suggesting that there was a more complex DNA 

repair system in deep-sea species and it prevents harmful DNA mutation caused by DNA 

damage.  

 

Overall, my study has resolved several issues in the taxonomy, phylogeny and evolution 

of Aphroditiformia. It has also contributed to taxonomy of scale worms and genetic 
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mechanism of adaptation of deep-sea polynoids. My empirical study has also 

demonstrated the high potential of next-generation sequencing as an effective way in 

phylogenetic and evolutionary studies, and barcoding cox1 is useful for identification of 

deep-sea polynoids of different sexes and life stages. 
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