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RESUMO 
 

 
Esta tese tem como objetivo caracterizar a diversidade de anelídeos de ossos 
de baleia implantados no Atlântico Sudoeste em duas profundidades 
diferentes (1500 e 3300 m), e a relação com outras carcaças de baleia e 
ambientes quimiossintetizantes. O primeiro capítulo apresenta uma 
introdução geral com uma breve revisão sobre a composição da fauna e sua 
importância ecológica para o ecossistema de mar profundo. O capítulo 1 
também mostra a distribuição das famílias de anelídeos evidenciando que as 
assembleias provavelmente estão sob influência dos processos 
oceanográficos, tais como as características das massas d’águas e seu fluxo 
direcional. A diversidade do especialista de carcaça, Osedax, é abordado no 
capítulo 2. A distribuição das espécies de Osedax nas profundidades 
estudadas reforçam a importância dos processos oceanográficos na estrutura 
da comunidade. Neste capítulo nós também comparamos as populações do 
Atlântico e do Pacífico de Osedax frankpressi. Surpreendentemente, a família 
Capitellidae foi o anelídeo mais abundante nos ossos de baleia, e por esta 
razão, a diversidade de Capitella, o único gênero de capitelídeo encontrado 
nas carcaças, é avaliada no capítulo 3. As relações filogenéticas entre 
Capitella de águas rasas e de mar profundo são apresentadas no capítulo 3, 
gerando percepções sobre a invasão e diversificação do gênero no mar 
profundo. No capítulo 4, a diversidade e filogenia de Sirsoe e Vrijenhoekia 
são investigadas, evidenciando a inclusão de Vrijenhoekia dentro de Sirsoe. 
Dez novas espécies de Sirsoe foram descritas, algumas delas crípticas e 
outras compartilhadas entre as carcaças de baleia do Atlântico e do Pacífico. 
Apenas uma espécie nova foi previamente registrada em fontes hidrotermais. 
Por último, o capítulo 5 ressalta a contribuição desta tese para o 
conhecimento da diversidade de carcaças de baleia, sugerindo questões 
importantes para futuros estudos. 
 
Palavras-chave: Carcaças de baleia, mar profundo, Atlântico SO, Osedax, 
Capitellidae, Hesionidae. 
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ABSTRACT 
 

 
This thesis aims to characterize the annelid diversity of whale bones 
implanted in the SW Atlantic at two different depths (1500 and 3300 m) and its 
relation with other whale falls and chemosynthetic environments. The first 
chapter presents a general introduction with a brief review on whale-fall 
composition and its importance to the deep-sea ecosystem. Chapter 1 also 
exhibits the distribution of annelid families showing that assemblages are 
probably under the control of oceanographic processes, such as water 
masses characteristics and direction of flow. The diversity of the most 
important whale fall specialist, Osedax, is explored in chapter 2. The 
distribution of Osedax species on the studied depths reinforces the 
importance of oceanographic processes for community structure. In this 
chapter we also compare Atlantic and Pacific populations of Osedax 
frankpressi. Interestingly, the family Capitellidae was the most abundant 
annelid in whale bones and, for this reason, the diversity of Capitella is 
evaluated in chapter 3, the only capitellid genus found in whale falls. The 
phylogenetic relationships of shallow-water and deep-sea Capitella are 
present in chapter 3, providing insights for the invasion and diversification of 
this genus in the deep-sea environment. In Chapter 4, the diversity and 
phylogeny of Sirsoe and Vrijenhoekia is investigated. The phylogenic analysis 
of both genera indicates the inclusion of Vrijenhoekia inside Sirsoe. Ten new 
Sirsoe species were found, some of them cryptic and some shared between 
Atlantic and Pacific whale falls. Only one new species was previously found in 
vents. Finally, chapter 5 highlights the contribution of this thesis to the 
knowledge of whale fall diversity, suggesting important issues for future 
studies. 
 
Keywords: Whale fall, deep sea, SW Atlantic, Osedax, Capitellidae, 
Hesionidae. 
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CHAPTER 1 

Whale-fall communities – a brief review of ecological 
importance and species composition 

 
Abstract 

Whale falls are considered important habitats contributing to biodiversity, 
evolutionary novelty and connectivity for the deep-sea environment. The 
community passes through different overlapping successional stages: mobile-
scavenger, enrichment-opportunist and sulfophilic stages. Throughout these 
stages whale falls shelter background deep-sea species, mainly at mobile-
scavenger stage, but also specialist species and those dependent on 
chemosynthesis, which can be shared with cognate environments. Whale falls 
are likely to be common along the SW Atlantic since it is home to populations of 
many great whales, which are either permanent residents or migrate from/to 
Antarctica. Therefore, the SW Atlantic whale fall communities are probably 
important for the understanding of the biogeography and evolution of whale-fall 
species. Annelids, one of dominant whale fall groups, were represented mainly 
by the families Capitellidae and Hesionidae, which amount ca. 82% of all 
annelids. Bones implanted at ~1500 m depth were influenced by the southward 
flux of the North Atlantic Deep Water (NADW) and were dominated by 
capitellids and hesionids. However, the annelid assemblage at SP-3300 was 
controled by the Antarctic Bottom Water (AABW) flowing northwards and 
presented a slightly different composition. The distinction in the annelid 
assemblages in the deeper region of the north section (RJ-3300 and ES-3300) 
is possibly associated to a mixture between NADW and AABW , while the main 
core of the AABW was present only at SP-3300. Therefore, oceanographic 
processes along the study area were important for the structure of whale-fall 
communities. 

Keywords: SW Atlantic, bathymetric pattern, annelids.  
 
 
1. Introduction 

The deep sea is the largest ecosystem on Earth, with ca. 430 million 

km2 (Ramirez-Llodra et al., 2010; Danovaro et al., 2014). Nowadays, this 

ecosystem is recognized as a heterogeneous habitat that usually depends on 

the primary production at the sea surface. The phytoplanktonic primary 

productivity in the euphotic region is exported to the benthic compartment and, 

for the deep-sea organisms, this is the main food resource (Smith et al., 1996; 

Gooday, 2002; Turner, 2002). However, the organic matter flux is inversely 
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proportional to water column depth and for this reason the quantity and quality 

of detritus is generally low in the deep sea (Turner, 2002; Buesseler et al., 

2007). This happens because the particulate organic matter (POM) is usually 

formed by small particles that sink slowly and degrade along the water column 

(Turner, 2002).  

 Despite the small amount of POM, very large organic remains can sink 

rapidly to the deep sea. Because of its size, these large parcels sink fast and 

reach the seabed nearly intact, representing an intense enrichment to the deep 

seabed. These oases of food in the deep are known as organic falls or organic 

islands. Different kinds of organic remains can generate an organic fall, in 

special wood logs, kelps, gelatinous organisms and carcasses of large 

vertebrates (Turner, 1973; Wolff, 1979; Smith, 1985; Smith et al., 1989; Billett et 

al., 2006; Higgs et al., 2014). 

 Whales are ecosystem engineers with strong influence on the marine 

ecosystem mainly as reservoirs and vectors of nutrient to different 

compartments of the ocean (see more in Roman et al., 2014). When they die, 

their massive carcasses reach to seafloor rapidly and almost intact (Smith & 

Baco, 2003; Smith, 2006). In fact, whale carcasses have been considered as 

important food sources to deep-sea organisms for a long time (Krogh, 1934; 

Stockton & DeLaca, 1982). A recently arrived 40-ton gray whale carcass in the 

seabed is equivalent to more than 2,000 years of background carbon flux to the 

sediment just below it (Smith, 2006). 

The intense organic enrichment caused by a whale carcass drives a 

specific faunal composition along at least three overlapping successional 

stages (Bennett et al., 1994; Smith et al., 2002; Smith & Baco, 2003; Braby et 

al., 2007; Lundsten et al., 2010a). These successional stages are: 1) mobile-

scavenger, 2) enrichment-opportunist, and 3) sulfophilic stages. Moreover, a 

fourth and last stage was hypothesized; the reef stage occurs after the 

consumption of all organic content from whalebones remaining only the mineral 

matrix (Smith & Baco, 2003). However, this stage can happen only in 

particularly occasions as when manganese encrusts the whalebone or in the 

complete absence of a specialized fauna that degrade the mineral matrix 

(Lundsten et al., 2010a; Higgs et al., 2011a; Smith et al., 2015). 
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In the first stage, the mobile-scavenger, the main resource is the flesh 

and the adipose tissue that are consumed by necrophages (Smith & Baco, 

2003). The duration of this stage is from few months to some years depending 

on the abundance of necrophages, scavenging rate and carcass size (Smith & 

Baco, 2003). The mobile-scavenger stage itself undergoes a temporal 

succession with the tissue been consumed first by megafaunal necrophages, 

such as sleeper sharks, hagfishes, macrourids, and lithodid and galatheid 

crabs, changing to a dominance of macrofaunal necrophages such as 

lysianassid amphipods, some isopods and echinoderms (Hessler et al., 1978; 

Smith et al., 2002; Smith & Baco, 2003). In general, however, a generalist fauna 

that are usually found in background habitats dominate this stage (Goffredi et 

al., 2004; Glover et al., 2010; Lundsten et al., 2010a, 2010b; Smith, K. et al., 

2014). 

The consumption of soft tissue by necrophages expands the enrichment 

to the sediments around the carcass as well as exposes the bones. A dense 

assemblage of heterotrophic invertebrates colonizes the sediments and bones 

characterizing the enrichment-opportunist stage (Smith & Baco, 2003). At this 

stage, the density of macro-invertebrates can increase 10-25 times reaching 

50,000 ind./m2 in sediments close to the carcass (Smith et al., 2014). Annelids 

are one of the most important fauna and their density may be high, such as that 

of the chrysopetalid Boudemos flokati, which can reach up to 40,000 ind./m2 

living in the bones (Smith & Baco, 2003). In contrast, species richness is 

dramatically reduced in the enrichment-opportunist stage (Smith & Baco, 2003; 

Smith et al., 2014). Despite the dominance of few species, many of them are 

only known at whale falls such as B. flokati and B. ardabilia (Dahlgren et al., 

2004; Wiklund et al., 2009a), some dorvilleids (Wiklund et al., 2009b, 2012), 

polynoids (Pettibone, 1993; Glover et al., 2005a), and hesionids of the genera 

Sirsoe and Vrijenhoekia (Pleijel et al., 2008; Summers et al., 2015). 

 The microbial decomposition of the organic matter from the carcass, 

mainly the lipids from the bones, is extremely important since it increases 

reduced compounds in the bones and sediments (Deming et al., 1997; Smith & 

Baco, 2003). At the beginning, the decomposition occurs aerobically, but the 

intense bacterial activity rapidly decreases oxygen content. Assemblages of 
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sulfur-reducing bacteria and methane-oxidizing archaea are important to the 

anaerobic decomposition of organic matter (Deming et al., 1997; Goffredi et al., 

2008; Treude et al., 2009). This degradation process leads to higher sulfide and 

methane effluxes, defining the sulfophilic stage (Smith et al., 1989; Naganuma 

et al., 1996; Deming et al., 1997; Smith & Baco, 2003; Treude et al., 2009). 

 During the sulfophilic stage, dense microbial mats are found in bones 

and sediments as a result of the high level of reduced compounds that are 

exploited by free-living chemoautotrophic microorganisms (Smith et al., 1989; 

Smith & Baco, 2003; Lundsten et al., 2010a; Amon et al., 2013; Sumida et al., 

2016; Alfaro-Lucas et al., 2017). The chemosynthetically-derived carbon is 

extremely important to some heterotrophic fauna at this stage (Smith & Baco, 

2003; Glover et al., 2005a; Alfaro-Lucas et al., 2018). Moreover, invertebrates 

bearing chemosynthetic symbionts are also found in the sulfophilic stage, e.g., 

the siboglinids Escarpia spicata, Lamellibrachia satsuma, L. barhami, and many 

bathymodioline and vesycomyid bivalves (Smith et al., 1989; Feldman et al., 

1998; Baco et al., 1999; Distel et al., 2000; Smith et al., 2002; Smith & Baco, 

2003; Fujiwara et al., 2007; Lundsten et al., 2010b). 

 The chemosynthetic production is the main factor driving community 

structure at the sulfophilic stage, similarly to what happens in cognate 

environments, such as vents and seeps. Furthemore, Smith et al. (1989) 

reported affinities in the faunal composition of whale-falls, vents and seeps. For 

these reasons, whale-falls were considered as important steeping-stones for the 

dispersal of deep-sea fauna that depends on chemosynthetic production (Smith 

et al., 1989; Smith et al., 2002; Smith & Baco, 2003). This idea was 

controversial at the beginning since most affinities were based on high 

taxonomic levels (Tunnicliffe & Juniper, 1990). However, at present it appears 

reasonable that the whale-falls could provide intermediate habitats for some 

species to disperse between isolated habitats, such as vents, expanding its 

geographic distribution range (Smith et al., 2015). 

The increasing knowledge of whale-fall habitats has been proving that 

they share species (and also lineages) with vents, seeps and other organic 

islands, such as wood-falls (Naganuma et al., 1996; Baco et al., 1999; Fujiwara 

et al., 2007; Lundsten et al., 2010b; Amon et al., 2013; Teixeira et al., 2013; 
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Glover et al., 2005a; Hilário et al., 2015; Ravara et al., 2015; Sumida et al., 

2016; Smith et al., 2017). This is the case for the siboglinids Escapia spicata, 

Lamellibrachia satsuma and L. barhami (Smith et al., 1989; Naganuma et al., 

1996; Lundsten et al., 2010b), the alvinocaridid shrimp Alvinocaris muricola 

(Teixeira et al., 2013; Pereira et al., in prep.), and Hyalogyrina rissoela (Smith et 

al., 2014; Souza et al., in prep). 

 The importance of whale-falls facilitating the dispersion among 

chemosynthetic environments has a potential implication for the evolution of 

some lineages. The molecular phylogeny of deep-sea mussels shows that 

species occurring in whale- and wood-falls, usually with extracellular symbionts, 

are basal lineages to vents and seeps species, with intracellular symbionts 

(Distel et al., 2000; Lorion et al., 2009, 2013; Fujiwara et al., 2010; Miyazaki et 

al., 2010). Moreover, the new molecular phylogeny of deep-sea chrysopetalid 

annelids shows that bacterivorous species living in whale-falls are basal to 

parasitic linages (parasitic in deep-sea vent and seep bivalves) (Watson et al., 

2016). These studies suggest that organic falls were important stepping-stones, 

serving as intermediate habitats where several adaptations were acquired (e.g., 

physiological tolerance to reduced compounds, acquisition of symbiont or 

exploitation of new niches), facilitating the colonization of extremely reduced 

environments (vents and seeps). 

 On the opposite direction, a biogeographic network using a reduced 

dataset (without some whale-fall sites and only for some specific mollusk 

clades), shows that whale sites have low connection with vents and seeps (Kiel, 

2016). However, re-analyzing the network only for the Pacific Basin whale-falls 

(where more whale-falls are known), Kiel (2017) found higher connectivity with 

other chemosynthetic habitats. This highlights the importance to increase the 

knowledge of deep-sea whale-falls by sampling more sites, especially in 

different ocean basins. Moreover, a global connectivity pattern among deep-sea 

reducing communities needs the inclusion of all taxa, since most shared 

species among these habitats are annelids (Smith et al., 2017). It is likely that 

whale-falls may be important stepping-stones for some groups and not for 

others. 
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 Many new species, including organisms with novel adaptations, have 

been described in deep-sea whale falls in the last years. One of the most 

remarkable examples is the bone-eating annelid Osedax (Rouse et al., 2004). 

The first incredible adaptation of this worm is the marked sexual dimorphism. In 

all but one known case, Osedax males are paedomorphic, resembling 

trochophora larvae, living on the trunk and tubes of females (Rouse et al., 2004, 

2008, 2015; Worsaae & Rouse, 2010). According to the first studies, sex is 

environmentally determined (ESD) in Osedax, since the density of females in 

whalebones do not increase along time whereas the number of males in female 

tubes progressively increases, forming harems of dwarf males (Rouse et al., 

2004, 2008). Despite ESD evidence for Osedax, dwarf males with spermatids 

were observed settled on bones (Miyamoto et al., 2013). Moreover, Rouse et al. 

(2015) discovered Osedax priapus with non-dwarf males. Clearly, ESD is 

important for Osedax but a role of genetic sex determination may still exist 

(Rouse et al., 2015). 

 Osedax females lack mouth and digestive system (Rouse et al., 2004) 

and they penetrate into the bone using a root-like tissue that degrade the bone 

matrix by a proton pump mechanism, similarly to the osteoclast cells of 

vertebrates (Tresguerres et al., 2013). Female roots host aerobic heterotrophic 

bacteria that degrade organic contents, mainly collagen, from the bones being 

the main food resource for them (Goffredi et al., 2005, 2007, 2013). The eroding 

activity of Osedax truncates and shortens the sulfophilic stage, impeding the 

development of the reef stage in whale fall communities, especially in smaller 

carcasses (Braby et al., 2007; Lundsten et al., 2010a; Higgs et al., 2011a, b; 

Smith et al., 2015; Sumida et al., 2016; Alfaro-Lucas et al., 2017). Even though 

Osedax degradation accelerates the decomposition of the bone it also 

increases bone structural complexity facilitating colonization by other organisms 

in its innermost matrices. This ultimately leads to the enhancement of local 

diversity (Alfaro-Lucas et al., 2017). For this reason, Osedax act as an 

important ecosystem engineer in whale falls (Alfaro-Lucas et al., 2017). 

1.1 Thesis aim and objectives 

 The Southwest Atlantic margin is an important area to study whale falls 

since it is a migratory route, as well as a residence region for many whale 
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populations. For example, the sub-Antarctic population of humpback whale 

migrates from South Georgia Islands through Rio Grande Rise and northwards 

to the Abrolhos Bank, which is a nursery area for this population (Zerbini et al., 

2006). Assuming that the population of humpback whales, which breeds on the 

Brazilian margin, was about 20,300 individuals in 2012 (Bortolotto et al., 2017) 

and using the same natural mortality rate and percentage of sink carcasses 

from Smith & Baco (2003) (0.05 ind.yr-1 and 50%, respectively), an estimate ca. 

507 humpback carcasses may exist on the seafloor at the mobile-scavenger 

stage along this migratory route. Moreover, assuming equal durations for each 

successional stage (sensu Smith & Baco, 2003) there are maybe between ~760 

and 5,019 carcasses at the enrichment-opportunist and sulfophilic stages, 

respectively laying on the seafloor of this region. With inclusion of the South 

Atlantic population of Antarctic minke whales with a population of about 58,400 

individuals (IWC, 2013), there may be a combined total of ca. 1,967 carcasses 

in mobile-scavenger, 2,950 in enrichment-opportunist and 19,473 in the 

sulfophilic stage in the South Atlantic, only considering these two great whale 

species. In fact, eight baleen whales are found in Brazilian margin, six of which 

with migratory routes between the Southern Ocean and Brazil (Santos et al., 

2010). Moreover, the SW Atlantic margin is home and/or migratory route for at 

least 22 toothed whales (Santos et al., 2010). The cosmopolitan distribution of 

some whales, such as sperm whales, may probably supply Brazilian equatorial 

waters too (Smith & Baco, 2003; Smith et al., 2015). The Bryde’s whale also 

permanently inhabits Brazilian waters from equatorial latitudes to southern 

Brazil, together with the false killer, killer and short- and long-finned pilot 

whales. In addition, Brazilian islands, seamounts and oceanic mountain chains 

are also frequently visited by cetaceans and thus potentially enhance carcasses 

sunk around these areas (Lodi et al., 1996; Silva & Godoy, 2010; Wedekin et 

al., 2014). 

Even though whale falls can be worldwide distributed and the South 

Atlantic Ocean host many populations, almost all whale fall studies have been 

undertaken in the Pacific Basin, mainly in its Northeast region (Smith et al., 

1989, 2002, 2014, 2017; Goffredi et al., 2004; Braby et al., 2007; Lundsten et 

al., 2010a, b). It is extremely important to increase the sampling effort in whale 
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falls from different regions around the world to understand the global diversity 

and role of whale-fall communities (Smith et al., 2017). Whale falls house a lot 

of specialist species or those only found in deep-sea chemosynthetic 

communities, contributing fundamentally to biodiversity, evolutionary novelty, 

connectivity and ecosystem function within deep-sea ecosystem (Smith et al., 

1989, 2014, 2015; Baco & Smith, 2003; Smith & Baco, 2003; Braby et al., 2007; 

Lundsten et al., 2010a, b; Bernardino et al., 2012; Amon et al., 2013; Hilário et 

al., 2015; Sumida et al., 2016). 

In this context, my thesis has as overall goal to characterize and describe 

aspects of annelid diversity in whale falls from the SW Atlantic Ocean, 

comparing the composition with other whale falls around the world and also with 

other chemosynthetic environments. Moreover, since some annelids are 

specially diversified in whale falls and others are widespreadly distributed on 

chemosynthetic sites, in each chapter I will focus on the ecological role of whale 

falls in the diversification and dispersion of deep-sea annelids. There is still little 

information on deep-sea annelid composition in the SW Atlantic, especially in 

whale falls. Therefore, in this chapter (Chapter I) I will summarize the annelid 

family composition in SW Atlantic whale falls and their distribution in two 

different depths (1500 and 3300 m). In the next chapters I will use one whale-

fall specialist group (Osedax) and two dominant families focusing the following 

specific objectives: 

In Chapter 2 I identify Osedax species from the SW Atlantic Ocean using 

DNA barcoding, mitochondrial gene cytochrome-c oxidase subunit 1 (COI) to 

compare different depths (1500 and 3300 m). 

In Chapter 3 I investigate the molecular diversity of Capitella from 

organic falls (whale and wood) and analyze the phylogenetic relationship 

between deep-sea and shallow-water species. While Capitella is common in 

shallow organically-enriched sites, it is almost absent in the background 

oligotrophic deep-sea (Grassle & Grassle, 1976; Blake, 2009; Blake et al., 

2009; Silva et al., 2016). However, Capitella is abundant in deep-sea 

chemosynthetic environments, including organic falls (Levin et al., 2009; Silva 

et al., 2016; Alfaro-Lucas et al., 2017). With this in mind, in chapter 3 I will try to 

answer the following questions: Has deep-sea Capitella evolved from the 
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shallow-water species? If so did they use organic falls to reach the deep sea? 

Did the invasion of deep-sea happen only once or multiple times? 

In Chapter 4 I evaluate the diversity of Hesionidae in the SW Atlantic 

whale-falls using morphological and molecular taxonomy. I will also explore the 

presence of the hitherto Pacific species Vrijenhoekia balaenophila in the SW 

Atlantic investigating cryptic speciation and interbasin (Pacific vs. Atlantic) 

distribution. Moreover, using new data from the SW Atlantic I will also re-

evaluate the systematics of whale-fall hesionids. 

Finally, in Chapter 5 I synthetize the discoveries of the previous chapters 

highlighting the progress made on the knowledge of whale-fall diversity and 

function while reflecting on the directions for future studies.  

  
2. Material and methods 

2.1 BioSuOr Project – General material and methods of the thesis 

 My thesis is part of the BioSuOr project (Biodiversity and Connectivity of 

Benthic Communities in Organic Substrates in the Deep Southwest Atlantic – 

FAPESP: 2011/50185-1). However, I have also used material from a natural 

whale-fall found during the Iatá-Piúna Expedition in the SW Atlantic (see in 

Sumida et al., 2016) using the research submersible Shinkai 6500. In Chapter 

3, I included material from the BoWL Project (Bone-Wood Lander) from the NE 

Pacific Ocean, a BioSuOr sister project financed by the US National Science 

Foundation and coordinated by Dr Craig Smith from the University of Hawaii. 

Project BioSuOr was conceived to study the biota associated with 

organic falls in the SW Atlantic Ocean (from microbes to megafauna), in order 

to understand bathymetric patterns, trophic ecology, and the role of specialist 

species in the degradation of organic substrates (whalebone and wood). 

Since it is not easy to find a natural organic fall due to the sheer size of 

the deep ocean, our sampling was made by the deployment and recovery of 

experimental autonomous structures (landers). The landers were aluminum-

build prism-shaped structures (Figures 1.1a-1.1i), with each face composed of 

three boxes lined by meshed bags (500 µm) and a PVC lid (Figure 1.1i and 

1.2A and B). Each lander was outfitted with an acoustic release (Teledyne 
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Benthos 866A), where ballast was fixed, and glass sphere buoys (MacLane 

Labs Inc.) for flotation upon recovery. The weight of the ballast was calculated 

to sink the whole lander including floats. Moreover, the buoyancy was 

calculated to bring the lander back to the sea surface when the ballast was 

released. 

We used whalebones and wood as organic substrates. All whalebones 

used were thoracic vertebrae from a humpback whale (Megaptera 

novaeangliae). The vertebrae were collected on 23 October 2012 from a 

stranded carcass in the Pontal do Ipiranga beach (Linhares/ES). Intervertebral 

discs and vertebrae processes were removed using a handsaw (Figure 1.2B). A 

transversal section was made in each vertebra and all pieces were kept frozen 

(-20˚ C) until the deployment. The wood used in the experiment was from a pine 

tree (Pinus elliottii), which was donated by the Klabin Company (Figure 1.2). 

The wood log was cut in dimensions similar to those of the whale vertebrae. 

The organic substrates (whalebone and wood) were attached to each 

face of the landers inside the box and on the lid, totaling three pieces into the 

box and three on the lid (Figure 1.1i and 1.2A and B). Therefore, we had six 

samples per lander of each organic substrate (Figure 1.1h).  Pieces from boxes 

and lids corresponded to the same vertebra, as each vertebra was transversally 

cut. Control substrates were made of vinyl pool mat and were fabricated in the 

same shape as bones and wood. Six control substrates were similarly attached 

to each lander. 

Landers were deployed in two depths (1500 and 3330 m) and three 

transects (SP, RJ and ES, between 21˚ and 25˚ S) (Figure 1.3. Table 1.1). 

Three major water masses are found along the deep Brazilian margin: Antarctic 

Intermediate Water (AAIW), North Atlantic Deep Water (NADW), and Antarctic 

Bottom Water (AABW) (De Madron & Weatherly, 1994; Silveira et al., 2000). In 

our study, NADW generally flows southward at depths of 1200-3000 m to ~32˚S 

(McCartney, 1993). The temperature of NADW is between 3 and 4 ˚C, with 

salinity around 35 on the southeast Brazilian margin (De Madron & Weatherly, 

1994; Silveira et al., 2000). Below ~3000 m, AABW generally flows northward, 

via Vema Channel, which was originated mainly by Lower Circumpolar Deep 

Water (De Madron & Weatherly, 1994; Stramma & England, 1999). This layer of 



Shimabukuro,	M.																																													Annelid	composition	and	distribution	in	SW	Atlantic	
	

______________________________________________________________________________________________	
	 11	

AABW flows in the Brazilian Basin between 3100 and 4100 m depth (Hogg & 

Owens, 1999). The temperature of AABW in this region is above 0˚ C, up to 2˚ 

C, with salinity below 35 (Stramma & England, 1999). 

 

 
Figure 1.1 – Scheme of lander: a – lander lateral view; b – acoustic release; c – lid of the boxes; d – 
superior part of lander frame where the glass buoy was attached; e – buoy set; g – connections of 
lids to the acoustic release; h – lander viewed from above; i – individual boxes set of each lateral 
face of the lander. 

	
The deployment cruise occurred between 28 May and 06 June 2013 on 

board the R/V Alpha-Crucis. The lander deployed at SP-1500 was recovered 16 

months later on 09 October 2014 on board the R/V Alpha Delphini. Other 

landers were recovered between 18 – 28 May 2015 on board the Polar R/V 

Almirante Maximiano from the Brazilian Navy. Unfortunately, the lander RJ-

1500 was lost during recovery. An extra lander was deployed in a pockmark 

field in the South section of Santos basin at 550 m depth on July 2016 on board 

of R/V Alpha Crucis and recovered on May 2018 on board of M/V Alucia. 
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Figure 1.2 – A: picture of the lander with the substrates; B: Positions of organic substrates and 
control in one face of the lander. “V” – whale vertebrae; “C” – control substrate; “W” – wood. 

	

 
Figure 1.3 - Map of the deployment sites. Black circles represent the landers recovered while the 
red circle represents the lander lost. Isobath lines between 500 – 4000 m depth; dark lines are 1500 
and 3500 m depth, respectively. 

	
Immediately after recovery, substrates were maintained in 4˚ C filtered 

seawater refrigerated by high power chillers. Substrates were photographed 

and the epifauna was sorted on board. Each substrate was sub-sampled into 

four pieces. A quarter of the bone was partially sorted on board. The epi- and 

endofauna from bones and woods, were hand-picked with forceps on board for 
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molecular and isotopic analyses. The quarter that was initially sorted on board 

was preserved in 96˚ ethanol, another quarter was frozen and two quarters 

were individually fixed in formalin 4%. 

 
Table 1.1 – Geographical coordinates and depth of each lander 

 

 
2.2 Procedures and analysis of Chapter I 

Vertebrae fixed in formalin were transferred to ethanol 70% after the 

recovery cruise. One quarter of the whalebones fixed in formalin was sorted 

under the stereomicroscope and organisms identified at family level. Bones 

from boxes were sorted for SP-3300, RJ-3300, ES-3300 and ES-1500, while a 

bone from the lid was sorted for SP-1500. As the sorting process of bones is 

very time-consuming, bones were stained with Rose Bengal and only one 

quarter per lander was sorted. Volume was measured for all bone quarters. 

Annelid family data was standardized to 100 cm3 in order to compare different 

sorted bones. 

Multivariate analyses were performed with inclusion of all data in R 

language. Species matrix was transformed by log(x+1) followed by Hellinger 

distance transformation. Hellinger transformation is an appropriate alternative 

resulting in distances monotonically related to a spatial gradient as recovered 

with Bray-Curtis dissimilarity coefficient (Legendre & Gallagher, 2001). Cluster 

analysis was performed using Ward method following Murtagh & Legendre 

(2014) using hclust() function, in package stats, and the argument 

methods=“ward.D2”. K-means partitioning method was implemented to access 

the best partition of sampling sites. The cascadeKM() function, in vegan 

package, was used to run multiple k-means, with only two partition in argument 

Lander Latitude Longitude Depth
SP-1500 25˚55' S 045˚00' W 1439
SP-3300 27˚45' S 043˚40' W 3328
RJ-1500 24˚00' S 041˚30' W 1345
RJ-3300 25˚40' S 040˚07' W 3227
ES-1500 21˚20' S 039˚45' W 1444
ES-3300 22˚50' S 038˚25' W 3211

SP-550 26˚36' S 046˚09' W 550
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inf.gr=2 and the maximum partition of four groups in argument sup.gr=4. 

Moreover, 100 random starting for each value of K, inter=100, and 

criterion=“ssi” (Simple structure Index) were used to access the best partition. In 

order to explore family composition in each cluster and the respective density of 

each family in each cluster the vegemite() function, of vegan package, was 

used to reorder and display site-by-family data constructing a heat map using 

the function heatmap(). We used the transformed (log(x+1)) matrix as the density 

matrix in vegemite(). 

The principal component analysis (PCA) was also performed to compare 

annelid family assemblages of whalebone from different depths. Family data 

were also log transformed followed by Hellinger distance transformation. PCA is 

a linear method using Euclidean distance and therefore it is not adequate for 

species abundance data. For this reason data was transformed by Hellinger 

pre-transformation (Legendre & Gallagher, 2001). The rda() function was used 

to run PCA and biplot() function was used to construct the graphic with 

argument scaling=2. 

 
3. Results 

3.1 Characterization of annelid composition and distribution at 1500 

and 3300 m depths in the SW Atlantic whale falls 

The bottom water temperature in SP-1500 and ES-1500 was 3.7oC and 

3.8oC, respectively, while in RJ-3300 and ES-3300 it was 2.4oC. The lowest 

temperature was 1oC in SP-3300. The bottom water salinity ranged from 34.2 to 

34.9. 

A total of 3,461 annelids were found in whalebones, all polychaetes 

except one oligochaete. The oligochaete was excluded from the analyses. 

Annelids represented about 25% of bone endofauna, with eight families: 

Ampharetidae, Amphinomidae, Capitellidae, Chrysopetalidae, Dorvilleidae, 

Hesionidae, Siboglinidae and Spionidae. Amphinomidae was exclusive in 1500 

m depth, while Chrysopetalidae only occurred in ES-3300 and Spionidae in SP-

3300. 
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The dendrogram clustered samples according to depth (Figure 1.4A). 

However, the annelid assemblage from RJ-3300 and ES-3300 was closer 

related from each other than to SP-3300 (Figure 1.4A). According with the 

“Simple Structure Index” (ssi) criterion the best partition is three groups: SP-

1500+ES-1500, RJ-3300+ES-3300 and SP-3300 (Figure 1.5). Capitellidae and 

Hesionidae have higher densities in bones from 1500 m than in 3300 m depth 

(Figure 1.4B). Notwithstanding, Siboglinidae density was higher in SP-1500 and 

SP-3300 in comparison with other sites from the same isobaths (Figure 1.4B). 

The first PCA axis accumulated 55.1% of the total variance (eigenvalue 

of 11.1) and revealed the difference between depth, with bones from 1500 m in 

the right and bones from 3300 m in the opposite side (Figura 1.6). The second 

axis (7.2%) separated SP-3300 from the other stations (Figura 1.6). According 

with the PCA, Capitellidae was the main family in samples from 1500 m depth, 

while Dorvilleidae and Ampharetidae were more important in RJ-3300 and ES-

3300. Siboglinidae and Spionidae were responsible for the separation of SP-

3300 from the other sites. 

 

 
Figure 1.4 – A: dendrogram constructed by Ward method using Hellinger pre-transformed data; B: 
Heatmap doubly ordered density annelid matrix with Ward dendrogram. 
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4. Discussion 

Annelids are usually abundant in whale falls both in sediments, on bone 

surface and also inside, living in the spaces of the trabecular system (Alfaro-

Lucas et al., 2017). One of the dominant annelid family is Dorvilleidae, which is 

also the most diverse annelid in whale falls (Smith & Baco, 2003; Wiklund et al., 

2009b, 2012; Smith et al., 2014; Ravara et al., 2015). However, almost all 

whale fall studies evaluate only the sediment macroinfauna or those living on 

the surface of the bones or in few millimeters inside the bones. In the present 

study, careful investigation of the bone matrix showed a diverse and abundant 

endofauna heterogeneously distributed in close association with the lipid 

distribution inside bones. Other important factors include the position of bones 

either in contact with the sediment or under the direct influence of the water 

column and also according to the presence or absence of the ecosystem 

engineer, the bone-eating annelid Osedax (Alfaro-Lucas et al., 2017). Even 

though bone endofauna are characterized by high number of dorvilleid species, 

the most dominant annelids are capitellids (Alfaro-Lucas et al., 2017). A 

dominance of Capitellidae was also found in vertebrae implanted at 1500 m 

depth. Moreover, the high abundance of capitellids was probably associated 

with the presence of chemosynthetic biofilms on bones (Perez, 2016). Capitella 

iatapiuna, a species from a SW Atlantic whale fall, relies on chemosynthetically 

derived carbon (Alfaro-Lucas et al., 2018), which is also common for several 

other Capitella species (Tsutsumi et al., 2001). 

Interestingly, our study also revealed a high abundance of hesionids 

inside whalebones. Six species of Vrijenhoekia, one Sirsoe, one 

Microphthalmus and one Pleijelius are presented in Chapter 4. The high 

diversity and abundance of hesionids in whale bones might be related to niche 

partitioning (Alfaro-Lucas et al., 2018). Partition of food resources is also 

thought to be the main reason for high dorvilleid diversity in methane seeps, 

and potentially in other chemosynthetic environments as well (Thornhill et al., 

2012). 

Siboglinids were represented only by Osedax in our study. Osedax is a 

vertebrate bone specialist since it can also occurs in skeleton of big fishes, 

turtles, seals, and also in implanted pig and cow bones (Jones et al., 2008; Kiel 
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et al., 2011; Hilário et al., 2015; Rouse et al., 2018). Although, Osedax seems to 

be the most common siboglinid in whale falls, vestimentiferans and Sclerolinum 

also occur in this environment (Smith et al., 1989; Feldman et al., 1998; 

Lundsten et al., 2010b). The bone-eating worm was present in all stations in our 

study even though they did not form dense clusters on bones probably because 

of the relative short time of bone exposure in the bottom (Figure 1.4B). 

 

 
Figure 1.5 – K-means partitioning, cascade plot showing stations. Simple structure index (ssi) 
value shown best partition. 

 
 Despite of that, Osedax can quickly colonize bones after few months and 

reach a dense population in whale falls (Braby et al., 2007; Lundsten et al., 

2010a). The colonization is usually associated to the bone type (Amon et al., 

2013; Lundsten et al., 2010a) although different Osedax species can exploit 

different resources (Lundsten et al., 2010a; Higgs et al., 2011a, b; Amon et al., 

2013; Rouse et al., 2018). The lipid content of the bones explain the pattern of 

colonization along skeleton since caudal vertebrae, the most lipid rich bones, 

are usually the last bones resting during the degradation process, while thoracic 

vertebrae are rapidly degraded due to the low lipid content (Higgs et al., 2011a). 

All our bones were thoracic vertebrae from an adult humpback whale. We 
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expected a high colonization by Osedax, since bones with low lipid content are 

rapidly colonized and degraded by organisms (including microbiota) (Higgs et al., 

 
Figure 1.6 – Principal component analysis (PCA) of annelid family data. Values close to each axis 
are percentage of the total variance concentrated in their respective axes. Red circles – landers at 
~1500 m depth; blue triangles and green square – landers at ~3300 m depth. Close to each symbol 
is typed the lander station name. 

	
2011a). Notwithstanding, adult whales usually have more lipid content than 

juveniles and also more calcified bones preventing a rapid release of the lipid 

reservoir (Smith & Baco, 2003). It is possible that the low density of Osedax is 

related to the higher lipid content of an adult whale carcass, even in thoracic 

vertebrae. Previous observations of higher colonization of Osedax in thoracic 

vertebrae were made in juvenile carcasses (Lundsten et al., 2010a) or in adults 

of Antarctic minke whale (Amon et al., 2013). Compared to other great whales, 

minke whales are one of the smallest balaenopterids reaching up to 10 meters 

and 10 tons. On the other hand, an adult of humpback whale can reach a 

weight of up to 36 tons. Therefore, it is expected that the lipid reserve of a 

humpback whale be larger with slower degradation rates (Smith & Baco, 2003). 

Additionally, we also implanted cow bones (femurs and tibia), and the 

degradation of these bones by Osedax were faster in comparison with 
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whalebones (data not shown). Small cetaceans, such as dolphins, porpoise and 

seals, but also other mammals as cow carcasses, have much lower lipid 

content and bones are less calcified in comparison with great whales leading to 

shorter community time spans (Jones et al., 1998, 2008; Kemp et al., 2006; 

Dahlgren et al., 2006; Glover et al., 2010; Higgs et al., 2011a; Hilário et al., 

2015). 

This study revealed differences in annelid whalebone assemblages 

according to depth. Bathymetric patterns in whale fall communities are 

attributed to environmental conditions such as water column temperature and 

dissolved oxygen concentration (Lundsten et al., 2010a). Moreover, high 

sedimentation rates and frequent turbidity flows in the upper slope may reduce 

whale fall species richness. At deeper sites, diversity increases probably due to 

lower disturbance rates (Braby et al., 2007; Lundsten et al., 2010a). In canyons 

for instance, disturbance and enrichment effects are the main factors structuring 

the benthos (Vetter & Dayton, 1998) and similar results were obtained for whale 

falls within these enviroments (Braby et al., 2007, Lundsten et al., 2010a). 

Besides, the presence of an oxygen minimum zone in Monterey Canyon has 

also an important influence on the community between 500 and 1500 m depth 

(Braby et al., 2007; Lundsten et al., 2010a).  

Even though, we did not measure oxygen concentration in our study, 

both water masses present in the deep SW Atlantic basin are oxygen-rich 

(Mémery et al., 2000). According to the temperature and salinity of bottom 

water, samples at 1500 m depth were under the influence of North Atlantic 

Deep Water (NADW), while SP-3300 was under the influence of Antarctic 

Bottom Water (AABW) (Hogg et al., 1999; Stramma & England, 1999; Silveira 

et al., 2000). However, RJ-3300 and ES-3300 had low temperatures, but 

slightly higher than SP-3300 indicating a mixture region between NADW and 

AABW (Silveira, personal comm.). It is possible that the observed differences 

among whale-fall annelid assemblages may derived from water mass 

differences in each site, which seems remarkable at SP-3300. Both water 

masses, NADW and AABW, are components of Deep Western Boundary 

Current (DWBC) along the SW Atlantic flowing in opposite directions. While 

NADW flows southward (2000 – 3100 m depth), AABW flows northward (3100 – 
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4100 m) (De Madron & Weatherly, 1994; Hogg et al., 1999; Stramma & 

England, 1999). 

In the present study, benthic larvae entrained in different water masses 

may have played a crucial role during substrate colonization. Ocean currents 

are known for their importance for larval dispersion (Cowen & Sponagle, 2009; 

Young et al., 2012; Breusing et al., 2016). Therefore, bones at 1500 m under 

NADW influence, supposedly supplied by the same larval pool explains the 

similarity between these different latitudinal sites. Interestingly, some hesionids 

and Osedax found only in SP-3300 also occurred in the natural SW Atlantic 

whale fall (see in next chapters), both under AABW influence. Macrofaunal 

structure from implanted wood during this experiment, also showed a depth 

pattern (1500 vs. 3300 m) and a latitudinal trend at 3300 m depth, with 

composition, diversity and abundance at SP-3300 differing from those at RJ-

3300 and ES-3300 (Saeedi et al., in prep). These observations reinforce the 

idea that water masses and their direction trajectory may influence the 

communities of organic falls at the deep SW Atlantic basin, linking those under 

their path. 

Our initial results on annelid family composition and structure emphasize 

the importance of oceanographic processes for whale-fall community structure. 

Further investigations on species composition of the whole community and also 

studies on genetic connectivity among sites may reinforce this hypothesis.  
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CHAPTER 2 

DNA barcoding of the bone-eating worm (Annelida: 
Siboglinidae: Osedax): evaluation of species richness in 
Atlantic whale falls and affinity with the Pacific basin 

 
Abstract 

The bone-eating worm Osedax is important for the whale-fall community since 
it erodes the bone matrix, accelerating the degradation process. This process 
leads to the formation of microhabitats, which help to increase the biodiversity 
of whale falls. The diversity of Osedax is remarkable in deep-sea whale falls, 
with pioneer species quickly colonizing exposed bones and late-successional 
species consume highly degraded bones. This study shows that the deep SW 
Atlantic margin also harbor many Osedax species. A total of six species were 
found with the distributions associated to depth. It is probable that species 
bathymetric distribution is controlled by different water masses and their 
direction of flow. Interestingly, O. frankpressi, described for the Pacific Ocean, 
was found in bones implanted in the Atlantic at ~1500 m depth. The haplotype 
network of Atlantic and Pacific O. frankpressi populations suggests 
segregation between populations, as it is also seen in the high FST. However, 
the low p-distance between both populations and only few substitution sites 
separating haplo-groups of both regions could be evidence that populations of 
both basins are somehow close to each other. It is likely that abundant whale 
fall habitats exist between both populations analyzed connecting both basins. 

Keywords: Species composition, COI, Bathymetry, Interoceanic distribution. 

 
1. Introduction 

The bone-eating worm Osedax is a siboglinid annelid specialized in 

consuming organic compounds from vertebrate bones (collagen and lipids) 

through a symbiotic association with heterotrophic bacteria (Rouse et al., 

2004; Goffredi et al., 2005, 2007, 2013; Jones et al., 2008; Vrijenhoek et al., 

2008). Among its adaptations is the lack of a digestive tube in adults and a 

remarkable sexual dimorphism, which occurs in all Osedax but one species. 

Females are large and attach to bones, while males are paedomorphic 

dwarves retaining larval characteristics, living anchored in the trunk and tubes 

of females (Rouse et al., 2004, 2009; Worsaae & Rouse, 2010). Only a single 

known species, O. priapus, lost the male dwarfism and lives like the females 

(Rouse et al., 2015). Osedax females possess a modified highly vascularized 
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trophosome (root system) that penetrates the bone matrix and host symbionts 

(Rouse et al., 2004; Katz et al., 2011). The root system bears a vacuolar-type 

H+-ATPase, which mediate the secretion of H+ and the dissolution of calcium 

phosphate that ultimately leads to the release collagen and lipids 

(Tresguerres et al., 2013). Collagen and lipids are absorbed across the root 

epithelium to symbiotic bacteria in bacteriocytes that metabolize them into 

amino acids and other metabolites used by Osedax (Katz et al., 2011; 

Tresguerres et al., 2013; Miyamoto et al., 2017). 

In order to access organic resources, the bone degradation by Osedax 

shorten the lifetime of the whale-fall community and truncate successional 

stages, often hindering the establishment of the sulfophilic stage (Braby et al., 

2007; Lundsten et al., 2010a). This happens because the physical 

degradation of the bone act as conduits of sulfide from the inner parts, 

accelerating the rates of sulfide release and the consumption of organic 

compounds by microbial communities, thus abbreviating the sulfophilic stage 

(Braby et al., 2007; Treude et al., 2009; Higgs et al., 2011a). Some estimates 

pointed out that the bone erosion rate by O. mucofloris is up to 6% per year 

(Higgs et al., 2010, 2011b). The bone degradation process is affected by 

population density and size of Osedax, as wells as the type of bones, i.e., 

whether from juvenile or adult whales (Braby et al., 2007; Higgs et al., 2010, 

2011a, b; Smith et al., 2015). Notwithstanding, the bioerosion activity of 

Osedax increases the structural complexity of the bone matrix and alters the 

physical-chemical environment of its innermost part. This enhances the 

abundance and biodiversity of endofauna, rendering Osedax as an ecosystem 

engineer of the whale-fall community (Alfaro-Lucas et al., 2017). 

Since the discovery of Osedax, 25 species were described in all 

oceans, but mainly from the Monterey Submarine Canyon in NE Pacific (18 

species) (Rouse et al., 2018). Moreover, six putative new species remain 

unnamed (Salathé & Vrijenhoek, 2012; Taboada et al., 2015; Sumida et al., 

2016; Rouse et al., 2018). The Osedax body is divided in an ovisac and root 

systems that are inside the bone, and a trunk, palps and oviduct (Rouse et al., 

2004, 2008, 2018; Glover et al., 2005b, 2013; Amon et al., 2014). Different 

clades can be distinguished by the presence or absence of pinnules on the 
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palps (Vrijenhoek et al., 2009; Glover et al., 2013; Amon et al., 2014). Other 

characteristics such as the color of collar and/or palps and the shape of the 

root system can be used for species identification (Rouse et al., 2004, 2008, 

2018; Glover et al., 2005b, 2013; Fujikura et al., 2006; Amon et al., 2014). 

However, coloration are usually lost after preservation, while the growth of 

root tissue differs inside bones according to their matrix structure (Higgs et al., 

2010, 2011b). Some species also present wide variation in collar coloration 

and shape as it was observed in a species from deep SW Atlantic (Sumida et 

al., 2016). Besides, the removal of whole specimens can be extremely 

difficult. That is why many species remain unnamed and only delimited by 

genetic markers. 

DNA barcoding of metazoans usually uses the mitochondrial gene 

cytochrome-c oxidase subunit 1 (COI) (Hebert et al., 2003a, b) because there 

are universal primers recovering a ~700-bp fragment in almost all animal 

phyla, maintaining a great range of phylogenetic signal (Folmer et al., 1994; 

Hebert et al., 2003a). The third codon position is useful for intraspecific and 

intrageneric variation, whereas the first two positions accumulate substitutions 

slowly (Halanych & Janosik, 2006). Despite some criticism about the limited 

performance of COI (Elias et al., 2007; Galtier et al., 2009), the use of DNA 

barcoding is useful when the species is not morphologically distinguishable, 

such as Osedax, or groups that hide cryptic species (Borda et al., 2013; Stiller 

et al., 2013; Álvarez-Campos et al., 2017a). One crucial point in the use of 

COI as barcode is a reference library for comparison, which it is available for 

all Osedax species (Rouse et al., 2004, 2008, 2009, 2018; Glover et al., 

2005b, 2013; Fujikura et al., 2006; Vrijenhoek et al., 2009; Salathé and 

Vrijenhoek, 2012; Amon et al., 2014). 

In this study, we aimed to access the diversity of Osedax in 

whalebones implanted in two depths (1500 and 3300) of the deep SW Atlantic 

Ocean using the DNA barcoding, mitochondrial gene cytochrome-c oxidase 

subunit I, in order to (1) compare if both depths have similar Osedax 

assemblages and (2) evaluate the relationship with other whale falls around 

the world. 
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2. Material and Methods 

2.1 Sample collection 

Specimens of Osedax were sampled from implanted bones in the SW 

Atlantic at four sampling sites during the research project BioSuOr - 

Biodiversity and Connectivity of Benthic Communities on Organic Substrates 

in the Deep SW Atlantic Ocean (Table 2.1; details see Chapter 1, Table 1.1). 

All individuals were classified according to the presence or absence of 

pinnules. Organisms were preserved in 96% molecular grade ethanol. 

2.2 Molecular data collection 

DNA was extracted from a small piece of tissue from each specimen 

using the QIAGEN Blood & Tissue kit following the manufacturer’s protocol 

and eluting the DNA in 50 – 100 µl of ddH2O. The tissue for DNA extraction 

was preferentially from thorax region, but for too small organisms, we used 

the whole animal. 

We amplified ~550-bp fragment of the cytochrome-c oxidase subunit-I 

gene (COI) using OsCO1f and OsCO1r primers (Glover et al., 2005b). All 

PCRs contained 12.5 µL of GoTaq® Green Master Mix (Promega), 0.125 µL 

of each primer (20 µM), 2-4 µL DNA template (20-100 ng) and nuclease-free 

water (Promega) to reach up 25 µL of total volume. The thermal cycling profile 

for COI was: 95˚C for 2 mins, 35 cycles of 94˚C for 60 s, 50˚C for 1 min, 72˚C, 

1 min and a final step of 72˚C for 7 mins. Amplicons of all genes were 

bidirectional Sanger sequencing using BigBye Terminator v3.1 cycle 

sequencing kit. PCR products of COI were sequenced at HUG-CELL/USP 

(Human Genome and Stem Cell Research Center a facility at University of 

Sao Paulo). Chromatograms were assembled and edited in Geneious 

v.11.0.2 (Kearse et al., 2012). 

 
2.3 Phylogenetic analysis 

The COI sequences (Table 2.1) were aligned in MAFFT v. 7.309 using 

G-INS-I option (Katoh & Standley, 2013). The alignment was inspected by 

translation using the invertebrate mitochondrial gene code, and trimmed with 

500 bp. We used Neighbor-joining (NJ), Maximum likelihood (ML) and 
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Bayesian inference (BI) methods to infer the phylogenetic relationship of 

Osedax species. All trees were rooted with Oligobrachia haakonmosbiensis 

but we also included species of Vestimentifera and Sclerolinum. According, a 

new phylogeny of Siboglinidae the choice of a Frenulata species as outgroup 

is more appropriated, since Osedax is close related to Vestimentifera and 

Sclerolinum (Li et al., 2015). The NJ tree topology was constructed under 

TrN+G model with 1000 bootstrap replicates in MEGA v.7 (Kumar et al., 

2016). The models used in ML and BI were chosen with PartitionFinder v.2 

(Lanfear et al., 2016) using Bayesian information criterion. The COI was 

partitioned by codon position. In ML we used GTR+G, and in BI 1st and 2nd 

positions were ran with HYK+G and 3rd position with GTR+G. The ML was 

implemented using RAxML v.8.2.7 (Stamatakis, 2014). Statistical support of 

ML nodes was obtained using rapid bootstrap analysis and search for best-

scoring ML in a single run (function –fa) of 5000 bootstraps. BI was 

implemented in MrBayes v.3.2 (Ronquist et al., 2012). The Markov chain 

Monte Carlo was simulated for 107 generations and sampled every 500 

generations; burn-in was set to 0.1%; two independent runs and four chains 

were implemented. We calculated average p-distance within and between 

species using MEGA v.7. We also calculated p-distance considering only the 

first two-codon position of COI and only the third codon position. Usually, DNA 

barcoding studies use Kimura 2-parameters model to infer divergence in COI 

data. However, we chose to use uncorrected distances since K2P divergence 

commonly inflate the divergence between clade and p-distance seems to be 

more appropriate to compare close related lineages (Srivathsan & Meier, 

2012). 

We use a new COI alignment with 46 sequences of O. frankpressi from 

the Atlantic and Pacific oceans to investigate connection between ocean 

basins. The haplotype network of O. frankpressi populations was done using 

TCS method (Clement et al., 2002) in PopART (http://popart.otago.ac.nz.) 
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Table 2.1 – Cytochrome-c oxidase subunit-I sequences, GenBanck accession numbers and 
distribution of species. * distribution according WoRMS (World Register of Marine Species); ** 
distribution according Georgieva et al. (2015)’; GenBanck accession numbers of O. frankpressi 
in parentheses are sequences employed in population comparison. Coordinates of lander 
position of BioSuOr project in Chapter 1. 

 

 

Species Location COI Reference

Lamellibrachia barhami Equatorial Pacitic to 
NEPacific*

AY129146 McMullin et al., 2003

Riftia pachyptila Equatorial Pacific KP119562 Rouse et al., 2015

Sclerolium contortum Antarctic/Gulf of 
Mexico/Arctic**

FM178480 Losekann et al., 2008

Oligobrachia haakonmosbiensis Equatorial Atlantic to 
Arctic*

FM178481 Losekann et al., 2008

Osedax antarcticus Antarctic KF444424 Glover et al., 2013
Osedax bryani NE Pacific KP119563 Rouse et al., 2018

Osedax crouchi Antarctic KJ598038 Amon et al., 2014
Osedax deceptionensis Antarctic KF444428 Glover et al., 2013

Osedax docricketts NE Pacific FJ347626/FM998107 Rouse et al., 2018/Pradillon 
et al., unpubl.

Osedax frankpressi NE Pacific

AY586491 (AY586486-
504/EU223312-

16/DQ996621/FJ3476
05-07)

Rouse et al., 2004/Jones et 
al., 2008/Braby et al., 2007/ 

Vrijenhoek et al., 2009

Osedax jabba NE Pacific FJ347638 Vrijenhoek et al., 2009
Osedax japonicus NW Pacific AB259569 Fujikura et al., 2006

Osedax knutei NE Pacific FJ347635 Vrijenhoek et al., 2009
Osedax lehmani NE Pacific EU223330 Vrijenhoek et al., 2009

Osedax lonnyi NE Pacific FJ347643 Vrijenhoek et al., 2009
Osedax mucofloris NE Atlantic AY827567 Glover et al., 2005b

Osedax nordenskjoeldi Antarctic KJ598039 Amon et al., 2014
Osedax packardorum NE Pacific FJ431203 Rouse et al., 2009

Osedax priapus NE Pacific KP119570 Rouse et al., 2015

Osedax randyi NE Pacific FJ347615/FM998109 Vrijenhoek et al., 2009 
/Pradillon et al., unpubl.

Osedax rogersi Antarctic KJ598040 Amon et al., 2014
Osedax roseus NE Pacific/NW Pacific FJ347609 Vrijenhoek et al., 2009

Osedax rubiplumus NE Pacific/NW 
Pacific/Antarctic

EU852423 Vrijenhoek et al., 2008

Osedax ryderi NE Pacific KP119563 Rouse et al., 2015
Osedax sigridae NE Pacific FJ347642 Vrijenhoek et al., 2009
Osedax talkovici NE Pacific FJ347621 Vrijenhoek et al., 2009
Osedax tiburon NE Pacific FJ347624 Vrijenhoek et al., 2009

Osedax ventana NE Pacific EU236218 Jones et al., 2008

Osedax westernflyer NE Pacific FJ347631/FM998110
Vrijenhoek et al., 

2009/Pradillon et al., unpubl.

Osedax '1336-61-2' SW Atlantic LC106303 Sumida et al., 2016
Osedax 'MB16' NE Pacific JX280613 Salathé & Vrijenhoek, 2012

Osedax 'mediterranea' Mediterranean KT860548 Taboada et al., 2015
Osedax 'sagami-3' NW Pacific FM998078 Pradillon et al., unpubl.
Osedax 'sagami-4' NW Pacific FM998082 Pradillon et al., unpubl.
Osedax 'sagami-5' NW Pacific FM998110 Pradillon et al., unpubl.

Osedax frankpressi SP-1500/ES-1500 18 sequences this study
Osedax 'BioSuOr-1' SP-3300 39 sequences this study
Osedax 'BioSuOr-2' SP-3300 6 sequences this study
Osedax 'BioSuOr-3' ES-1500 6 sequences this study
Osedax 'BioSuOr-4' SP-550 5 sequences this study

Outgroups

Known Osedax species

Known Osedax OUT's

Osedax BioSuOr project
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(Leigh & Bryant, 2015). In TCS network we split O. frankpressi Atlantic 

population in two sites: SP-1500 and ES-1500. We calculated the total 

number of segregating and parsimony informative sites, number of haplotypes 

(h), haplotype diversity, and nucleotide diversity (π) were calculated in DNAsp 

5.10.1 (Rozas et al., 2010) for Atlantic and Pacific populations. We 

determined the Fu’s neutrality test (FS) (Fu, 1997) and Tajima’s D neutrality 

test (Tajima, 1989) as demographic analysis in each population. The 

populations were compared using the pairwise p-distance to construct the FST 

values using 1000 permutations for significance to estimate the relative 

population size. A hierarchical analysis of molecular variance (AMOVA) 

between populations was conducted with the genetic distance. Neutrality tests 

and AMOVA were calculated using Arlequin 3.5.2.2 (Excoffier & Lischer, 

2010). 

 
3. Results 

We sampled 75 specimens of Osedax from four sampling stations, 

being morphologically classified in two groups: individuals with pinnulated 

palps (23) and nude palps (52). In total we found six lineages in the SW 

Atlantic, with four being putative new lineages (Figure 2.1). Pinnulated 

specimens from SW Atlantic were O. frankpressi, Osedax ‘1336-31-2’ and 

Osedax ‘BioSuOr-4’, whereas the nude palp group consisted of Osedax 

‘BioSuOr-1’, O. ‘BioSuOr-2’ and O. ‘BiosuOr-3’ (Figure 2.1). The highest 

number of species occurred in SP-3300 with two nude-palp species: Osedax 

‘BioSuOr-1’ and Osedax ‘ BioSuOr-2’ and one pinnulated palp: Osedax ‘1336-

31-2’. Only one species occurred in SP-1500 and SP-550, O. frankpressi and 

Osedax ‘BioSuOr-4’, respectively. O. frankpressi also colonized bones 

implanted in ES-1500 occurring in the same bones with the nude-palp Osedax 

‘BioSuOr-3’. 

The final COI alignment consisted of 500 bp and 268 variable sites 

from which ~78.4% were parsimony informative. All terminal lineages were 

robustly supported by NJ and ML bootstrap replicates and posterior 

probability of BI (Figure 2.1). Notwithstanding, only BI recovered robust 

supports in internal nodes (Figure 2.1). Osedax ‘BioSuOr-1’ and ‘BioSuOr-3’  
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Figure 2.1 –Phylogenetic relationship of Osedax species recovered by Bayesian Inference (BI). 
Values close to nodes indicate Neighbor-Joining bootstraps, followed by Maximum Likelihood 
bootstraps and posterior probability of BI. Only values > 50%; “-” indicate no support. 
	
were joined with other nude-palp species in clade II, even though clade II was 

split in three sub-clades (Figure 2.1). Osedax ‘BioSuOr-2’ fell within clade III 

with low support (ML and NJ: > 50% and BI: 0.71). Osedax frankpressi and O. 

‘1336-61-2’ were always recovered as sister-clades. The COI phylogeny 
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clustered species of clade IV, V and VI (Figure 2.1). 

The average interspecific p-distances were 5.4 – 25.4% (Table 2.2). 

Interspecific divergences among the new SW Atlantic lineages were 16.6 – 

20.4% (Table 2.2). Considering only first two codon positions of COI, the 

distance was 2 – 7%, while the third codon position exhibited distances ~10 

times higher than first two, between 14% to 62% (Table 2.3). Intraspecific 

divergences of SW Atlantic lineages were 0.1 – 0.9% (Table 2.2). 

The divergence between Atlantic and Pacific O. frankpressi populations 

was 3.1%, while intra-population divergence was 0.7% in the Atlantic and 

0.3% in the Pacific (Table 2.2). The alignment of O. frankpressi consisted of 

466 bp and 28 variable sites of which 20 were parsimony informative (Table 

2.4). In both ocean basins we found 20 COI haplotypes, 12 in the Pacific and 

eight in the Atlantic (Table 2.4; Figure 2.2). No haplotype was shared between 

ocean basins, but in the Atlantic one haplotype was shared between SP-1500 

and ES-1500 (Figure 2.2). Haplotype diversity was slightly higher in Atlantic 

than in Pacific populations (Table 2.4). Both Tajima and Fu neutrality tests 

were negative for both Atlantic and Pacific populations, but only significant 

(p>0.001) to Pacific ones. The largest molecular variance occurred between 

Pacific and Atlantic populations resulting in FST of 0.88 (p < 0.001) (Table 2.5). 

 
4. Discussion 

The classification of Osedax is not easy since most diagnostic 

morphological traits are lost when animals die and/or are preserved in fixative 

solutions. However, COI data from previous Osedax diversity studies provide 

an efficient reference library and allowed us to access the diversity of SW 

Atlantic populations. Using DNA barcoding, four putative new lineages were 

revealed and the distribution of O. frankpressi and Osedax ‘1336-61-2’ 

expanded. The latter lineage was previously found in a natural whale fall in 

the base of São Paulo Ridge at 4204 m depth (Sumida et al., 2016). The new 

occurrence (SP-3330) is about 200 km away from the original locality, in the 

lower slope of South São Paulo Plateau at 3358 m depth. We only found two 

tiny specimens of Osedax ‘1336-61-2’ and the low abundance is probably 

related to the short time span of the experiment (~1.8 year). Bones from the 
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natural whale fall were probably resting on the bottom for 5-10 years and were 

densely colonized by Osedax ‘1336-61-2’, one of the biggest Osedax lineages 

with over 20 mm trunk length (Sumida et al., 2016; Alfaro-Lucas et al., 2017). 

The colonization of Osedax is usually associated with the time of the bone 

since arrival on the seabed. For instance, O. rubiplumus and O. roseus are 

considered initial whale fall colonizers in Monterey Bay Canyon, followed by 

O. frankpressi, O. ventana, O. talkovici, O. westernflyer and O. lonnyi (Braby 

et al., 2007; Lundsten et al., 2010). In addition, O. jabba uses very little 

fragments of degraded bones buried in sediments at more advanced 

successional stages (Rouse et al., 2018). It is possible that Osedax ‘1336-61-

2’ colonizes only more degraded bones after early successional species of 

Osedax. 

 
Table 2.4 – Summary of genetic variability of COI for Osedax frankpressi. “N”: total number of 
specimens; “H”: number of haplotypes; “Np”: polymorphic sites; “Pis”: parsimony informative 
sites; “Hd”: haplotype diversity; “π”: nucleotide diversity; “D” – Tajima neutrality test’ “FS”: Fu’s 
neutrality test. 

 

 
No lineage was shared between both depths in the SW Atlantic. This is 

interesting since there are no signals for bathymetric or geographic isolation 

for the known species (Vrijenhoek et al., 2009; Glover et al., 2013; Amon et 

al., 2014; Rouse et al., 2018). Earlier studies on a deep region (~ 400 – 2900 

m depth) of Monterey Canyon showed a broad bathymetric distribution of 

some Osedax species (Braby et al., 2007; Lundsten et al., 2010a; Rouse et 

al., 2018). The wide bathymetric range may be associated to the deep-water 

circulation in Monterey Bay since areas below 300 m depth are connected 

due to stratification of water column since a cyclonic circulation is formed in 

the deep layer (> 300 m) whereas an anticyclonic one is present at 

intermediate depths (< 300 m) (Breaker and Broenkow, 1994). In our study, 

landers at ~ 1500 m depth were under the influence of the North Atlantic Deep 

Water (NADW), which flows southward over the São Paulo Plateau, while SP-

N H Np Pis Hd π D Fs
Total 46 20 28 20 0.89 0.02

Pacific population 28 12 11 3 0.78 0.003  -1.83*  -9.21*
Atlantic population 18 8 11 8 0.82 0.007 -0.38 -1.28
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3300 was under the influence of the Antarctic Bottom Water (AABW) flowing 

northwards (De Madron & Weatherly, 1994; Hogg et al., 1999; Stramma & 

England, 1999; Mémery et al., 2000). The Antarctic Intermediate Water 

(AAIW) dominates the upper slope of São Paulo Plateau (Hogg et al., 1999; 

Mémery et al., 2000), where the lander SP-550 was deployed. It is possible 

that the absence of shared species between depths in our study is related to 

the influence of different water masses and their flow direction. Interestingly, 

the SW Atlantic natural whale fall and SP-3300 were both under influence of 

AABW (Sumida et al., 2016) and Osedax ‘1336-61-2’ was found in both 

areas. Similarly, both landers at ~ 1500 m (SP-1500 and ES-1500), under 

influence of NADW, share the occurrence of O. frankpressi. 

 

	
Figure 2.2 - B: TCS haplotype network of O. frankpressi populations. Each stroke in the line is 
one substitution site between haplotypes. 
 
Table 2.5 – Analysis of molecular variance statistics (AMOVA) for Osefax frankpressi based on 
COI data. 

 

 
The COI phylogeny was not efficient to completely resolve the position 

of new lineages, even though this mitochondrial marker was useful to 

recovery the diversity of Osedax in the SW Atlantic. Osedax phylogeny is not 

yet fully certain since some nodes are poorly supported, even with inclusion of 

several nuclear markers (Taboada et al., 2015; Rouse et al., 2015, 2018). For 

example, our phylogeny recover clade II divided in three sub-clades and, even 

Source of variation d.f. Sum of squares Variance % of Variance
Between Populations 1 137.66 6.46 87.65

Within Population 43 39.18 0.91 12.35
Total 44 176.84 7.38

Fst: 0.88*
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though clade II joined almost all nude palp species, the relationships within 

this clade is poorly supported (Rouse et al., 2018). According to our Bayesian 

phylogeny we can confirm that two nude palp new lineages, Osedax 

‘BioSuOr-1’and Osedax ‘BioSuOr-3’, fall within clade II. The first one close 

related to O. docricketts/O. westernflyer/O. knutei, and the latter close to O. 

rogersi and O. lonnyi. Another Atlantic nude-palp lineage, Osedax ‘BioSuOr-2’ 

was related to clade III, a no palp clade bearing only O. jabba, but this positon 

need to be confirmed in future studies. 

Clades IV - VI were merged in our phylogeny. Vrijenhoek et al. (2009) 

found that COI phylogeny did not resolve the position of some species in 

clade IV and V. However, their analyses did not include O. deceptionensis 

from clade VI, described only years later (Glover et al., 2013). The position of 

clade VI is not resolved with some analyses showing this clade as basal to 

known Osedax and others more related to clade I and/or II (Glover et al., 

2013; Amon et al., 2014; Taboada et al., 2015; Rouse et al., 2015, 2018). The 

COI and H3 phylogeny show that O. frankpressi (clade IV) falls close to O. 

roseus (clade V) (Vrijenhoek et al., 2009), which was also recovery by our 

analysis (Figure 1A). Moreover, the robust support for the close relationship 

between O. frankpressi and Osedax ‘1336-61-2’ within this study corroborate 

previous data (Sumida et al., 2016; Rouse et al., 2018). Probably, Osedax 

‘BioSuOr-4’, a pinnulated palp lineage, is a member of clade V since the COI 

divergences of this lineage are slightly lower with species of clade V than with 

species of clade IV.  

The inter-basin distribution of O. frankpressi is remarkable since this 

species is a vertebrate bone specialist. Similarly, other five species have 

trans-Pacific distribution (Rouse et al., 2018), O. rubiplumus also occurs in 

Antarctic waters (Smith et al., 2015) and O. deceptionensis seems to be 

widespreadly distributed in shallow Antarctic and subantarctic waters 

(Taboada et al., 2015). Some studies shows that small Osedax species, like 

O. mucofloris, O. packardorum and O. japonicus, have small oocytes and 

reduced dispersal time and distance (Fujikura et al., 2006; Rouse et al., 2009; 

Miyamoto et al., 2013). The broad distribution of some Osedax suggests that 

whale falls are probably widely distributed. Smith & Baco (2003) showed that 
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the mean nearest-neighbor distance between whale falls is about 5 km in the 

California margin, only considering Grey whale populations. It is possible that 

there is a worldwide whale-fall corridor along continental margins connecting 

specialized fauna (Smith & Baco, 2003; Sumida et al., 2016). Furthermore, 

species with large females and bigger oocytes, like O. frankpressi, may be 

long-distance dispersers (Rouse et al., 2009). 

Both populations of O. frankpressi had negative Tajima’s D and Fu’s FS 

values suggesting a possible recent population expansion, even though 

values were only significant for Pacific populations (p < 0.001). Similar results 

were reported for O. rubiplumus in Monterey Canyon (NE Pacific) and for O. 

rogersi and O. deceptionensis in Antarctica (Vrijenhoek et al., 2008; Amon et 

al., 2014; Taboada et al., 2015). The low genetic diversity of both populations 

could indicate recent founders, population bottlenecks or selective sweeps. 

However, it is more plausible that the low genetic diversity in both regions is 

related to the low number of sites sampled for each population and/or the low 

numbers of individuals analyzed. The bottleneck shape of the haplotype 

network and the significantly high FST (Figure 2.2 and Table 2.5) indicate 

segregation between populations of different ocean basins and that 

geographic distance may act as a barrier to gene flow. As discussed above, 

whale falls are frequent in the deep sea, mainly along continental margins, 

and it is possible that intermediate populations of O. frankpressi may connect 

both studied regions. This is the possible explanation since the average p-

distance is low and few substitution sites separate haplo-groups of both 

regions. Moreover, sampling gaps usually inflate FST values (Audzijonyte & 

Vrijenhoek, 2010) explaining the high values found in this study. 

The results presented here illustrate the high diversity of Osedax in 

whale falls at the deep SW Atlantic. Interestingly, other deep regions such as 

the NE and NW Pacific and the Southern Ocean also show high Osedax 

diversity (Rouse et al., 2004, 2008, 2018; Vrijenhoek et al., 2009; Glover et 

al., 2013; Amon et al., 2014; Pradillon et al., unpublished), while shallow, cold-

water regions are usually colonized by few species (Glover et al., 2005b, 

2013; Fujikura et al., 2006; Taboada et al., 2015). The presence of Osedax 

frankpressi in the SW Atlantic attests the whale-fall fauna affinity between 
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ocean basins (Sumida et al., 2016). Not only O. frankpressi has a broad 

distribution, but at least six additional species are distributed along the W-E 

Pacific, between the Pacific and the Southern Ocean and now between the 

Pacific and the Atlantic Oceans. The distribution of these species highlight 

that whale falls are really common in the deep sea and that Osedax are 

adapted to rapid colonize this ephemeral and patchily distributed 

environments. 
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CHAPTER 3 

Did Capitella use organic falls as stepping-stones for the 
invasion and diversification in the deep sea? 
 
Abstract 

Annelid species of the Capitella genus are usually associated with shallow, 
organic-rich areas due to their high tolerance to high sulfide levels and 
reliance on bacteria as their main source of food. Dispersal and the low 
organic content of deep-sea sediments are probably important reasons why 
the colonization and distribution of Capitella is so limited in this environment. 
However, Capitella can densely colonize deep-sea organic islands, such as 
accumulations of macroalgae in canyons, large dead animals and wood, and 
also chemosynthetic environments, such as vents and seeps. Apparently 
several deep-sea organisms have used whale falls to reach extreme deep-
sea environments, being an important environment for the diversification. The 
present work used implanted organic substrates to study the diversity and 
phylogenetic relationships among deep-sea and shallow water species of 
Capitella. Eight new Capitella lineages were found, six in the Atlantic and two 
in the Pacific, but no shared species between ocean basins. Seven lineages 
clustered with the whale fall species Capitella iatapiuna to form a deep-sea 
clade (all genes – BS: 55%, pp: 0.9), but Capitella sp. 1 from the deep East 
Pacific was closely related to the shallow water species C. capitata. Based on 
the reconstructed phylogeny, the Capitella ancestor was probably a shallow 
water inhabitant and the ability to colonize deep-sea sites seems to have 
evolved independently at least two times. The large number of new lineages 
and the presence of a deep-sea clade, clustering species from the Pacific and 
Atlantic, suggest that organic falls might have been important in the invasion 
and diversification of Capitella in the deep sea. 

Keyword: Capitellidae, Species richness, Endofauna, Phylogeny. 

 
1. Introduction 

The main source of organic matter to the deep sea (>200m depth) 

comes from the euphotic zone, on the surface. Given that the organic matter 

is efficiently recycled and/or consumed before reaches the deep sea, roughly 

only one percent of the surface primary production is buried in the deep-sea 

sediments (Buesseler et al., 2007). For this reason, most deep-sea 

environments are oligotrophic and the organic flux to deep sea controls the 

distribution of benthic organisms (Hessler & Jumars, 1974; Druffel & Robison, 



Shimabukuro,	M.																																																											Whale-fall	Capitella	and	deep-sea	invasion														
	

____________________________________________________________________________________________	
38	

1999). Seasonal phytodetritus pulses are important to maintain the diverse 

benthic invertebrate community in deep sea (Billett et al., 1983; Smith et al., 

1996). For example, some deep-sea organisms consume very quickly the 

fresh seasonal pulses of phytodetritus and the reproduction seems to be 

linked to these seasonal food inputs (Blair et al., 1996; Eckelbarger and 

Watling, 1995). 

Annelids are dominant macrofaunal organisms in deep-sea soft 

sediments. However, the family Capitellidae is not frequently sampled in 

deep-sea environments even though they occur in several marine habitats 

(Magalhães & Blake, 2017). The genus Capitella is commonly found in 

organically enriched shallow-water environments, such as anthropogenically 

polluted estuaries, usually being the dominant fauna (Blake et al., 2009; 

Magalhães & Blake, 2017). There are 23 valid species of Capitella around the 

world and only two species are exclusive of deep-sea environments: C. 

aberranta and C. iatapiuna (Silva et al., 2016, 2017). Even though it is known 

that Capitellidae can be distributed in a wide bathymetric range, the family is 

more commonly represented by other genera in the deep sea, such as 

Heteromastus, Notomastus, Decamastus, Abyssocapitella, among others 

(Blake & Narayanaswamy, 2004; Paterson et al., 2009; Alalykina, 2013). 

The main reason for the low number and abundance of Capitella 

species in the deep sea seems to be linked to the low organic matter content 

normally available in these areas. Usually, the distribution of shallow-water 

Capitella is linked to the total amount and quality of organic matter (Grassle & 

Grassle, 1974; Tenore, 1981; Thiyagarajan et al., 2005, 2006; Ramskov & 

Forves, 2008). It is not different in the deep sea where, Capitella is almost 

absent in deep-sea areas under oligotrophic regions. However, in deep-sea 

island-like habitats established due to massive organic inputs, like the arrival 

of phytoplankton and zooplankton from upwelling areas, clumps of 

Sargassum, wood logs and carcasses of large nektonic animals. These create 

organic-content heterogeneity in oligotrophic deep-sea background sediments 

(Grassle & Morse-Porteous, 1987). Deep-sea Capitella species are usually 

associated with these patchily distributed and ephemeral habitats (Grassle & 

Morse-Porteous, 1987). In whale falls, Capitella species were formerly used to 
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distinguish between shallow and deep-sea communities (Taboada et al., 

2013, 2016; Smith et al., 2014). However, careful check inside the bone 

matrix revealed Capitella as an abundant component of deep-sea whale-fall 

fauna (Alfaro-Lucas et al., 2017). 

Whale fall studies have shown that this environment may act as 

evolutionary stepping-stones, such as that found for bathymodioline mussels 

(Thubaut et al., 2013), and may be important for the diversification of some 

clades in the deep sea, such as the dorvilleid Ophryotrocha (Wiklund et al., 

2009b, 2012; Thornhill et al., 2012; Ravara et al., 2015). The high density of 

Capitella iatapiuna in whalebones and the reliance on chemosynthetically-

derived carbon suggest that deep-sea reducing environments are probably 

important for the diversification and evolution of this group (Silva et al., 2016; 

Alfaro-Lucas et al., 2017). The present work evaluates (1) the diversity of 

Capitella associated to deep-sea organic falls in the SW Atlantic and NE 

Pacific, based on the mitochondrial genes cytochrome-c oxidase subunit I 

(COI) and 16S rDNA; (2) the phylogenetic relationship between deep-sea and 

shallow-water species in a multi-gene context (COI, 16S, 18S and 28S); and 

(3) if deep-sea Capitella evolved from shallow-water, discussing the 

importance of organic falls in this process. 

 
2. Material and Methods 

2.1 Sample collection 

A total of 51 specimens from the SW Atlantic and NE Pacific were 

examined, from sampling programs of two research projects: BioSuOr - 

Biodiversity and Connectivity of Benthic Communities in Organic Substrates 

of the Deep SW Atlantic Ocean, and BOWL – Bone, Wood, Lander from NE 

Pacific (Table 3.1). All specimens were sorted from humpback whalebones or 

wood deployed in 6 different sampling stations. Moreover, we used six other 

specimens collected from cow bones deployed at the upper slope of the SW 

Atlantic Ocean and 2 specimens of Capitella iatapiuna collected during the 

Iatá-Piuna Expedition (see Sumida et al., 2016 and Silva et al., 2016). All 

organisms were preserved in 96% ethanol and morphologically identified in 

laboratory prior to molecular analyses. 
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Table 3.1 – Specimens employed in molecular analysis; with locality and substrates where they 
were found. BOWL-5 and BOWL-6 are landers deployed and recovered in NE Pacific; BOWL-5 
(43˚52.7’N; 127˚33.9’W) and BOWL-6 (43˚54.5’N; 125˚10.4’W). For coordinates of BioSuOr landers 
see Chapter 1 (table 1.1) 

 
 
2.2 Molecular data collection 

DNA was extracted from a small piece of tissue from each specimen 

using the QIAGEN Blood & Tissue kit following the manufacturer’s protocol 

and eluting the DNA in 50 – 100 µl of ddH2O. The tissue for DNA extraction 

was preferentially from the thorax region but, for the smallest organisms, we 

used the whole animal. 

We amplified: ~560-bp fragment of the cytochrome-c oxidase subunit-I 

gene (COI) using primers LCO1490 and HCO2198 (Folmer et al., 1994) or 

dgLCO1490 and dgHCO2198 (Meyer, 2003); ~440-bp fragment of the 16S 

with 16SarL and 16SbrH primers (Palumbi et al., 1991); ~800-bp fragment of 

28S rRNA using 28SC1’ and 28SD2 primers (Lê et al., 1993); and ~560-bp 

fragment of 18S rRNA using 18Se and 18SL primers (Hillis and Dixon, 1991). 

All PCRs contained 12.5 µL of GoTaq® Green Master Mix (Promega), 0.125 

µL of each primer (20 µM), 2-4 µL DNA template (20-100 ng) and nuclease-

free water (Promega) to reach up 25 µL of total volume. 

The thermal cycling profile for COI was: 95˚C for 2 mins, 30 cycles of 

94˚C for 45 s, 51˚C for 1 min, 72˚C, 1 min and a final step of 72˚C for 7 mins. 

For the 16S the cycling was: 95˚C for 2 mins, 35 cycles of 94˚C for 45 s, 50˚C 

for 1 min, 72˚C for 1 min and a final step of 72˚C for 7 mins. PCR cycling 

condition employed for 28S and 18S were as follow: 95˚C for 2 mins, 35 

cycles of 94˚C for 45s, 52˚C for 50s, 72˚C for 1 min and a final step of 72˚C 

Lineage N Ocean Lander Substrate
Capitella sp. 1 2 Pacific BOWL-6* whalebone
Capitella sp. 2 1 Pacific BOWL-5** whalebone
Capitella sp. a 2 Atlantic ES-1500 whalebone

Capitella sp.  b 9 Atlantic ES-1500; RJ-3300 whalebone 
and wood

Capitella sp. c 2 Atlantic SP-1500 whalebone
Capitella sp. d 24 Atlantic SP-3300; ES-3300 whalebone

Capitella sp. e 10 Atlantic
SP-1500; ES-1500; 
SP-3300; RJ-3300; 

ES-3300
whalebone

Capitella sp. f 1 Atlantic SP-550 cowbone
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for 7 mins. Amplicons of all genes were bidirectional Sanger sequencing using 

BigBye Terminator v3.1 cycle sequencing kit. PCR products of COI, 16S and 

28S were sequenced at HUG-CELL/USP (Human Genome and Stem Cell 

Research Center facility of the University of Sao Paulo). Products of 18S were 

sequenced by GeneWiz company. Chromatograms were edited in Geneious 

v.11.0.2 (Kearse et al., 2012). 

2.3 Phylogenetic analysis 

Phylogenetic analyses were conducted in three datasets: COI, 

COI+16S and COI+16S+18S+28S. Additionally, we retrieved Capitella 

sequences from GenBank (Table 3.2). We analyzed two different combined 

datasets (COI+16S and COI+16S+18S+28S) because most GenBank 

sequences from Capitella species are from COI and 16S. Only Capitella 

capitata and Capitella teleta have sequences for all four genes. We used 

Notomastus and Heteromastus as outgroups following previous studies of 

Capitella diversity (Hilliard et al., 2016; Tomioka et al., 2016; Silva et al., 

2017). Sequences were aligned with MAFFT v. 7.309 (Katoh & Standley, 

2013). For COI sequences, we used G-INS-I option and for 16S, 18S and 28S 

E-INS-I option. COI alignment was trimmed with 566 bp and inspected by 

translation using the invertebrate mitochondrial genetic code. The sequence 

HQ023471 from GenBank has 3-nucleotides non-defined (NNN) not observed 

in other Capitella or outgroup sequences. According to Lobo et al. (2016) 

Capitellidae from GenBank has a codon deletion in position 103 of barcoding 

region, which typically translate d-aspartic acid in annelids. The inspection of 

these 3-nucleotides of HQ023471 using the COI gene of Orbinia latreillii 

(retrieved from the complete mitochondrial genome, accession id AY961084) 

confirmed that these nucleotides is the codon that translate the aspartic acid. 

For this reason, we deleted these 3-nucleotides of HQ023471 since this 

sequence generated a codon gap in all other sequences, including outgroups. 

We implemented Gblocks 0.91b (Castresana, 2000) for 16S, 18S and 28S 

alignments to inspect and eliminate possible poorly aligned positions and too 

divergent regions. Prior to Gblocks all these alignments were trimmed using 

the shortest sequence in the alignment. 
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Table 3.2 – List of species and respective GenBank accession number for each gene employed 
for molecular analyses. 

 
 

We used the COI dataset to delineate the species of Capitella and also 

to aid uncorrected pairwise distances (p-dist). We also used a 16S only 

dataset to inspect divergence among species. Additional sequences were 

used to investigate COI and 16S divergences (see Tomioka et al., 2016; 

Hilliard et al., 2016; Silva et al., 2017). P-distances were calculated in MEGA 

7 (Kumar et al., 2016). 

We used PartitionFinder v.2 (Lanfear et al., 2016) to determine the 

model choice for maximum likelihood (ML) and Bayesian inference (BI), 

according to gene and codon position. The best model was chosen using 

Bayesian information criterion. For COI, we used GTR+G in ML for each 

codon position; for BI, 1st and 3rd position was run with GTR+G and the 2nd 

position with HYK+I. For 16S, 18S and 28S we used GTR+G in ML, while in 

BI we used HYK+G for 16S, HYK+I for 18S and GTR+G for 28S. 

The ML was implemented using RAxML v.8.2.7 (Stamatakis, 2014). 

Statistical support of ML nodes, in all dataset, was obtained using rapid 

bootstrap analysis and search for best-scoring ML in a single run (function –

fa) of 5000 bootstraps. BI was implemented in MrBayes v.3.2 (Ronquist et al., 

2012). The Markov chain Monte Carlo was simulated for 107 generations and 

sampled every 500 generations; burn-in was set to 0.1%; two independent 

runs and four chains were implemented. The ancestral state reconstruction of 

habitat use was made under ML using likelihood in Mesquite v. 3.40 

Species COI 16S 18S 28S
Capitella  aracaensis KX121876 KX122007 - -

Capitella  biota KX121858 KX121989 - -
Capitella capitata KX121879 KX122014 U67323 DQ790028

(CMC01) - GU672407 - - -
Capitella iatapiuna - KU160141 - -

Capitella neoaciculata KX121846 KX121975 - -
Capitella nonatoi KX121811 KX121915 - -

Capitella teleta Scaffold 2067 JF509722 JF509728 JF509732
(Japan) LC120627 - - -

Capitella cf. aciculata (Florida) KX961403 - - -
Capitella cf. capitata (Texas) KX961404 - - -

Capitella 'CMC02' HQ023471 - - -
Notomastus spp KR916899 HM746714 HM746728 DQ790044

Heteromastus filiformis KR916855 - AF50218 DQ790038
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(Maddison and Maddison, 2018). We employed three categorical states: 

shallow, deep and shallow+deep. 

 
3. Results 

The final COI dataset consisted of 566 bp length, being 286 bp 

segregating sites and 88.8% of these sites were parsimony informative. The 

GC content of COI alignment was 37.3%. The COI phylogeny recovered eight 

new deep-sea Capitella lineages (Figure 3.1). Seven of these lineages formed 

a deep-sea clade (ML: 50%, BI: 1), while Capitella sp. 1 was recovered closer 

to Capitella capitata from shallow-water (ML: 50%, BI: 1) (Figure 3.1). The 

deep-sea clade clustered lineages from the Atlantic and Pacific Oceans. In 

both methods, two sub-clades (deep-1A and deep-1B) were sister-clades to 

each other (Figure 3.1). However, in ML Capitella sp. 2 and Capitella sp. f 

were joined in a sub-clade deep-2, basal to deep-1A and deep-1B, but with 

low support (43%, Figure 3.1A). On the other hand, in BI Capitella sp. f was 

recovered as a basal lineage of the deep-sea clade (Figure 3.1B). 

Uncorrected COI distances among lineages of the deep-sea clade 

were typically between 0.10 – 0.15, but p-distances higher than 0.15 were 

observed for Capitella sp. a against the other deep-sea lineages (Figure 3.2, 

Table 3.3). Lower divergences inside the deep-sea clade were ~ 0.07 for 

Capitella sp. d vs. Capitella sp. e. (Figure 3.2, Table 3.3). COI divergences of 

the deep-sea clade lineages against shallow-water species were usually 

higher than 0.15, with similar results for shallow-water species (Figure 3.2, 

Table 3.3). 

The 16S dataset for p-distance consisted of 565 bp in length. The 

GBlock recovered ~61.4% of original alignment with 162 segregating sites 

being ~ 92% parsimony informative. 16S divergences among the deep-sea 

clade lineages ranged between 0.02 and 0.12 (Figure 3.3, Table 3.3). 

Interspecific divergences of these lineages against C. capitata and C. teleta 

from shallow water were between 0.12 – 0.13, while against other shallow-

water species they were between 0.17 and 0.22 (Figure 3.3, Table 3.3). 
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The phylogeny of Capitella species including other genes (16S, 18S 

and 28S) also recovered the same deep-sea clade (COI+16S, ML: 73% and 

BI: 1; all genes, ML: 54% and BI: 0.87) (Figure 3.4). Capitella iatapiuna was 

recovered inside the deep-1A sub-clade in both concatenated trees (Figure 

3.4), but in COI+16S the Bayesian analysis did not resolve the relationship 

inside deep-1A sub-clade. Notwithstanding, both concatenated datasets 

recovered Capitella sp. 2 and Capitella sp. f forming a sub-clade “deep-2” 

basal to deep-1A and deep-1B (Figure 3.4). 

 

	
Figure	3.3	–	Histogram	of	16S	uncorrected	pairwise	distances	(p).	

	
The COI+16S dataset recovered Capitella biota and Capitella 

aracaensis as a basal clade in Capitella (ML < 50% and BI: 1, Figure 3.4A). 

Moreover, the deep-sea clade was sister to Capitella capitata/Capitella teleta 

in ML (support 95%). In this dataset, Capitella sp. 1 was recovered as basal to 

C. nonatoi, C. neoaciculata, C. capitata, C. teleta and the deep-sea clade 

(ML: 52% and BI: 0.83, Figure 3.4A). On the other hand, in the dataset with all 

genes, Capitella sp. 1 was closely related to C.capitata with low support of ML, 

while BI not resolve the relation among C. capitata, C. teleta and Capitella sp. 

1 (Figure 3.4B). 
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The ancestral reconstruction of habitat use for Capitella using the 

COI+16S ML best-tree topology recovered an ancestral from shallow-water 

inhabitant (96%) (Figure 3.5A). Using ML best topology with all genes 

concatenated, the probability of a shallow-water ancestral for Capitella was 

58% and a deep-sea ancestral was 33% (Figure 3.5B). 

 

	
Figure 3.5 – Ancestral state reconstruction of habitat use for Capitella species. A: reconstruction 
based on best ML tree tolopogy for COI+16S and; B: reconstruction based on best ML tree 
topology for COI+16S+18S+28S. 

 
4. Discussion 

4.1 Species delineation 

The identification of Capitella species often challenges taxonomists 

because the diagnostic features are frequently affected by preservation and/or 

variable within species. In consequence, a high number of cryptic species 

were assigned by enzyme patterns and reproduction modes (Grassle and 

Grassle, 1976; Gamenick et al., 1998; Mendez et al., 2000). This is not 

always useful since many Capitella species can present poecilogony, which 

can be driven by environmental conditions (Pearson and Pearson, 1991; Qian 

and Chia, 1992; Méndez, 2002). 

Blake (2009) states that, besides reproduction modes, careful attention 

should be given to the shape and size of prostomium, peristomium and the 
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thoracic chaetigers, in addition to the presence or absence of ventral/lateral 

grooves along the body, chaetal formula in thoracic and abdominal chaetigers 

and the methyl-green staining pattern. These are helpful characters to define 

Capitella species. A study of Capitella diversity along the coastal region of 

Brazil supports Blake’s (2009) view on morphology and genetic data (Silva et 

al., 2017). Notwithstanding, studies have shown that some morphological 

characters present large intraspecific variation. For example, Capitella 

aciculata from the Gulf of Mexico is the only species that have acicular spines 

in the first chaetigers, both in males and females (Hartman, 1959; Silva et al., 

2017). On the other hand, recent molecular data suggest C. aciculata cannot 

be distinguishable from those specimens without acicular spines on first 

chaetigers (Hilliard et al., 2016). Tomioka et al. (2016) showed that a 

Japanese population of C. teleta is genetically close to a Massachusetts 

(USA) population, but the shape of genital spines and capillary chaetae and 

the methyl-green staining pattern varied within Japanese populations and also 

between specimens from Japan and USA. It was impossible to morphotype 

the Capitella examined in the present study given that the morphological 

variations inside each clade overlapped among other clades. Moreover, most 

morphological traits are in the thoracic region since most of specimens are not 

complete. We suggest that the use of genetic markers, such as COI and 16S, 

is a more efficient and straightforward way to determine the real diversity of 

Capitella. 

Using mitochondrial genes, COI and 16S, we found eight deep-sea 

species associated to organic falls, two in the Pacific and six in the Atlantic 

Ocean. Intraspecific COI divergences (uncorrected p-distance) were lower 

than 1% (for deep and shallow-water species), while interspecific divergence 

among deep-sea species was usually slightly higher than 10%, with the 

exception of Capitella sp. d and Capitella sp. e where divergence was ~ 7% 

(Figure 3.2 and Table 3.3). According to Hebert et al. (2003b) intraspecific 

COI variations are mostly less than 1%, while interspecific are usually higher 

than 3%. Capitella species with wide geographic distribution exhibit maximum 

intraspecific COI variations close to 1.5%, as is the case of C. nonatoi and C. 

neoaciculata along the Brazilian coast, and for Pacific and Atlantic populations 
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of C. teleta (Tomioka et al., 2016; Silva et al., 2017). The intraspecific COI 

variations of other annelids living in deep-sea chemosynthetic environments 

with broad distribution do not also exceed 2%, such as for Archinone jasoni, 

Sclerolinum contortum, Nicomache lokii, Sirsoe balaenophila, S. sirikos and 

S. maximiano (Borda et al., 2013; Georgieva et al., 2015; Eilertsen et al., 

2018; Chapter 2). Thus, the minimum variation of COI between Capitella sp. d 

and Capitella sp. e (~7%) can be used to distinguish both lineages. 

The 16S variation was similar or higher than COI divergence. For 

instance, 16S divergence was higher than COI between Capitella sp. 1, C. 

neoaciculata, C. aracaensis, C. capitata, C. teleta, C. biota and Capitella sp. f 

(Table 3.3), even though 16S evolutionary rates are usually much lower than 

that of COI (Knowlton & Weigt, 1997). However, higher 16S divergences were 

also found in syllids (Álvarez-Campos et al., 2017a, 2017b) and shallow-water 

Capitella (Silva et al., 2017). The 16S fragment such as the one used in the 

present study is usually helpful for intraspecific and intrageneric levels of 

relationships (Halanych & Janosik, 2006). For this reason, some studies have 

used 16S as complementary barcode to delimit species, including marine 

annelids (Ahrens et al., 2013; Brasier et al., 2016; Meißner et al., 2016; 

Álvarez-Campos et al., 2017a; Silva et al., 2016, 2017). The use of 16S is 

also applied in some organisms due to difficulties to amplify the COI fragment 

(Moura et al., 2011; Silva et al., 2016). 

Although our results show the efficiency of the 16S fragment in the 

delineation of Capitella species, this fragment was also useful to determine 

the deep-sea clade. 16S divergences among deep-sea clade species were at 

least half of the divergences between the deep-sea clade and shallow-water 

ones. Interestingly, the COI divergence did not show this pattern, being only 

slightly lower between the deep-sea clade in comparison with deep-sea clade 

and shallow-water species. This could be a clue that the deep-sea clade has 

evolved more recently not accumulating many substitutions, since 16S 

evolves slowly in comparison to COI. The present study found that Capitella 

can be diverse in deep-sea organic falls and that genetic markers are 

important to reveal this diversity. Formal descriptions of these eight new 

lineages will be the subject of future publications to better understand the 
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morphological variations inside and between deep-sea clades and inclusion of 

complete specimens.  

4.2 Has deep-sea Capitella evolved from shallow-water species 

using organic islands?  

The high organic input created by the sinking of a whale carcass 

attracts numerous opportunistic and specialist fauna (Smith et al., 1989, 2014; 

Smith & Baco, 2003; Brady et al., 2007; Fujiwara et al., 2010; Lundsten et al., 

2010a, b; Amon et al., 2013, 2017; Hilário et al., 2015; Sumida et al., 2016). 

The high abundance of Capitella iatapiuna inside whalebones in the SW 

Atlantic is probably associated with the abundance of organic matter (Silva et 

al., 2016; Alfaro-Lucas et al., 2017). Interestingly, no Capitella is known in the 

bathyal and abyssal region of the SW Atlantic (Paiva & Costa-Paiva, 2007; 

Paiva & Barroso, 2010; Bernardino et al., 2016). The decomposition of 

organic compounds of whalebones produces reduced chemicals (Deming et 

al., 1997; Treude et al., 2009) that could serve as cues for the larval 

settlement of Capitella (Cuomo, 1985). Sulfide, the main reduced compound 

produced during decomposition of organic matter, appears to be sub-lethal for 

Capitella larvae (Dubilier, 1988). Therefore, the high density, settlement and 

survival of Capitella in reduced environments (Tsutsumi et al., 2001; Levin et 

al., 2006; Wada et al., 2006; Kanaya et al., 2016) is likely indirect since 

reducing environments promote bacterial chemosynthesis which is an 

important food source for the colonization of Capitella species (Tsutsumi et 

al., 2001). Therefore, the chemosynthetic production in whale falls is probably 

a key factor controlling the colonization and population dynamics of Capitella 

(see Alfaro-Lucas et al., 2018 for C. iatapiuna). 

Nine different lineages are associated with organic falls (Figure 3.1 – 

3.2). The phylogenetic analyses showed a robust deep-sea clade comprising 

eight species from the Pacific (Capitella sp. 2) and Atlantic (Capitella sp. a 

and f, Capitella iatapiuna) in all datasets (COI: ML, 50%/BI, 1; COI+16S: ML, 

73%/BI, 1; all genes: ML, 54%/BI, 0.87). It is known that Capitella species are 

dominant in whalebones implanted in cold shallow-water regions, such as C. 

perarmata in Antarctica and C. cf. capitata in Mediterranean Sea, influenced 

by a seasonal cold deep water (Taboada et al., 2013, 2016). Now we know 
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that careful inspection of the inner parts of whalebones resting in the deep 

sea reveals abundant and diverse Capitella fauna (Silva et al., 2016; Alfaro-

Lucas et al., 2017; this study). This suggests organic falls could be important 

habitats for diversification and evolution of Capitella in the deep sea. 

Whale falls have been hypothesized as important habitats acting as 

evolutionary stepping stones for the invasion of chemosynthesis-dependent 

organisms to deep-sea vents and seeps (Smith et al., 1989). Initial studies 

using genetic markers supported the Smith et al. hypothesis given that basal 

lineages of the Vesicomyidae clams and Bathymodiolinae mussels inhabit 

sunken whale and wood remains (Baco et al., 1999; Distel et al., 2000). The 

evolutionary history of deep-sea mussels suggests that they used organic 

remains to spread to more toxic chemosynthetic environments (Miyazaki et 

al., 2010; Fujiwara et al., 2010; Lorion et al., 2013; Thubaut et al., 2013). In 

this scenario, organic falls probably provided intermediate habitats allowing 

progressive adaptations, such as physiological adjustment to high pressure 

and high sulfide levels and the establishment of intracellular symbionts 

(Fujiwara et al., 2010; Miyazaki et al., 2010). This is thought to have occurred 

multiple times during the evolution of Bathymodiolinae (Thubaut et al., 2013). 

The ancestral state reconstructions made in the present study suggest 

that Capitella species from whale falls are derived from shallow-water 

habitats. They have probably reached the deep sea using organic remains 

distributed along a bathymetric range. These provided food resources either 

in the form of dead organic matter or through chemosynthesis derived from 

organic decomposition. The invasion of the deep sea seems to have 

happened at least two times independently since Capitella sp. 1 (from Pacific) 

fell outside the deep-sea clade. 

The position of Capitella sp. 1 in the genus phylogeny was not 

congruent comparing different tree topologies (COI+16S and all genes). In 

COI+16S, Capitella sp. 1 was basal to C. nonatoi + C. neoaciculata/C. 

capitata + C. teleta/deep-sea clade (Figure 3.2A). In the concatenated tree a 

clade with C. capitata and C. teleta was formed. Probably, this is the result of 

the high divergence in 16S in comparison with 18S and 28S. The fragments of 

these two nuclear genes of Capitella sp. 1, after the removal of highly 
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divergent portions in the alignment, are very similar to C. capitata (see 

supplemental material). On the other hand, the 16S divergence of Capitella 

sp. 1 was high (19-26%) against other Capitella species (as discussed 

above). The 16S fragment used is usually related to species delineation 

(Simon et al., 1994; Halanych & Janosik, 2006). It is known that whole 16S 

provide a wide range of phylogenetic information due to the presence of 

different evolutionary rates in different regions of this gene (Simon et al., 

1994; Zanol et al., 2010). Therefore, the use of a longer 16S region in future 

studies could be important to understand Capitella phylogeny. 

The multiple invasion of the deep-sea environment by Capitella seems 

similar to those of the annelid worm Ophryotrocha, which evolved 

independently multiple times to colonize deep-sea chemosynthetic 

environments (Wiklund et al., 2019b, 2012; Thornhill et al., 2012). 

Interestingly, both Capitella and Ophryotrocha are known as opportunistic 

groups living in organically enriched shallow-water habitats with high 

tolerance to toxic compounds, such as sulfide. Thornhill et al. (2012) suggest 

Ophryotrocha living in cold seeps adapted from shallow water species. It is 

possible that for Capitella, tolerance and mechanism to mitigate toxic 

compounds were also important pre-adaptations to colonize deep-sea 

chemosynthetic environments, and organic falls could be important habitats to 

introduce Capitella into the deep sea. 

Overall, our results show that the Capitella ancestor was probably a 

shallow-water inhabitant and at least two lineages invaded and diversified in 

the deep sea. They probably used organic falls to reach the deep sea, but 

future studies with the inclusion of Capitella species from other deep-sea 

environments are needed to strengthen the hypothesis of organic falls as 

vehicles for deep-sea invasion. Notwithstanding, the high number of species 

of Capitella associated to deep-sea organic falls and a deep-sea clade 

clustering Atlantic and Pacific species strongly indicate that these 

environments were/are important for the diversification of the genus in the 

deep-sea ecosystem. 
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CHAPTER 4 

Inter-ocean distribution and species diversity of Hesionidae 
(Annelida) colonizing deep-sea SW Atlantic whale carcasses 
 
Abstract 

The family Hesionidae (Annelida: Phyllodocida: Nereidiformia) is frequently 
sampled in deep sea. Among the hesionids, Sirsoe Pleijel, 1998 and 
Vrijenhoekia Pleijel et al., 2008 are cases of genera only known in deep sea, 
mainly in chemosynthetic environments. We demonstrated with integrated 
taxonomy the high richness of these hesionids in organic falls of deep SW 
Atlantic Ocean, with 12 species in total, being 10 new to science. Moreover, 
our analyses showed that Vrijenhoekia should be synonymized with Sirsoe 
and for this reason we emended the diagnosis of Sirsoe. Among the new 
species, two form a complex group with S. balaenophila comb. nov. present in 
NE Pacific. These three cryptic species live in sympatry in organic falls of SW 
Atlantic. However, we also found cryptic species, that can be isolated by 
depth, since S. alphacrucis sp. nov. is restricted to 1500 m, while S. yokosuka 
sp. nov. was found only in samples deeper than 3000 m. Morphological and 
mitochondrial genes (COI and 16S) data confirm the presence of S. 
balaenophila and S. sirikos in SW Atlantic, highlighting the similarities 
between Pacific and Atlantic whale fall fauna. The new species, Sirsoe 
maximiano sp. nov., is shared between whale falls from SW Atlantic and vent 
sites from Mid-Caymann Spreading Center. This increases the list of shared 
species among chemosynthetic-based communities, reinforcing the 
hypothesis that some organisms may use organic falls as dispersion stepping-
stones. 

Keyword: Whale-fall specialist, Shared species, Systematic, Phylogeny. 

 
1. Introduction 

Whale carcasses sink into and impact the food-limited deep sea (>200 

m) in an analogous manner as trees fall and affect forests (Roman et al., 

2014), creating remarkable island-like habitats considered hotspots of 

biodiversity and evolutionary novelty (Smith & Baco, 2003, Smith et al., 2015). 

Assemblages of opportunist and specialist fauna colonize carcasses during 

their decaying characterizing a series of successional overlapping stages 

(Smith & Baco, 2003, Baco & Smith, 2003, Smith, 2006, Lundsten et al., 

2010a, Fujiwara et al., 2010, Smith et al., 2015). Whale falls have been 

hypothesized to act as ecological and evolutionary stepping stones for some 
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chemosymbiotic hydrothermal vent and cold seep fauna, such as vesicomyid 

and bathymodiolin bivalves (Smith et al. 1989, Distel et al. 2000, Smith & 

Baco, 2003, Lorion et al., 2009, 2013, Miyazaki et al., 2010, Smith et al., 

2015, 2017, Kiel, 2017). This is because at late degradation stages, whale 

falls become chemosynthetic-based habitats, similar to hydrothermal vents 

and cold seeps (Smith et al., 1989, 2015; Smith & Baco, 2003). During these 

stages whale falls form a mosaic of microhabitats both on the skeleton and 

sediments harboring extremely high species-rich assemblages (Baco & Smith, 

2003, Smith & Baco, 2003, Smith et al., 2014, Alfaro-Lucas et al., 2018). 

Whale falls are found worldwide but mainly along whale migratory 

corridors at continental margins and around equatorial latitudes (Smith & 

Baco, 2003; Sumida et al., 2016). The biodiversity and species distribution of 

whale-fall fauna remain poorly known, especially areas others than the 

Pacific, affecting fields of fundamental knowledge such as their biogeographic 

patterns (Smith et al., 2015, 2017; Sumida et al. 2016). Specialist fauna of 

these habitats have most probably already went extinct in some basins, such 

as in the Atlantic, as a result of commercial whaling (Roman et al. 2014). 

Therefore, these gaps in the fundamental knowledge are crucial for the 

effective protection of these hotspots of deep-sea biodiversity. Annelids are 

the most diverse and abundant taxa in whale-fall communities, including some 

of the most iconic specialists, and are also the most shared taxa among other 

chemosynthetic habitats (Smith et al., 1989, 2014, 2015, 2017; Smith & Baco, 

2003, Braby et al., 2007; Fujiwara et al., 2007; Lundsten et al., 2010a; Amon 

et al., 2013, 2017; Sumida et al., 2016; Alfaro-Lucas et al., 2017). 

In particular, some annelid families are extremely species-rich, as is 

the case of Hesionidae Grube, 1850, with five known genera occurring on 

whale falls (Summers et al., 2015; Sumida et al., 2016; Alfaro-Lucas et al., 

2017). Among them, the genus Sirsoe Pleijel, 1998 and Vrijenhoekia Pleijel et 

al., 2008, are exclusively known from chemosynthetic habitats, including 

whale falls, which represent important areas for diversity and dispersion of 

these organisms, making them taxa of a particular interest for whale-fall 

ecology (Summers et al., 2015). Some of these taxa, such as V. balaenophila, 

may be shared between the SW Atlantic and NE Pacific basins, suggesting an 



Shimabukuro,	M.																																																			Diversity	and	phylogeny	of	whale-fall	hesionids	
 

______________________________________________________________ 
 57 

inter-basin distribution (Sumida et al., 2016). Despite its ecological 

implications, the taxonomy of Sirsoe and Vrijenhoekia is quite confused. 

Members of Sirsoe were originally described within the genus Orseis 

Ehlers, 1864, which was posteriorly considered as a junior synonym of 

Oxydromus Grube, 1855. Aiming to accommodate Orseis species, Pleijel 

(1998) erected a new genus named Sirsoe and designed Sirsoe grasslei 

(Blake, 1985) as the type species. Re-examination of S. grasslei by Pleijel 

(1998), however, revealed similarities with the “iceworm”, S. methanicola, 

which in turn was originally described as member of Hesiocaeca 

(Desbruyères & Toulmond, 1998). Nevertheless, Pleijel (1998) assigned the 

S. methanicola within Sirsoe genus given that Hesiocaeca was considered as 

incertae sedis by the author due to the poor condition of H. bermudensis (type 

species of the genus). Currently, the diagnostic feature of Sirsoe is the 

presence of median dorsally inserted antenna (Pleijel, 1998; Ruta et al., 

2007). 

Since the discovery of the first species of the genus Vrijenhoekia, V. 

balaenophila, both analyses of molecular and morphological data revealed a 

close affinity to Sirsoe (Pleijel et al., 2008). Even though V. balaenophila could 

be included within Sirsoe, Pleijel et al. (2008) decided to erect a new genus 

based on the absence of a median antenna in Vrijenhoekia. Moreover, 

Vrijenhoekia present glandular lip pads and a well-developed neuropodial 

lobe starting on the fourth segment, features that could create many 

polymorphisms in Sirsoe (Pleijel et al., 2008). The discovery of Vrijenhoekia 

ketea species complex, however, made the acceptance of Vrijenhoekia 

doubtful, given that this complex group bears median antenna (Summers et 

al., 2015). Nowadays both genus, Sirsoe and Vrijenhoekia, are considered as 

valid being the latter sister clade of the former (Pleijel et al., 2008; Summers 

et al., 2015). 

 Here we aim to evaluate (a) the diversity of Hesionidae in whale falls 

from SW Atlantic Ocean using traditional and molecular taxonomy; (b) the 

relationship between Sirsoe and Vrijenhoekia and (c) whether V. balaenophila 

is indeed a cryptic species-complex or, alternatively, if it actually presents an 

inter-basin distribution ranging from the NE Pacific to the SW Atlantic Ocean. 
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2. Material and Methods 

2.1 Sample collection 

Samples were collected for molecular and morphological analyses from 

seven sampling sites during two projects: the BioSuOr project (Biodiversity 

and Connectivity of Benthic Communities on Organic Substrates in the Deep 

SW Atlantic Ocean) (see Chapter 1, Table 1.1) and the Iatá-Piuna expedition, 

a collaborative scientific partnership between Brazil and Japan, as part of the 

around-the-world project QUELLE 2013 (Quest for the Limit of Life) from 

JAMSTEC (Japan Agency for Marine-Earth Science) (see coordinates in 

Sumida et al., 2016). BioSuOr project samples were collected using six deep-

sea landers equipped with acoustic releasers. One lander was deployed on 

the upper slope in the Santos Basin, a region with pockmarcks and diapirs 

(~500 m depth) (Table 1).  The other two and three landers were deployed at 

~1,500 m and ~3,300 m, respectively, along an area comprised between 21˚ 

S and 28˚ S and 38˚ W and 45˚ W, covering an area of ~179,740 km2 

(Chapter 1, Figure 1.3). Three sets of humpback whale vertebrae (Megaptera 

novaeangliae) and cross-sectional wood-log pieces of slash pine tree (Pinus 

elliottii) were used as colonizing organic substrata at each lander. Substrata 

were attached inside a meshed cage (500 µM) and on the inner part of each 

lid. Meshed cages allow water circulation inside and as also prevent the loss 

of organisms during the recovery. The lids remained open during both the 

deployment process and the time at the seafloor but were closed during the 

recovery process due to a system linked with the acoustic releaser. Samples 

from Iatá-Piuna expedition were obtained from a natural minke whale carcass 

(Balaenoptera bonaerensis) found at the base of São Paulo Ridge at 4,204 m 

depth and were sampled using the HOV Shinkai 6500 (Sumida et al., 2016). 

Samples from the BioSuOr project were initially identified on board and 

separated for morphological and molecular analyzes. Organisms for 

morphological analysis were fixed in 4% formalin and then replaced by 70% 

ethanol and were used for photography under stereomicroscope, light 

microscopy and SEM. Tissues of organisms for molecular analysis were 

preserved in un-denatured 99% ethanol (SigmaAldrich®, molecular degree). 
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Organisms collected during the Iatá-Piuna expedition were preserved in 95% 

ethanol on board and identified posteriorly on the laboratory.  

2.2 Molecular data collection 

We extracted DNA from a small piece of tissue of each specimen using 

the QIAGEN Blood & Tissue kit and following the manufacture’s protocol, 

except that we eluted the DNA in 50 – 100 µl of ddH2O. We amplified a 

fragment of the cytochrome oxidase subunit-I gene (COI) using the primers: 

LCO1490 (5’- GGT CAA CAA ATC ATA AAG ATA TTG G -3’) and HCO2198 

(5’ – TAA ACT TCA GGG TGA CCA AAA AAT CA – 3’) (Folmer et al., 1994). 

PCRs for COI contained 12.5 µL of GoTaq® Green Master Mix (Promega), 

0.125 µL of each primer (20 µM), 2 µL DNA template (20-100 ng) and 10.25 

µL of nuclease-free water (Promega). The thermal cycling profile for COI was: 

95˚C for 2 mins, 30 cycles of 94˚C for 45 s, 51˚C for 1 min, 72˚C, 1 min and a 

final step of 72˚C for 7 mins. Additionally, a fragment of the 16S gene was 

amplified using the primers: 16SarL (5’ – CGC CTG TTT ATC AAA AAC AT – 

3’) and 16SbrH (5’ – CCG GTC TGA ACT CAG ATC ACG T – 3’) (Palumbi et 

al., 1991). PCRs for 16S contained 6.3 µL of GoTaq® Green Master Mix 

(Promega), 0.1 µL of each primer (20µM), 2 µL DNA template (20-100 ng) 

and 4 µL of nuclease-free water (Promega). The thermal cycling profile for 

16S was: 95˚C for 2 mins, 35 cycles of 94˚C for 45 s, 50˚C C for 1 min, 72˚C 

for 1 min and a final step of 72˚C for 7 mins. PCR products were sequenced 

at the CEGH facility (Centro de Pesquisa sobre o Genoma Humano e 

Células-Tronco) at the University of São Paulo using an ABI 3730 DNA 

Analyzer. Sequencing reactions were made with BigDye Terminator v3.1 

cycle sequencing Kit. The fragments of each gene were bi-directly sequenced 

and assembled in Geneious V.10.2.2 (Kearse et al., 2012). 

2.3 Morphological analysis 

Morphological analyses were performed according Pleijel (1998), 

Pleijel et al. (2008) and Summers et al. (2015). We used the presence of 

dorsal median antenna on prostomium to distinguish Sirsoe from 

Vrijenhoekia, given that this feature is present only in the former (Pleijel, 1998; 

Pleijel et al., 2008) and glandular lip pads, which are only present in 
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Vrijenhoekia (Pleijel et al., 2008). We used the papilla-shaped neuropodial on 

segment 3 and the presence of three pairs of large glandular lip pads around 

the mouth to distinguish V. balaenophila in our material from the other 

Vrijenhoekia morphotypes. 

2.4 Phylogenetic analysis 

We conducted phylogenetic analyses on three datasets: COI data, 16S 

data, and a combined matrix with both genes (COI+16S). Additionally, we 

retrieved Sirsoe and Vrijenhoekia sequences from GenBank (Table 4.1). We 

used Nereimyra as outgroup, according the phylogeny in Pleijel et al. (2008) 

and Summers et al. (2015). Sequences were aligned with MAFFT (Katoh & 

Standley, 2013), using G-INS-i option for COI and E-INS-i for 16S. COI 

sequences were translated into amino acid sequences to check the presence 

of stop codons. We examined the 16S alignment manually and no gap was 

observed. We also used Gblocks 0.91b (Castresana, 2000) in order to delete 

possible poorly aligned positions and too divergent regions. Gblocks did not 

cut regions out of the alignment other than trimming the edges data due to 

differences in sequence read length. The COI and 16S combined dataset was 

obtained by concatenating the trimmed alignments of each gene. 

Phylogenetic analyses were performed using Maximum Likelihood 

(ML) and Bayesian Inference (BI). The ML analysis was performed in RAxML 

v.8.2.7 (Stamatakis, 2014). PartitionFinder v.2 (Lanfear et al., 2016) was used 

to determine the model choice for COI data, returning the GTR+G model for 

the 1st and 2nd position of COI sequences and the GTR+G+I model for 3rd 

position. For 16S, the best model selected was the GTR+G+I. Statistical 

support of ML nodes was obtained by bootstraps of 1000 replicates. BI 

analysis was conducted in MrBayes v. 3.2 (Ronquist et al., 2012), with the 

same partitioning and models for both genes. BI analyses used two 

independent and simultaneous runs of four chains with all parameters 

sampled every 100th generation. ML and BI for the COI and 16S combined 

dataset were performed using the GTR+G+I model for each of the two gene 

partitions. Genetic distances were estimated without correction (p-distance) 

and corrected by K2P model to allow comparison with literature. Distances 

were calculated in MEGA v.7 (Kumar et al., 2016). 
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Table 4.1 – Locality, depth and Genbank accession number of sequences employed in this 
study. 

 

 
2.5 Intraspecific analysis of Vrijenhoekia balaenophila 

The relationship among V. balaenophila clades was investigated using 

a 564 bp COI alignment. Given that this was a potentially intraspecific dataset, 

the total number of segregating and parsimony informative sites, number of 

haplotypes (h), haplotype diversity, and nucleotide diversity (π) were 

calculated in DNAsp 5.10.1 (Rozas et al., 2010) for each clade and for the 

Vrijenhoekia balaenophila complex. In addition, a haplotype network was 

Species Location Depth COI 16S Reference

Sirsoe ahabi Monterey Canyon 2893 JN571876 JN571887 Summers et al., 
2015

Sirsoe balaenophila 
(clade-1)

Monterey 
Canyon/SW 

Atlantic: natural 
whale fall, ES-1500, 

ES3300, 
SP3300,RJ3300

1491-
3358

DQ513297-
DQ513300/ 
JN571831-
JN571837/ 

+9seqs

DQ513301/ 
DQ513303-
DQ513305/ 
JN571884

Pleijel et al., 2008; 
Summers et al., 
2015; this study

Sirsoe balaenophila 
(clade-2) Monterey Canyon 2893

DQ513297/ 
JN571836

DQ513302/ 
JN571883

Pleijel et al., 2008; 
Summers et al., 

2015
Sirsoe pirapuan sp. nov. 
(clade-3)

ES1500/ES3300 1491-
3322

13 seqs 11 seqs this study

Sirsoe ypupiara sp. nov. 
(clade-4)

SP3300/RJ3300 3285-
2258

15 seqs 11 seqs this study

Sirsoe falenothiras Monterey Canyon 2893 JN571875 JN571886 Summers et al., 
2015

Sirsoe ketea Monterey Canyon 2893 JN571838 JN571885 Summers et al., 
2015

Sirsoe sp. A Guaymas Basin 1565 KP745533 KP745536 Summers et al., 
2015

Sirsoe methanicola Gulf of Mexico - DQ513295 DQ442582 Pleijel et al., 2008

Sirsoe sirikos

Monterey 
Canyon/SW 

Atlantic: natural 
whale fall

2893-
4204

JN571829/ 
+1 seq

JN571882/ 
+1 seq

Summers et al., 
2015; this study

Sirsoe maximiano sp. 
nov.

Cayman Spreading 
Center/SW Atlantic: 
SP1500, SP3300

1508-
3358

KJ566956/  
+4 seqs 4 seqs

Plouviez et al., 
2015; this study

Sirsoe alphacrucis sp. 
nov.

SW Atlantic: diapir, 
SP1500, ES1500

1491-
1508

7 seqs 4 seqs this study

Sirsoe yokosuka sp. nov.
SW Atlantic: natural 
whale fall/ES3300/ 

SP3300

3322-
4204 4 seqs 3 seqs this study

Sirsoe besnard sp. nov. SW Atlantic: 
RJ3300

3285 1 seq 1 seq this study

Sirsoe alphadelphini sp. 
nov.

SW Atlantic: 
RJ3300

1 seq 1 seq this study

Sirsoe ungava sp. nov. SP3300 3358 1 seq 1 seq this study
Sirsoe alucia sp. nov. SW Atlantic: diapir 7 seq 3 seq this study
Sirsoe nadir sp. nov. SW Atlantic: diapir 3 seq 3 seq
Sirsoe sp. 'BioSuOr' SP3300 3358 1 seq 1 seq this study
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created including all clades using the TCS method (Clement et al., 2002) in 

PopART (http://popart.otago.ac.nz.). 

 
3. Results 

3.1 Species delimitation and phylogenetic relationship 

Prior to molecular analyses we identified V. balaenophila and S. sirikos 

as well as 7 new species of the genus Vrijenhoekia (hereafter named from 

Vrijenhoekia sp. 1 to Vrijenhoekia sp. 7) in our samples from the SW Atlantic. 

COI dataset consisted in 6 sequences of Sirsoe and 67 sequences of 

Vrijenhoekia of 602-bp with 215 variable and 190 parsimony informative sites. 

16S dataset consisted in 57 terminal taxa and 442-bp containing 84 variable 

and 69 parsimony informative sites. Analyses of COI and 16S split 

Vrijenhoekia sp. 4 in two clades and V. balaenophila in four clades (Figure 

4.1A, B). Notwithstanding, using the molecular and the morphological 

information we delimited 12 species (see descriptions in Systematic section) 

(Figure 4.1). In general, intraspecific divergence of COI and 16S was close to 

zero, while the interspecific divergence of morphologically similar species, 

range from 5% to 10% for COI and < 5% for 16S (Figure 4.2A, B). 

Interestingly, we observed no COI divergence between some specimens of 

Vrijenhoekia sp. 2 morphotype and Sirsoe ‘SP-2014’ (sequence extracted 

from GenBank). Both single gene trees nested species without median 

antenna (Vrijenhoekia sp. 1 and Vrijenhoekia sp. 2) within Sirsoe (Figure 4.1). 

The concatenated COI+16S dataset consisted of 25 terminal taxa with 1044-

bp, being 318 variable sites and 267 parsimony informative sites. The 

concatenated tree also showed a polyphyly in Vrijenhoekia, given that taxa 

with and without median antenna were nested together (Figure 4.3). For these 

reasons, from hereafter we use Vrijenhoekia as synonym of Sirsoe. 

Our phylogenetic analyses recovered three well-supported clades (BS: 

83-100% PP: 1.0) (Figure 4.3). Clades-I and III contained species with and 

without median antenna, while clade-2 contained only species without median 

antenna. Species with glandular lip pads (from one to three pairs) were found 

only in clade-2, even though this clade also contained two species without 

glandular lip pads (S. besnard sp. nov. and S. alphadelphini sp. nov.). The 
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Figure 4.2 - Histogram of p-distances for A) COI and B) 16S datasets. 

 
clade-I (BS: 94%, PP: 0.98) was formed by S. sirikos and S. methanicola as 

well as two new species: S. alucia and S. maximiano. Clade-II comprised S. 

balaenophila species complex, S. alphacrucis sp. nov., S. yokosuka sp. nov., 

S. alphadelphini sp. nov., S. besnard sp. nov. and S. nadir sp. nov., (BS: 64 

PP:0.92). Clade-III contained S. ketea species complex and S. ungava sp. 

nov., and also two not described species: Sirsoe sp. A (from Summers et al., 

2015) and Sirsoe ‘BioSuOr’ (from our samples). Relationships within clade-III 

were not congruent between ML and BI; while in ML S. ahabi was nested 

within S. ketea species complex (BS: 43%, Figure 4.3), BI showed a 

trichotomy with S. ahabi out of S. ketea clade (tree not showed). 

3.2 Sirsoe balaenophila species complex 

The S. balaenophila species complex COI dataset consisted in 564-bp 

and 47 terminal taxa. This dataset showed a total of 81 segregating sites, 73 

of them parsimony informative sites (Table 4.2). Nucleotide and haplotype 

diversities were higher in S. balaenophila ‘strictu sensu’ in comparison of the 

new species: S. pirapuan and S. ypupiara. The haplotype TCS network of COI 

also revealed four main clades with the closest clades separated by at least 

19 substitutions (Figure 4.4). S. balaenophila clade-1 comprised 10 

haplotypes from the Pacific and four from the Atlantic Ocean (Figure 4). No 

haplotypes were shared between both basins with three substitutions sites 

separating the closest haplotypes (Figure 4.4). Three clade-1 haplotypes from 

Atlantic were shared between different sites and one of them was found at both 
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Figure 4.3 - Phylogenetic relationships of Sirsoe inferred from the maximum likelihood (ML) 
analysis of the concatenated dataset (COI+16S). Values before slash are bootstrap supports of 
ML (only >50%) and after are posterior probabilities supports of bayesian inference. 

 
both ~1500 m to ~3300 m depth (Figure 4.4). S. balaenophila clade-3 and 4 

contained only specimens from the Atlantic Ocean and are described below 

as new species, S. pirapuan and S. ypupiara, respectively. S. pirapuan 

presented 5 haplotypes, two of them shared between ~1500 m and ~3300 m-

depth sites (Figure 4.4). S. ypupiara was present only at 3300 m depth but 

found at two sites (Figure 4.4). One haplotype of this clade is shared between 

different locations. The S. balaenophila clade-2 was formed by two single 

haplotypes from the Pacific, and is putative new species. 

 
Table 4.2 - Summary of genetic variability of COI for Sirsoe balaenophila species complex and 
for each clade. “N” – total number of specimens analyzed; “H” – number of haplotypes; “Np” – 
polymorphic sites; “Pis” – parsimony informative sites; “Hd” – haplotype diversity; “π” – 
nucleotide diversity. 

 
 

N H Np Pis Hd π
Sirsoe balaenophila complex 49 30 81 73 0.95 ± 0.02 0.05096

S. balaenophila (clade-1) 19 14 19 16 0.98 ± 0.03 0.01185
S. balaenophila (clade-2) 2 2 2 0 - 0.00346

S. pirapuan 13 5 5 1 0.54 ± 0.16 0.00177
S. ypupiara 15 9 10 3 0.85 ± 0.09 0.00327
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Figure 4.4 - Haplotype network of Sirsoe balaenophila species complex based on TCS analyses 
(Clement et al., 2000). The network was produced in PopART (Leigh and Bryant, 2015). Numbers 
in parentheses are numbers of substitution sites between haplotypes. Only one substitution was 
omitted. A black circle represents a missing inferred haplotype. 

 
3.4 Systematic Account 

Hesionidae Grube, 1850 

Psamathinae Pleijel, 1998 

Remarks: Pleijel (1998) defined Psamathini sub-tribe as Hesioninae with 

facial tubercle absent and prolonged teeth of chaetal blades. The dorsal cirri 

pattern is distinct without elevated dorsal cirri in segment 19th (Ruta & Pleijel, 

2006). The Psamathini sub-tribe was elevated to sub-family status by 

Summers et al. (2015), using the same definition of Psamathini as Pleijel 

(1998). 

Sirsoe Pleijel, 1998 emended 

Diagnosis: Psamathinae with or without dorsally median antenna, frontal 
tubercle present, small nuchal organs as oblique rows not projected on 
posterior margin of prostomium, eyes absent. 

Remarks: According to Pleijel (1998), Sirsoe includes Psamathinae with a 

dorsal median antenna and absence of eyes, while Vrijenhoekia includes 

those without median antenna (Pleijel et al., 2008). The authors highlight the 

close affinity of Vrijenhoekia with Sirsoe, but maintained both valid genera. 

However, the diagnostic features of Vrijenhoekia, as originally described by 

Pleijel based on a single species, i.e., V. balaenophila, are not present in any 

other species described posteriorly. This includes the work of Summers et al. 

(2015) describing the Vrijenhoekia ketea species complex with median 
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antenna, as well as our material, which suggest that the diagnostic feature 

can be useful only for Sirsoe balaenophila comb. nov. (see remarks of S. 

balaenophila). In addition, our molecular phylogeny not revealed such a 

pattern delimited by the presence/absence of median antenna (Figure 4.5C 

and Figure 4.7C). Therefore, we propose Vrijenhoekia as synonym of Sirsoe. 

According to our results, the morphological features common in all 

Sirsoe species are the presence of frontal tubercle (in different levels of 

development) and small nuchal organs. Nuchal organs are well developed in 

most Psamathinae taxa, with the exception of Sirsoe, Micropodarke and 

Syllidia (Pleijel, 1998). Micropodarke and Syllidia bear nuchal organs as 

slightly curved bands, projected in posterior and lateral margins of 

prostomium (Pleijel & Rouse, 2005; Ruta & Pleijel, 2006). In contrast, Sirsoe 

bears more reduced small-depression-like nuchal organs, usually in oblique 

row, located on the corner of posterior margin of prostomium, but not 

projecting dorsally on posterior margin. Micropodarke has proboscis 

diaphragm and basal spurs on neurochaetae blades (Pleijel & Rouse, 2005), 

both features not present in Sirsoe. Within Psamathinae, presence of jaws 

only occurs in Syllidia, distinguishing this genus from the others (Ruta & 

Pleijel, 2006). Up to date, Sirsoe includes 16 valid species, two of them 

containing a cryptic-species complex. 

Valid species: 

Sirsoe grasslei (Blake, 1985) – type species 

Sirsoe hessleri (Blake, 1991) 

Sirsoe methanicola (Desbruyères and Toulmond, 1998) 

Sirsoe balaenophila (Pleijel, Rouse, Ruta, Wiklund and Nygren, 2008) 

Sirsoe pirapuan (this study) 

Sirsoe ypupiara (this study) 

Sirsoe sirikos Summers, Pleijel and Rouse, 2015 

Sirsoe ketea (Summers, Pleijel and Rouse, 2015) 

Sirsoe falaenothiras (Summers, Pleijel and Rouse, 2015) 

Sirsoe ahabi (Summers, Pleijel and Rouse, 2015) 

Sirsoe alphacrucis (this study) 
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Sirsoe yokosuka (this study) 

Sirsoe maximiano (this study) 

Sirsoe alphadelphini (this study) 

Sirsoe alucia (this study) 

Sirsoe nadir (this study) 

Sirsoe besnard (this study) 

Sirsoe ungava (this study) 

 
    Sirsoe sirikos Summers, Pleijel and Rouse, 2015 

    (Figures 4.5 A-G) 

Material examined: 2 specimens (ColBio DS00140) – specimen-1: 8.0 mm 

length and 0.8 mm wide, 28 chaetigers; specimen-2: 8.0mm length and 1.0 

mm, 22 chaetigers). 

Description: Body cylindrical, slightly flattened but not tapered; preserved 

specimens whitish. Prostomium slightly wider than long, nearly rectangular 

(Figure 4.5A). Eyes absent. One pair of small nuchal organs, as oblique rows, 

positioned dorso-laterally to the prostomium (Figure 4.5C). Frontal tubercle 

distinct, short and cushion-like (Figure 4.5B, E). Palps biarticulated; 

palpophore rhomboid, slightly wider than long; palpostyle conical and longer 

than palpophore (Figure 4.5E). Lateral antennae slender and slightly longer 

than palps; median antenna short, delicate, inserted near of posterior margin 

(Figure 4.5 A-E). Glandular lip pads absent. Proboscis not totally everted. 

Dorsal cirri of first two segments enlarged with distinct cirrophores. Ventral 

cirri slender and shorter than dorsal ones; cirri of segments 1-3 enlarged with 

distinct cirrophores (Figure 4.5C); following ventral cirri attached in the mid-

ventral margin of neuropodial without distinct cirrophores (Figure 4.5B). Noto- 

and neuropodial lobes and chaetae absent on segments 1 and 2; following 

segments with sub-birramous parapodia; notopodia reduced to dorsal 

cirrophores with two notoaciculae (not easily observed); neuropodia stout with 

pointed acicular lobe bearing up to three robust neuroaciculae. Anterior 

neuropodia with ~40 compound chaetae, 15 supra-acicular and 25 sub-

acicular (Figure 5F); posterior neuropodia with fewer chaetae than anterior 

ones, ~10 supra-acicular and 10 sub-acicular (chaetigers 22); blades of supra- 
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Figure 4.5 - Sirsoe sirikos. Scanning electronic microscopy images of specimen from SW 
Atlantic. A: anterior end, dorsal view; B: anterior end, ventral view; C and D: lateral view; E: 
ventral view; F: median neuropodia; G: supra- and sub-acicular neurochaetae. Abbreviation: 
m.a: median antenna, white arrow: indicating neuropodial lobe on 3rd segment; black arrow 
indicating nuchal organs. Scales: A-B: 200 µM; C-G: 100 µM. 
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Table 4.3 - Average of uncorrected genetic distance (p-distance) among Sirsoe species. Values 
above the diagonal are interspecific 16S distance and below are COI distance. Diagonal values 
(in bold) are intraspecific distances; top is 16S and inferior is COI. Dark red and green represent 
high values and light colors low values. 

 
 
acicular chaetae ca. 15 times longer than wide, sub-acicular ones 

progressively shorter, nearly half the length of supra-acicular. Cutting edge of 

blades finely serrated, distally unidentate, with a sub-distal spine-like 

prolongation (Figure 4.5G). Pygidium small; pygidial cirri and papilla lost, but 

with three scars of insertion. 

Molecular identity: Intraspecific divergences were 2.9% and 0% (p-distance) 

for COI and 16S, respectively (Table 4.3). Interspecific divergence ranged 

from 7.7% with S. maximiano sp. nov. to 22.7% with S. alphadelphini sp. nov. 

for COI, whereas 16S divergence ranged from 0.7% with S. maximiano to 

13.0% with S. alphacrusis sp. nov. (Table 4.3) 

Remarks: The absence of neuropodial lobe on third segment can 

distinguishes S. sirikos from other Sirsoe species (Summers et al., 2015). The 

specimens studied herein from Atlantic Ocean, however, present a 

neuropodial lobe on segment 3. The first neuropodia is about half of the size 
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S. alucia sp. nov. 0.025 - 
0.001 0.162 0.161 0.167 0.148 0.165 0.154 0.172 0.153 0.110 0.110 0.146 0.145 0.145 0.143 0.152 0.160 0.164 0.123

S. nadir sp. nov. 0.225 0.024 - 
0.009 0.075 0.065 0.047 0.107 0.100 0.126 0.057 0.121 0.123 0.060 0.057 0.055 0.060 0.093 0.104 0.109 0.109

S. alphadelphini sp. nov. 0.209 0.189 - 0.063 0.045 0.111 0.116 0.133 0.040 0.130 0.130 0.062 0.062 0.066 0.067 0.100 0.111 0.114 0.109

S. alphacrucis sp. nov. 0.225 0.197 0.176 0.024 - 
0.002 0.024 0.095 0.108 0.120 0.043 0.132 0.130 0.056 0.053 0.051 0.056 0.089 0.100 0.094 0.106

S. yokosuka sp. nov. 0.208 0.181 0.163 0.112 0 - 
0.004 0.085 0.090 0.104 0.021 0.109 0.107 0.031 0.033 0.026 0.031 0.073 0.083 0.076 0.090

S. ungava sp. nov. 0.230 0.176 0.186 0.153 0.148 - 0.057 0.069 0.095 0.118 0.116 0.085 0.083 0.090 0.088 0.052 0.040 0.043 0.118

Sirsoe sp. A 0.222 0.191 0.200 0.195 0.173 0.165 - 0.050 0.095 0.107 0.104 0.095 0.092 0.095 0.095 0.040 0.062 0.059 0.114

Sirsoe sp. 'BioSuOr' 0.212 0.189 0.188 0.174 0.159 0.168 0.150 - 0.107 0.118 0.114 0.111 0.111 0.111 0.112 0.055 0.073 0.071 0.123

S. besnard sp. nov. 0.228 0.182 0.161 0.185 0.171 0.198 0.186 0.200 - 0.116 0.109 0.043 0.043 0.043 0.048 0.076 0.090 0.097 0.097

S. maximiano sp. nov. 0.205 0.215 0.205 0.189 0.203 0.203 0.212 0.195 0.234 0 - 
0.001 0.007 0.110 0.111 0.109 0.105 0.109 0.114 0.116 0.055

S. sirikos 0.215 0.203 0.189 0.181 0.201 0.191 0.203 0.207 0.227 0.077 0 - 
0.029 0.107 0.109 0.107 0.102 0.102 0.111 0.114 0.055

S. ypupiara sp. nov. 0.218 0.196 0.166 0.166 0.144 0.168 0.182 0.177 0.183 0.212 0.201 0.001 - 
0.003 0.005 0.005 0.003 0.090 0.088 0.091 0.100

S. pirapuan sp. nov. 0.219 0.177 0.165 0.156 0.141 0.160 0.164 0.162 0.182 0.197 0.190 0.061 0 - 
0.002 0.007 0.005 0.090 0.088 0.090 0.095

S. balanophila clade-2 0.217 0.180 0.161 0.160 0.142 0.162 0.179 0.174 0.178 0.211 0.195 0.075 0.059 0 - 
0.003 0.005 0.090 0.088 0.090 0.100

S. balaenophila 0.200 0.175 0.163 0.144 0.131 0.158 0.168 0.164 0.184 0.200 0.190 0.076 0.065 0.079 0 - 
0.011 0.090 0.090 0.092 0.100

S. ahabi 0.216 0.189 0.171 0.178 0.154 0.170 0.156 0.159 0.181 0.200 0.200 0.162 0.160 0.155 0.160 - 0.043 0.047 0.104

S. falenothiras 0.229 0.197 0.193 0.171 0.165 0.107 0.166 0.154 0.197 0.195 0.187 0.186 0.183 0.181 0.172 0.169 - 0.038 0.126

S. ketea 0.229 0.199 0.204 0.198 0.177 0.144 0.179 0.185 0.197 0.210 0.219 0.188 0.185 0.181 0.176 0.181 0.149 - 0.121

S. methanicola 0.212 0.217 0.216 0.217 0.230 0.198 0.221 0.209 0.238 0.154 0.156 0.213 0.205 0.210 0.203 0.226 0.197 0.203 -
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of the second neuropodial lobe (Figures 4.5 B-C). Moreover S. sirikos from 

Atlantic Ocean presents two noto- and three neuroaciculae, while according 

Summers et al. (2015) S. sirikos presents only one noto- and neuroacicula. All 

other morphological features of S. sirikos from Atlantic Ocean agree with 

Summers et al. (2015) description, including the presence of enlarged ventral 

cirrus on first three segments and inserted in a basal cirrophore, which being 

absent in following segments. Although we observed some morphological 

variances between specimens from Atlantic and Pacific, the intraspecific 

divergences of COI and 16S were very low supporting the inter-basin 

distribution of S. sirikos. 

 
Sirsoe balaenophila Pleijel, Rouse, Ruta, Wiklund and Nygren, 2008 comb. 

nov. 
(Figure 4.6A) 
 

Material examined: 1 specimen (ColBio DS00141), SW Atlantic: ES1500, 

incomplete, 19 chaetigers, 14 mm length, 2.5 mm width; 1 specimen (ColBio 

DS00142), SW Atlantic: RJ-3300, incomplete, 9 chaetigers, 7 mm length, 1.8 

mm width; 6 specimens (ColBio DS00143), SW Atlantic: RJ3300, incomplete; 

1 specimen (ColBio DS00144), SW Atlantic: SP3300, incomplete. 

Description: Body stout and tapering to posterior region (Figure 4.6A. Live 

specimens reddish (Figure 4.6A); preserved specimens whitish to pale 

yellowish. Prostomium wider than long, nearly rectangular; prostomium 

forming a swollen ridge basally to the prostomium, extending laterally to the 

first parapodia. Eyes absent. One pair of small nuchal organs, as oblique 

rows, positioned dorso-laterally to the prostomium. Frontal tubercle distinct, 

robust and directed toward anterior end. Palps biarticulated; palpophore 

cylindrical; palpostyle conical, short, up to half of the length of palpophore. 

Terminal proboscis with ten filiform papillae and dense ciliation among each 

papilla. Three pairs of distinct well developed glandular lip pads. Lateral 

antennae slender and slightly longer than palps; median antenna absent. 

Dorsal cirri of first five segments enlarged with distinct cirrophores. Ventral 

cirri slender, shorter than dorsal ones; ventral cirri enlarged with distinct 

cirrophores on first three segments; following ventral cirri with inconspicuous 

cirrophores as basal swollen on ventral margin of neuropodia. Noto- and 
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neuropodial lobes and chaetae absent on first two segments; neuropodial 

lobe on third segment papilliform, usually without chaetae; following segments 

with distinct neuropodial lobes. Anterior neuropodia with 5–8 supra-acicular 

and sub-acicular neurochaetae; mid- to posterior neuropodia with 25–30 

supra-acicular and 20–25 sub-acicular neurochaetae, last 4–5 neuropodia as 

anterior ones; supra- and sub-acicular chaetae with same shape; chambered 

shafts and long blades; blades ca. 15 times longer than wide. Cutting edge of 

blades finely serrated, distally unidentate, distal teeth sharply curved with sub-

distal enlarged prolongation, resembling an empty balloon. Pygidium small, 

with a pair of long pygidial cirri as long as last dorsal cirri. 

Molecular identity: Intraspecific divergence was 1.1% and 0% for COI and 

16S, respectively (Table 4.3). The interspecific divergence among cryptic 

species of S. balaenophila ranged from 6.5% to 7.9%, for COI and from 0.5% 

to 0.7%, for 16S. Despite of that, the minimum interspecific COI divergence 

was 13.1% for S. yokosuka sp. nov. and the maximum interspecific COI 

divergence was 20.3% for S. methanicola (Table 4.3). Interspecific 16S 

divergence ranged from 3.1% to 14.3% (Table 4.3). 

Remarks: The morphology of specimens from the Atlantic is consistent with 

the original description given by Pleijel et al. (2008) for the Pacific specimens. 

Therefore, we confirm that the main diagnostic characters of S. balaenophila 

are the presence of papilla-shaped on segment 3, dorsal cirri long (mainly the 

five first segments), sometimes exceeding the length of the body, three pairs 

of glandular lip pads and presence of swelling-globular-shape cirrophores. 

These features are restricted for species comprising the S. balaenophila 

complex. Our results provide robust evidence that S. balaenophila includes at 

least three cryptic species (see above), two of them described here. Two 

molecular distinct clades (S. pirapuan sp. nov. and S. ypupiara sp. nov, see 

description below) were found living in the same localities (Figures 4.1 - 4.4). 

The cryptic species found in Pacific Ocean was not described herein since we 

have not examined the specimens morphologically. However, Pleijel et al. 

(2008) not found any morphological variation within Pacific specimens. 
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Figure 4.6 - A: Sirsoe balaenophila comb. nov., specimen from SW Atlantic; B: Sirsoe pirapuan 
sp. nov., anterior end, lateral view; C: Sirsoe ypupiara sp. nov., anterior end, lateral view; D: S. 
pirapuan, neurochaetae; E: S. pirapuan, anterior end, ventral view; F: S. ypupiara, anterior end, 
dorsal view; G: S. ypupiara, neurochaetae; H: S. ypupiara, median neuropodia. Abbreviations: f.t: 
frontal tubercle; g: glandular lip pad; black arrows: indicating papilliform lobe on 3rd segment; 
white arrows indicating nuchal organs. Scales: A: 3 mm; B, E, F: 200 µM; C, H: 100 µM; D, G: 10 
µM. 
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  Sirsoe pirapuan sp.nov. 
    (Figure 4.6B/E/F-G) 
 
Material examined: Holotype (MZUSP 3355), SW Atlantic: ES1500, 

incomplete, 12 chaetigers, 8 mm length, 1.8 mm width; Paratype (MZUSP 

3356), SW Atlantic: ES1500, incomplete, 7 chaetigers, 8 mm length, 2 mm 

width; three specimens (ColBio DS00147), SW Atlantic: ES1500. 

Description: Morphologically identical to S. balaenophila. 

Etymology: The word “Pirapuã” means whale in Tupi language (language 

spoken by the largest indigenous nation from Brazil). 

Molecular identity: Intraspecific divergence was 0.2% and 0% for COI and 

16S, respectively (Table 4.3). Divergence between S. pirapuan and S. 

balaenophila was 5.9% and 0.2% for COI and 16S, respectively. Interspecific 

COI divergence with other species ranged between 5.9 and 21.9%, while 16S 

divergence varied between 0.2 and 14.6% (Table 4.3). 

Remarks: See remarks of S. balaenophila. 

     
 Sirsoe ypupiara sp. nov. 
    (Figure 4.6C-D/F) 
 
Material examined: Holotype (MZUSP 3357), SW Atlantic: RJ3330, 

incomplete 10 chaetigers, 10 mm length, 3.2 mm width; Paratype (MZUSP 

3358), SW Atlantic: RJ3300, incomplete 12 chaetigers, 19 mm length, 3.2 mm 

width; Paratype (ColBio DS00150), SW Atlantic RJ3300, incomplete 11 

chaetigers, 12 mm length, 2 mm width. 

Description: Morphologically identical to S. balaenophila. 

Etymology: Ypupîara is a marine demon from the Tupi-Guarani mythology, 

also called as seaman, whose muzzle was hairy and presented a caudal fin 

instead of legs. 

Molecular identity: Intraspecific divergence was 0.3% and 0.1% for COI and 

16S, respectively (Table 4.3). Divergence between S. ypupiara sp. nov. and 

S. balaenophila was 6.1% and 0.3% for COI and 16S, respectively. Between 

other species COI divergence ranged from 6.1 to 21.8%, while 16S ranged 

from 0.3 to 14.6% (Table 4.3). 
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Remarks: See remarks of S. balaenophila. 

 
    Sirsoe maximiano sp. nov. 
    (Figures 4.7 A-E) 
 
Material examined: Holotype (MZUSP 3371), SW Atlantic: SP1500, 

incomplete 17 chaetigers, 6 mm length, 1 mm width. Paratype 2 specimens 

(ColBio DS00152), SW Atlantic: SP1500. Paratype 3 specimens (MZUSP 

3372), SW Atlantic: SP3300. 

Description: Body stout, highly tapering from mid- to posterior body (Figure 

4.7A); preserved specimens whitish to pale yellowish. Prostomium slightly 

wider than long. Eyes absent. Paired nuchal organs as oblique rows, 

positioned dorso-laterally to the prostomium (Figure 4.7C). Frontal tubercle 

restricted to small pad, with the margin slightly crenulated (Figures 4.7 C, E). 

Palps biarticulated; palpophores cylindrical, short and robust; palpostyles 

conical, twice or more the length of palpophores. Lateral antennae cirriform, 

longer than palps; median antenna absent. Proboscis with ten filiform terminal 

papillae covered by dense ciliation among each papilla (Figure 4.7B). 

Glandular lip pads absent. First three segments totally fused, with enlarged 

dorsal cirri longer than the following ones; dorsal cirrophores cylindrical 

throughout the body, shorter in anterior and posterior regions. Ventral cirri 

slender, progressively more distally inserted on neuropodia in posterior 

region; cirri of segments 1-3 enlarged, more robust than in following 

segments, inserted in distinct cirrophores; following ventral cirri not exceed 

the length of neuropodia. Parapodia sub-birramous with notopodia reduced to 

the dorsal cirrophores and neuropodia well developed, with 2-3 noto- and 

neuroaciculae. Neuropodia and neurochaetae starting on segment 3, with 

long and tapering acicular lobule. Anterior and posterior neuropodia with 10-

15 supra-acicular and 15-20 sub-acicular neurochaetae, mid-body with 25-28 

supra-acicular and 15-20 sub-acicular neurochaetae; all with chambered 

shafts and long blades; supra-acicular chaetae from anterior and posterior 

region with blades ca. 8 times shorter than those blades from mid-body; 

blades of supra-acicular chaetae ca. 4 times the longer than sub-acicular 

ones, in anterior and posterior regions, from median region ca. 20 times 
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longer. Neurochaetae shafts from mid-body longer than those from anterior 

and posterior regions; cutting edges of all blades are unidentate, finely serrate 

with sub-distal prolongation like an arista (Figure 4.7D). Pygidium not 

observed. 

Etymology: Named in honor to R/V Almirante Maximiano, the Brazilian Navy 

vessel used to recover the BioSuOr project landers. 

Molecular identity: Intraspecific divergence was 0.1 and 0% for COI and 

16S, respectively (Table 4.3). Interspecific COI divergence ranged between 

7.7 and 23.4%, while 16S divergence varying between 0.7 and 13.4% (Table 

4.3). 

Remarks: The new species, S. maximiano, is characterized by the absence 

of a distinct frontal tubercle and by bear dorsal cirri longer on first two 

segments than following ones, features also found S. methanicola. In addition, 

the phylogeny shows S. maximiano close related to S. sirikos. However, both 

species can be easily distinguished by the presence of a median antenna 

present in S. sirikos, while in S. maximiano this antenna is absent. 

The COI divergence between S. maximiano and Sirsoe ‘SP-2014’, from 

GenBank, was 0% indicating both that are the same species and that the 

distribution of the new species range from Brazil to the Caribbean Sea. This 

finding increases the list of shared species among cognate chemosynthetic 

habitats, since Sirsoe ‘SP-2014’ was found at Mid-Cayman Spreading Center 

vents (Plouviez et al., 2015). 

 
Sirsoe alphacrucis sp. nov. 

    (Figures 4.8 A-F) 
 
Material examined: Holotype (MZUSP 3363), SW Atlantic: SP1500, 

complete 23 chaetigers, 4 mm length, 0.5 mm width; Paratype (MZUSP 

3364), SW Atlantic: SP 1500, incomplete specimen; Paratype (ColBio 

DS00156), SW Atlantic: SP 1500, complete 19 chaetigers, 3.5 mm length, 0.3 

mm width; 17 specimens (MZUSP 3365), SW Atlantic: SP1500. 

Description: Thin cylindrical body, usually not flattened. Preserved 

specimens with brownish pigmentation on anterior segments, concentrated 
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laterally between prostomium and first segments, forming a mask or covering 

the entire prostomium. Prostomium as wide as long, nearly squared (Figure 

4.8B). Eyes absent, even though sometimes the pigmentation on prostomium 

resembles two big eyes. Nuchal organs as small oblique rows, positioned 

dorso-laterally to the prostomium. Frontal tubercle inconspicuous as mild 

swelling (Figure 4.8B). Palps biarticulated; palpophores robust and cylindrical, 

as wide as long, and slightly shorter than palpostyles; palpostyles conical 

(Figure 4.8A, B). Lateral antennae slender, cirriform to conical, thinner than 

palps; median antenna absent (Figure 4.8A, B). Glandular lip pads present; 

one dorsal and one ventro-lateral pairs, not easily distinguishable. Everted 

probocis with ten cirriform terminal papillae, densely ciliated among each 

papilla (Figure 4.8A, B). First two segments totally fused, the third partially  

 

 
Figure 4.7 - Sirsoe maximiano sp. nov. A: complete specimen, lateral view; B: anterior end, 
lateral view; C: anterior end, dorsal view; D: neurochaetae; E: anterior end, dorsal view. a: frontal 
antennae; f.t: frontal tubercle; t.p: terminal papillae; white arrows indicating nuchal organs. 
Scales: A: 1 mm; B-C: 100 µM; D: 20 µM; E: 200 µM.  
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fused with the second. Dorsal cirri of the first two segments enlarged, longer 

and more robust than following ones. Ventral cirri enlarged on first three 

segments and inserted in small cirrophores, being the first ventral cirri longer 

than the second and third; following ventral cirri attached to the base of 

neuropodia, as long as or slightly longer than the acicular lobule. Parapodia 

sub-birramous with notopodia reduced to dorsal cirrophores bearing 1-2 

notoaciculae. First neuropodia on segment 3 (Figure 4.8A), 2-3 times smaller 

than second neuropodial, following segments with neuropodia about same 

size; neuropodia short with slender acicular lobule and 2-3 neuroaciculae. 

Anterior and posterior neuropodia with ~7-9 supra-acicular and 5-7 sub-

acicular neurochaetae (Figure 4.8C); all compound neurochaetae with shafts 

all chambered. Blades up to 10 times longer than wide, with about same 

length along the body (Figure 4.8D). Cutting edge of baldes finely serrated, 

distally unidentate, curved, with a sub-distal spoon-like prolongation, distally 

inflated, projecting towards to the distal tooth (Figure 4.8E); under light 

microscopy the sub-distal prolongation seems a hood. A pair of pygidial cirri 

and dorsal pygidial papilla present (Figure 4.8F). 

Etymology: In honor to the R/V Alpha-Crucis, the IO-USP vessel used to 

deploy the landers during the BioSuOr project. Alpha-Crucis is also the 

brightest star from Crux constellation and represent São Paulo State in the 

Brazilian flag. 

Molecular identity: Intraspecific divergence was 0.2% and 2.4% for COI and 

16S, respectively (Table 4.3). Interspecific COI divergence ranged from 

11.2% to 22.5%, while for 16S ranged from 2.4% to 16.7% (Table 4.3). 

Remarks: The cylindrical shape of the body as well as prostomium 

morphology, i.e. as wide as long and densely pigmented, are features that 

easily distinguished S. alphacrucis sp. nov. from all other Sirsoe species. The 

short clades of neurochaetae and the spoon-like sub-distal prolongation of 

chaetae are also only found in S. alphacrucis sp. nov. Moreover, S. 

alphacrucis sp. nov. has neuropodial lobe starting on segment 3 while in V. 

balaenophila complex, V. ketea, V. falenothiras and V. ahabi starts on 

segment 4. 

 



Shimabukuro,	M.																																																			Diversity	and	phylogeny	of	whale-fall	hesionids	
 

_____________________________________________________________ 
 79 

 

 
Figure 4.8 - Sirsoe alphacrucis sp. nov. A: anterior end, lateral view; B: anterior end, dorsal view; 
C: median neuropodia; D: neurochaetae from median neuropodia; E: detail of neurochaeta; F: 
posterior end, dorsal view, showing the insertions of pygidial cirri and papilla. Abbreviations: a: 
frontal antenna; ci: ciliation; c.v: ventral cirri; p: palp: pr: proboscis; t.p: terminal papilla. Scales: 
A: 100 µM; B: 30 µM; C/F: 20 µM; D: 10 µM; E: 2 µM. 

 
S. alphacrucis is very close related to S. yokosuka sp. nov., being 

almost morphologically indistinguishable, except by the presence of a 

rounded prostomium with darker pigmentation in S. yokosuka sp. nov. (see 

below). Nevertheless, the interspecific divergence of COI and 16S shows that 

both species are valid. 

     
Sirsoe yokosuka sp. nov. 

    (Figures 4.9 A-F) 
 
Material examined: Holotype (MZUSP 3366), SW Atlantic: RJ3300, complete 

19 chaetigers, 3.5 mm length, 0.4 mm width; Paratype (MZUSP 3367), SW 
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Atlantic: ES3300, incomplete 14 chaetigers, 4 mm length, 0.4 mm width; five 

paratypes (ColBio DS00160), SW Atlantic: RJ3300; three specimens (ColBio 

DS00161), SW Atlantic; natural whale fall. 

Complete holotype, only without pygidium, 8.2 mm length and 1.5 mm wide 

(without chaetae) or 2.0mm (including chaetae), 19 chaetigers (not including 

the three anterior segments; the first two are achaeta, and the third segment 

have a small parapodia with a few chaetae. 

Description: Thin cylindrical body, not flattened. Prostomium rounded slightly 

wider than long (Figure 4.9A), covered by a spread dark pigmentation. 

Everted probocis with ten cirriform terminal papillae (Figure 4.9B), densely 

ciliated among each papilla; cilia long, exceeding the length of terminal 

papillae (Figure 4.9B). Lateral antennae slender, cirriform to conical, thinner 

than palps; median antenna absent (Figure 4.9A, C). A pair of pygidial cirri 

and dorsal pygidial papilla present (Figure 4.9E). Other morphological 

features as S. alphacrucis sp. nov. 

Etymology: In honor to R/V Yokosuka, the mothership vessel of the HOV 

Shinkai 6500 of JAMSTEC used in the Iata-Piúna expedition during the 

discovery of the natural whale-fall off Brazil. 

Molecular identity: Intraspecific divergences were 0.4% and 0% for COI and 

16S, respectively (Table 4.3). Interspecific COI divergence ranged from 

11.2% to 23%, while for 16S ranged from 2.1% to 14.8% (Table 4.3). 

Remarks: Even though S. yokosuka sp. nov. is morphologically identical to S. 

alphacrucis, the former has the pigmentation on prostomium always 

spreaded, while the latter is usually concentrated in postero-lateral region, 

resembling a mask. In addition, the bathymetric distribution of both species is 

different; S. yokosuka sp. nov. was found at the lower slope and abyssal 

regions of SW Atlantic, whereas S. alphacrucis was only found at the upper 

slope. 
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Figure 4.9 - Sirsoe yokosuka sp. nov. A: anterior end, dorsal view; B: detail of proboscis; C: 
anterior end, lateral view; D: median neuropodia, ventral view; E: posterior end, dorsal view; F: 
detail of neurochaeta. Abbreviation: black arrow: indication insertion of pygidial papilla. Scales: 
A/E: 100 µM; B/D: 40 µM; C: 20 µM; F: 2 µM. 

 
Sirsoe alucia sp. nov. 

    (Figure 4.10) 
 
Material examined: Holotype (MZUSP 3359), SW Atlantic: diapir, incomplete 

14 chaetigers, 4 mm length, 1.3 mm width; paratype (MZUSP 3360), SW 

Atlantic: diapir, incomplete 12 chaetigers, 6 mm length, 2 mm width; seven 

paratypes (ColBio DS00164), SW Atlantic: diapir. 

Description: Body stout, tapering from median to posterior region; preserved 

specimens pale brownish to reddish on body and parapodia with darker 

coloration. Prostomium wider than long, with region between prostomium and 

first segments densely pigmentated, pigmentation brownish-red to purple  
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Figure 4.10 – Sirsoe alucia sp. nov. A: complete specimen, dorsal view; A: anterior end, antero-
dorsal view with proboscis everted; C: anterior end dorsal view; D: anterior end, lateral view 
showing first neuropodium; E: detail of supra-acicular neurochatae from median parapodia. 

 
(Figure 4.10A); prostomium basally forming a swollen ridge, extending 

laterally to the first parapodia (Figure 4.10B, C). Eyes absent. Nuchal organs, 

as oblique rows, positioned dorso-laterally to the prostomium (Figure 4.10 D). 

Frontal tubercle inconspicuous as small pad with crenulated margin (Figure 

4.10 B, C). Palps biarticulated; palpophores cylindrical; palpostyles conical, 

usually half of the length of palpophores (Figures 4.10B – D). Lateral 

antennae filiform and slightly longer than palps; median antenna absent 

(Figures 4.10B – D). Glandular lip pads absent. Proboscis with ten foliaceous 
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terminal papillae, covered by dense ciliation among each papilla; ciliation 

short, not exceeding the length of papillae (Figure 4.10D). First three 

segments fused. Dorsal cirri of first five segments longer than the following 

ones, usually exceeding half of the length of the body (Figure 4.10A). 

Enlarged ventral cirri on segments 1-3, with distinct cirrophore; following 

segments with ventral cirri up to the length of acicular lobule; cirrophores of 

these ventral cirri as mild swellings, not easily distinguishable. Parapodia sub-

birramous with notopodia reduced to the dorsal cirrophores and neuropodia 

well developed, with 3-4 noto- and neuroaciculae. Neuropodia and 

neurochaetae starting on segment 3, with long and tapered acicular lobule. 

Anterior and posterior neuropodia with 7-15 supra-acicular and 10-20 sub-

acicular neurochaetae, mid-body neuropodia with 20-35 supra- and sub-

acicular ones; neurochaetae dark, from grayish amber to black color; supra-

acicular neurochaetae with long blades (up to 50 times longer than wide) and 

sub-acicular with short blades (usually less than 25 times longer than wide). 

The difference in the length of the supra-acicular and sub-acicular blades is 

more distinct in median region. Cutting edges of all blades are finelly serrated, 

distally unidentate, cuved, with a thin sub-distal spine-like prolongation (Figure 

4.10E). Pygidial cirri paired and terminal.  

Etymology: In honor to R/V Alucia a vessel used to recover the lander at 

Santos Basin (Brazil) at 560 m depth. 

Molecular identity: Intraspecific COI divergence was 0.1%, while 

intraspecific 16S divergence was (Table 4.3). Interspecific COI divergence 

range from 20% to 23%, while 16S range from 11% to 17% (Table 4.3). 

Remarks: The enlarged dorsal cirri in the first five segments and cylindrical 

palpophores forming a swollen ridge basally to the prostomium of S. alucia sp. 

nov. resemble those features of S. balaenophila complex species. However, 

the new species can be distinguished by the presence of foliaceous terminal 

papillae of proboscis, absence of glandular lip pads and by the dark coloration 

of neurochaetae.  
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    Sirsoe nadir sp. nov. 
    (Figures 4.11 A-D) 
 
Material examined: Holotype (MZUSP 3361), SW Atlantic: diapir, complete 

25 chaetigers, 4.5 mm length, 1 mm width; Paratype (MZUSP 3362), SW 

Atlantic: diapir, incomplete 19 chaetigers, 5 mm length, 1.3 mm width; three 

specimen (ColBio DS00167).  

Description: Body short and slender with no evidence of posterior tapering; 

preserved specimens pale brownish to yellowish. Prostomium at least twice 

wider than long (Figure 4.11B). Eyes absent. Nuchal organs as small oblique 

rows, positioned dorso-laterally to prostomium. Frontal tubercle present as 

distinct rounded prolongation. Palps biarticulated (Figures 4.11A, B); 

palpophores cylindrical, about same length of palpostyle; palpostyles conical. 

Lateral antennae cirriform about same length of palps; median antenna 

absent (Figures 4.11A, B). Two pairs of indistinct glandular lip pads; one 

dorsal and one lateral (Figure 4.11B). Proboscis with ten cirriform terminal 

papillae, covered by dense ciliation among each papillae (Figures 4.11B, C). 

First two segments fused. Dorsal cirri of first two segments longer than the 

following ones. Ventral cirri of first three segments inserted in distinct 

cirrophores and more robust than the following ones; from the fourth segment 

ventral cirri inserted on neuropodial lobe, not exceeding the length of 

neuropodia in anterior and mid-body; ventral cirri of posterior region exceed 

the length of neuropodia. Parapodia sub-birramous with notopodia reduced to 

dorsal cirrophores with 2-3 notoaciculae and neuropodia well developed 

starting on segment 3 (Figure 4.11A), bearing 3-4 neuroaciculae. Neuropodia 

with acicular lobule long and tapering, distally pointed, with a mid-

neuroacicula. Neurochaetae with shafts chambered; 7-10 supra-acicular and 

5-10 sub-acicular in anterior and posterior region; 12-15 supra-acicular and 

15-20 sub-acicular in mid-body. Shafts of supra-acicular chaetae usually one 

third longer than shafts of sub-acicular ones; supra-acicular chaetae with 

blades 20-25 times longer than wide; sub-acicular ones 10-15 times longer 

than wide. Cutting edges of all blades finely serrate, distally unidentate, 

curved, with sub-distal spine-like prolongation; sub-distal ones projected like 

an arista to distal teeth (Figure 4.11D). Pygidium and pygidial cirri not 
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observed. 

 
Figure 4.11 - Sirsoe nadir sp. nov. A: anterior end, lateral view; B: anterior end, dorsal view; C: 
detail of proboscis; D: neurochaetae from median neuropodia. White arrow: indicating 
neuropodia on 3rd segment; black arrows indicating nuchal organs. Scales: A-C: 100 µM; D: 20 
µM. 

 
Etymology: From the HOV Nadir used to film a lander at 560 m. 

Molecular identity: Intraspecific divergences were 0.9% and 0% for COI and 

16S, respectively (Table 4.3). Interspecific COI divergence ranged from 

17.5% to 22.5%, while 16S divergence ranged from 4.7% to 16.2% (Table 

4.3). 

Remarks: S. nadir sp. nov. shares with S. sirikos, S. alphacrucis complex 

species and S. alphadelphini, the presence of long dorsal cirri on segments 1-

2. In contrast, the absence of median antenna in the new species 

distinguished it from S. sirikos. Members of S. alphacrucis complex have sub-

distal inflated-like-a-spoon prolongation, distinguishing them from S. nadir sp. 
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nov., which present a spine-like prolongation. S. nadir sp. nov. has supra-

acicular neurochaetae 20-25 times longer than wide along the body, whereas 

in S. alphadelphini these chaetae is eight times longer than wide in anterior 

region. 

 
    Sirsoe alphadelphini sp. nov. 
    (Figures 4.12 A-B) 
 
Material examined: Holotype (MZUSP 3373), SW Atlantic: RJ-3300; 

Paratype (ColBio DS00168), SW Atlantic: RJ3300, incomplete four chaetiger, 

3 mm length, 1.8 mm width. 

Description: Body slender and short, slightly flattened in anterior region, 

posterior region not observed. Preserved specimen whitish. Prostomium 

slightly wider than long (Figure 4.12A). Eyes absent. Nuchal organs as small 

oblique rows, positioned dorso-laterally to the prostomium. Frontal tubercle as 

a small pad, inconspicuous. Palps biarticulated; palpophores cylindrical, 

longer than palpostyles; palpostyles conical. Lateral antennae cirriform as 

long as palps; median antenna absent. Glandular lip pads absent. Proboscis 

with 11 cirriform terminal papillae, covered ciliation among each papilla 

(Figure 4.12B). First two segments fused. Dorsal cirri longer on first two 

segments. Ventral cirri enlarged on first three segments, inserted in 

cirrophores in segments 1-2; third ventral cirri not inserted on neuropodium 

but cirrophore not evident; following ventral cirri inserted on neuropodia. 

Parapodia sub-birramous with notopodia reduced to dorsal cirrophores bearing 

1-2 notoaciculae and neuropodia well developed with 2-3 neuroaciculae. 

Neurochaetae with chambered shafts and long blades along the body, shafts 

from mid-body longer than those from anterior region; supra-acicular chaetae 

from anterior region with blades ca. 8 times shorter than those blades from 

middle body region; blades of supra-acicular chaetae from middle body region 

ca. 20 times longer than sub-acicular ones. Cutting edge of all blades finely 

serrated, distally unidentate, curved, with a sub-distal spine-like prolongation. 

Pygidium not observed. 

Etymology: In honor to the R/V Alpha Delphini, the IO-USP vessel used to 

recover a lander at 1500 m depth off Brazil during the BioSuOr project. 
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Figure 4.12 - Sirsoe alphadelphini sp. nov. (A-B). A: anterior end, dorsal view; B: detail of 
proboscis. Sirsoe ungava sp. nov. (C-E). C: anterior end, lateral view; D: complete specimen, 
dorsal view; E: anterior end, ventral view. Black arrow indicating neuropodia on 3rd segment. 
Scales: A-B: 500 µM; C/E: 250 µM; D: 2 mm. 

 
Molecular identity: Minimum average interspecific COI divergence was 

16.1% for Sirsoe besnard sp. nov., while the maximum divergence was 23.8% 

for S. methanicola (Table 4.3). Interspecific 16S divergence range was 2.1% - 
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11.6%, with S. yokosuka and S. maximiano, respectively (Table 4.3). 

Remarks: S. alphadelphini sp. nov. shares the presence of dorsal cirri 

elongated on the first two segments with S. alphacrucis, S. yokosuka and S. 

sirikos. However, S. alphadelphini sp. nov. can be distinguished from these 

species as it has blades of neurochaetae ca. 20 times longer than wide, while 

S. alphacrucis and S. yokosuka both have short blades (up to 10 times longer 

than wide). Moreover, the sub-distal prolongation of the blades is simple in S. 

alphadelphini sp. nov. while in S. alphacrucis and S. yokosuka is inflated 

resembling a spoon. The presence of median antenna in S. sirikos can 

distinguishes it from S. alphadelphini sp. nov. 

 
    Sirsoe ungava sp. nov. 
    (Figures 4.12 C-E) 
 
Material examined: Holotype (MZUSP 3368), SW Atlantic: ES1500, 

complete 30 chaetigers, 9.3 mm length, 1.1 mm width, without chaetigers; 

Paratype (ColBio DS00170), SW Atlantic: SP3300, incomplete 12 chaetigers, 

2.7 mm length, 1.0 mm width, without chaetigers; Paratype (ColBio 

DS00171), SW Atlantic: ES1500, incomplete 5 segments, 2.1 mm length and 

1.0 mm width, without chaetigers; Paratype (MZUSP 3369), SW Atlantic: 

SP3300 (644/645). 

Description: Body stout and cylindrical, tapering from mid-body to posterior 

region (Figure 12D); preserved specimens yellowish. Prostomium wider than 

long (Figure 4.12D).  Eyes absent. Nuchal organs as small oblique rows, 

positioned dorso-laterally to the prostomium. Frontal tubercle distinct as 

rounded triangular prolongation (Figures 4.12C, D). Palps biarticulated; 

palpophores cylindrical slightly shorter or as long as palpostyles; palpostyles 

conical. Lateral antennae filiform slightly longer than palps (Figure 4.12C); 

median antenna absent. Glandular lip pads absent. Proboscis with ten minute 

terminal papillae, not densely ciliated among each papillae (Figure 4.12C, E). 

First two segments fused. Dorsal cirri of first three segments more robust than 

the following ones; third dorsal cirri twice longer than the previous ones. 

Ventral cirri inserted in distinct cirrophores on first three segments. Following 

ventral cirri inserted from mid to distal end of neuropodial lobe and slightly 
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longer than acicular lobule. Parapodia sub-birramous with notopodia reduced 

to dorsal cirrophores and neuropodia well developed with 1-2 noto- and 

neuroaciculae. Neuropodia and neurochaetae starting on third segment 

(Figure 4.12C); neuropodial lobe short and stout with pointed acicular lobule. 

Each neuropodia with 10-15 supra-acicular and 5-10 sub-acicular 

neurochaetae along the body. Pygidium simple, pygidial cirri not observed. 

Etymology: In honor to R/V Ungava, the first Brazilian research vessel from 

IO-USP. 

Molecular identity: Interspecific divergence range between 10.7% - 23% and 

4% - 16.4% for COI and 16S, respectively (Table 4.3). 

Remarks: The new species, S. ungava, is close to S. ketea and S. 

falaenothiras, according to the phylogenetic tree and the divergence of COI 

and 16S (Figures 4.1A, B; 4.2). Interestingly, S. ungava not bear median 

antennae while S. ketea species complex has a minute median antenna. In a 

first view, the proboscis of S. ungava seems to be smooth, as also in S. ketea. 

However, the new species has very small terminal papillae, although we 

believe the specimen lost some of terminal papillae. 

 
    Sirsoe besnard sp. nov. 
    (Figures 4.13 A-C) 
 
Material examined: Holotype (MZUSP 3370), incomplete specimen in stub 

for SEM, SW Atlantic: RJ3300. 

Description: Body stout, short and cylindrical, not tapered; preserved 

specimen pale yellowish. Prostomium wider than long (Figure 4.13A). Eyes 

absent. Nuchal organs as small oblique rows, positioned dorso-laterally. 

Frontal tubercle present, but inconspicuous (Figure 4.13A). Palps 

biarticulated; palpophores cylindrical longer than palpostyles; palpostyles 

conical. Lateral antennae cirriform sligltly longer than palps; median antenna 

absent. Glandular lip pads absent. Proboscis with ten filiform terminal 

papillae, covered by ciliation among each papilla (Figure 4.13B). First two 

segments fused. Dorsal cirri of segments 1-2 longer than the following ones. 

Ventral cirri from segments 1-3 inserted in distinct cirrophores longer than the 
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followings ones. Parapodia sub-birramous with notopodia reduced to dorsal 

cirrophores and neuropodia well developed starting on segment 3 bearing 1-2 

noto- and neuroaciculae. Neuropodia with slender acicular lobule and 15-20 

supra-acicula and sub-acicular neurochaetae; blades of neurochaetae usually 

20-25 times longer than wide. Cutting edge of all blades basally finely 

serrated and distally smooth and unidentate, tooth curved, with a sub-distal 

spine-like prolongation (Figure 4.13C). Pygidium not observed. 

 
Figure 13 - Sirsoe besnard sp. nov. A: anterior end, dorsal view; B: detail of proboscis; C: 
neurochaetae from median neuropodia. Scales: A-B: 200 µM; C: 50 µM. 

 
Etymology: In honor to R/V Prof. W. Besnard a vessel from IO-USP. The 

name of the vessel was in honor to Dr Wladimir Besnard first director of 

IOUSP and considered to be the father of the Brazilian oceanography. 
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Molecular identity: Interspecific COI divergence range was 16.1% to 22.5%, 

while 16S divergence range was 4% to 16.1% (Table 4.3). 

Remarks: S. besnard sp. nov. is close to S. alphadelphini and S. nadir, but 

can be distinguished by the blades of neurochaetae, which are almost smooth 

in the distal end. 

 

4. Discussion 

This study highlights the high species richness of Hesionidae 

colonizing SW Atlantic whale falls, with 10 new species described here. The 

analyses performed here clearly indicate that the specialized genus Sirsoe 

does constitute a monophyletic group only with the inclusion of species of 

Vrijenoekia, otherwise both genera will be considered as paraphiletic, and 

therefore, we propose the synonym of Vrijenoekia with Sirsoe (See Remarks 

of Sirsoe in Systematic section). We also report new geographical record for 

Sirsoe balaenophila (referred as Vrijenhoekia balenophila before this study) 

and Sirsoe sirikos, both species previously only found on the NE Pacific 

Ocean. The inter-basin distributions of these species support the hypothesis 

that whale-fall specialists may have a worldwide distribution (Sumida et al., 

2016). Furthermore, our results strongly suggest that whale falls may be 

common in the deep sea, especially along continental margins (Smith & Baco, 

2003; Sumida et al., 2016). The presence of Sirsoe maximiano in SW Atlantic 

whale falls, previously found in vents from the Mid- Cayman Spreading Center 

(as Sirsoe SP-2014 in Genbank, Accession number KJ566956), supports the 

hypothesis of whale falls as stepping stones for some vent and seep fauna, 

which has been recently under debate (Kiel, 2016, 2017; Smith et al., 2017). 

The absence of a median antenna and presence of three glandular lip 

pads in Vrijenhoekia have traditionally distinguished it from Sirsoe (Pleijel et 

al., 2008; Summers et al., 2015). According to Pleijel (1998), the presence of 

median antenna, within Psamathinae, is diagnostic for Sirsoe. Nevertheless, a 

mid-dorsally inserted antenna is present in juveniles of the psamathine genera 

Nereimyra, Micropodarke and Hesiospina, becoming reduced or absent in 

adults (Pleijel, 1998, 2004; Pleijel & Rouse, 2005; Pleijel et al., 2012). Our 

molecular phylogeny shows that species of formerly described as 
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Vrijenhoekia, without median antenna, was nested with species that bear 

median antenna in at least two clades (Figures 4.1 and 4.3). The presence of 

three pairs of glandular lip pads seems to be exclusive for the S. balaenophila 

species complex. S. nadir and S. alphacrucis species complex also bear 

glandular lip pads, but fewer, one or two pairs, while all other species do not 

bear glandular lip pads. Another psamathine genus, Syllidia, also includes 

species with or without lip pads (Ruta & Pleijel, 2006). Therefore, we propose 

Sirsoe over Vrijenhoekia based on Principle of Priority (Article 23, ICZN, 

1999). We conclude that the only diagnostic characters which define Sirsoe 

genus are in regard to the presence of a frontal tubercle and nuchal organs as 

small oblique rows not projected in posterior margin of prostomium (see 

Remarks of Sirsoe in Systematic Account). 

Our analyses show that S. balaenophila is present in the Atlantic and 

Pacific oceans. However, S. balenophila hosts two cryptic species in Atlantic 

(S. pirapuan and S. ypupiara, described here) and possibly other hidden 

cryptic species in the Pacific (S. balaenophila clade-2). The high genetic 

divergences within S. balaenophila species complex observed here (6 to 8% 

and from 0.3 to 0.7% for COI and 16S, respectively) was in agreement with 

previously studies (Pleijel et al., 2008; Summers et al., 2015). However, both 

studies used the absence of morphological difference as well as the low 

divergence of ITS1 to maintain S. balaenophila as a single species (Pleijeil et 

al., 2008; Summers et al., 2015). Our phylogeny based on 16S gene also split 

S. balaenophila into four clades, although with low divergence among them. 

16S has been used as complementary to COI, despite incongruences 

between them due to the slower evolutionary rates of 16S, as already 

observed in hesionids from Antarctica (Brasier et al., 2016). This is probably 

the most plausible explanation to the low 16S divergence within S. 

balaenophila species complex. Moreover, close related species could have 

low ITS1 divergence, as observed in Archinome species (Borda et al., 2013). 

Interestingly, the intraspecific COI divergence for S. balaenophila ‘stricto 

sensu’ was about ten times lower, even with the inclusion of specimens from 

the Atlantic, in comparison with the divergence among the cryptic complex. 

This interspecific/intraspecific ratio of COI divergence has been used to 
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delimit species (Hebert et al., 2003a, b). All these results support that S. 

balaenophila hide cryptic species both in Pacific and Atlantic oceans.  

In addition, it is worth to note that S. balaenophila species complex live 

in sympatry in the Atlantic (i.e., S. balaenophila, S. pirapuan and S. ypupiara) 

as also in the Pacific (S. balaenophila ‘strictu sensu’ and S. balaenophila 

clade-2) (Figure 4.4). This phenomenon is common in marine systems 

including the deep-sea habitats. S. ketea species complex, for instance, live in 

deep-sea whale carcasses from Monterey Bay, California (Summers et al., 

2015). On the other hand, S. alphacrucis and S. yokosuka may be an 

example of cryptic species isolated by depth, given that the former was found 

only in upper slope and the latter in abyssal plain. More studies should be 

conducted to better understand the bathymetric isolation of S. alphacrucis 

species complex. However, this species group lives as endofauna in bones, 

while S. balaenophila species complex lives as epifauna of both bones and 

woods implanted in SW Atlantic. It may be that the S. alphacrucis species 

complex is a whale-fall specialist, while S. balaenophila is able to live also in 

other related habitats. 

The presence of S. balaenophila and S. sirikos in the Atlantic Ocean 

support the hypothesis of inter-basin distribution for some whale-fall 

specialists (Sumida et al., 2016). The low genetic divergence between Atlantic 

and Pacific individuals and the structure of the haplotype network in S. 

balaenophila further support the hypothesis that whale falls are common 

(Smith & Baco, 2003, Sumida et al., 2016). Any haplotype was shared 

between Pacific and Atlantic populations, but interestingly one haplotype from 

the Pacific was more similar to the Atlantic than to its own population (Figure 

4). The similarities between both populations of S. balaenophila may suggest 

connectivity between populations. Some whale-fall specialists also present a 

worldwide distribution, such as the bone-eating worm Osedax rubiplummus, 

reported in both sides of the Pacific and in the Southern Ocean (Smith et al., 

2015). Although there is no information available regarding the larva of S. 

balaenophila, a close related species, such as S. methanicola, produces 

planktotrophic larvae with dispersal phases of ~21 days (Fisher et al., 2000; 

Eckelbarger et al., 2001). Lamellibrachia luymesi, a tubeworm inhabiting cold 
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seeps of the Gulf of Mexico (Eckelbarger et al., 2001) has a similar larval 

development and is considered to have a small dispersal potential (Young et 

al., 2012). Even cold seep mollusk species with planktotrophic larvae with 

longevities of more than two years do not directly connect populations from 

west and east Atlantic (Young et al., 2012) without intermediate habitats or 

stepping-stones (Teixeira et al., 2013). Thus, the inter-basin distribution of S. 

balaenophila and the low COI divergence showed between populations 

suggests that whale carcasses are common, specially in continental margins 

where they may form “whale-fall corridors” (Smith et al., 2015; Sumida et al., 

2016). 

Our results show that Sirsoe maximiano is shared between vents from 

the Mid-Cayman Spreading Center and organic falls from the SW Atlantic, 

supporting the hypothesis of whale falls acting as stepping stones (Smith et 

al., 1989). This hypothesis has been recently under debate (Kiel, 2016, 2017; 

Smith et al., 2017). Vertebrate carcasses support stepping-stone dispersal 

mechanism for whale-fall specialists (Sumida et al., 2016; Rouse et al., 2018, 

Chapter 2; this study). Even though the biogeography of chemosynthetic 

mollusks suggests a minor role of whale falls for vent and seep connectivity 

(Kiel, 2016), it is more likely that organic falls could serve as stepping-stones 

for annelid species (Smith et al., 2017, Kiel, 2017). 

This study highlights the importance of integrate morphological and 

DNA data to infer about biodiversity richness, given the number of cryptic 

species we found. Cryptic species are usually more likely to be found in 

extreme environments (Borda et al., 2013), although generalizations of which 

groups can harbor cryptic diversity are difficult and should be avoided 

(Nygren, 2014). Notwithstanding, cryptic species seems to be common in the 

genus Sirsoe, currently with three cryptic groups, highlighting the importance 

of genetic analyses as crucial tools in future studies, especially for those focus 

on the diversity and biogeography of the group. 
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CHAPTER 5 

General trends in whale-fall diversity and future perspectives 

 

Whale falls are remarkable habitats yielding an unusual energy-rich 

environment in the deep sea, and sustaining a tolerant background fauna, 

specialists and shared species with cognate environments. The high organic 

input associated with sulfide and/or methane production increases the 

dominance of few species in accordance with Pearson & Rosenberg model 

for organic-enrichment sites (Smith & Baco, 2003; Bernardino et al., 2012; 

Smith et al., 2014). However, whalebones are not homogenously colonized by 

different species, presenting a mosaic of microhabitats within bones and also 

along the carcass, enhancing the presence of rare species and, consequently, 

the overall diversity of whale falls (Higgs et al., 2011; Smith et al., 2015; 

Alfaro-Lucas et al., 2017). 

In this study, we found 27 annelid species associated with deep-sea 

whale falls distributed in three families: Siboglinidae (Chapter 2), Capitellidae 

(Chapter 3) and Hesionidae (Chapter 4). All Siboglinidae species found in this 

study were Osedax and therefore exclusive of vertebrate carcasses. 

Capitellids of genus Capitella, usually uncommon in deep-sea background 

sediments, totaled seven lineages in the SW Atlantic and two in the NE 

Pacific associated with organic falls (Chapter 3). Within Hesionidae, we only 

focused in Sirsoe and in the formerly genus known as Vrijenhoekia, which 

was included within Sirsoe in this study (Chapter 4). Initial identification of 

material from BioSuOr, revealed that Microphthalmus and Pleijelius (two 

incertis sedis in Hesionidae) were also present inside whalebones (Chapter 

1), the latter being also found in wood falls (Saeedi et al., in prep). Then, it is 

possible that the diversity of this family could be higher than expected.  

Considering only these three families and species studied here ~74% 

were only found in whale falls. Inclusion of Siboglinidae in this analysis could 

inflate the percentage of exclusive species in whale falls since Osedax is the 

most species-rich genus of the family. Other siboglinids are also found in 

whale falls, such as Sclerolinum, Escarpia and Lamellibrachia (Smith et al., 
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1989; Feldman et al., 1998; Lundsten et al., 2010b), even though only Osedax 

were found here (Chapter 1). Excluding Siboglinidae, ~66.7% of the species 

were exclusive in whale falls in our study. Moreover, ~9.5% were exclusive in 

wood falls, ~ 19% were present in whalebones and woods, ~4.8% were 

shared between whale fall and vents and none of the species were known in 

deep-sea background. Therefore, this study shows the importance of 

exclusive species in whale falls highlighting the contribution of whale falls to 

the global diversity of deep-sea ecosystem. 

 It is known that some whale-fall species dependent on 

chemosynthesis are shared with cognate sites. Geological and biological 

evidence point out that seeps could be common along the deep Brazilian 

margin (Shimabukuro et al., submitted). Accordingly, future investigations 

focusing on seeps in the SW Atlantic could help to understand the distribution 

of fauna dependent on chemosynthesis and if these species utilize whale falls 

as stepping-stones for dispersion between chemosynthetic sites. Up to date, 

this study show that Sirsoe maximiano is a shared species between Mid-

Cayman Spreading Center vents and SW Atlantic whale falls (Chapter 4), and 

may be also distributed in seeps along Brazilian margin. Furthermore, the 

presence of shared species between whale falls and vents, demonstrated by 

this work, support that whale falls are used as stepping stones for dispersion 

among chemosynthetic environments. 

 The annelid composition found in SW Atlantic whale falls exhibited 

some dissimilarities in comparison with other whale falls around the world. 

Capitellids, for instance, are abundant and diverse in SW Atlantic whale falls 

whereas dorvilleids are usually the dominant annelid family in whale falls from 

NE Pacific, Southern Ocean, NE Atlantic and SW Indian Ocean (Smith & 

Baco, 2003; Wiklund et al., 2009, 2012; Amon et al., 2013, 2017; Hilário et al., 

2015). Notwithstanding, dorvilleids were also present in SW Atlantic but in low 

densities. Its diversity should be addressed in future researches. Both families 

are very tolerant to high sulfide concentrations relying on chemosynthetic 

production. It is possible that capitellids are occupying the same ecological 

niche in SW Atlantic whale falls that dorvilleids occupy in other basins. 
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 The phylogeny of Capitella provides evidence that this genus 

originated in the shallow water and invaded the deep sea two times (Chapter 

3). Capitella could have used organic falls to invade the deep sea, since this 

habitat supplies the food resources necessary for its development. Therefore, 

this work reinforces that whale falls are evolutionary stepping-stones to 

invasion of deep sea chemosynthetic environments, as proposed by Smith & 

Baco (2003) and illustrated by the evolutionary history of the deep-sea 

mussels, bathymodioline (Distel et al., 2000, Miyazaki et al., 2010; Lorion et 

al., 2013). 

Although the dominance of capitellids in the SW Atlantic could be an 

indicative of segregation of whale falls among basins, this study highlight the 

presence of three species with inter basin distribution (Pacific and Atlantic): 

Osedax frankpressi, Sirsoe balaenophila and Sirsoe sirikos. Genetic 

distances associate with low number of substitutions between haplotypes 

from both ocean basins indicate the proximity between populations of these 

whale-fall species. Although this is not common for chemosynthetic fauna, a 

few seep species are also known in both Pacific and Atlantic oceans (Sibuet 

et al., 1998). Atlantic connection with eastern Pacific may have occurred 

through the open Isthmus of Panama (Tunnicliffe et al., 1996; Barry et al., 

1997). This also could be one route for connection between fauna of whale 

falls. Moreover, continental margins are regions were whale falls are likely to 

be frequent, facilitating stepping-stones dispersal of some whale-fall fauna 

and connecting whale falls around the world. Future investigations are 

necessary to better understand if Atlantic and Pacific populations are 

connected, focusing in the larval dispersal capability, in biophysical models to 

predict the routes through which they are connect, and also increasing the 

sampling effort between both areas. 
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