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Abstract
Bone-eating Osedax worms can quickly colonize exposed bones and are important ecosystem engineers in whale fall commu-
nities, contributing to cause of bone degradation. This study shows that the deep SW Atlantic margin harbors many Osedax
species. Using DNA barcoding, we found four putative new lineages as well as O. frankpressi Rouse, Goffredi, and Vrijenhoek,
2004 andO. braziliensis Fujiwara, Jimi, Sumida, Kawato, & Kitazato, 2019, with assemblages varying with depth. It is probable
that the bathymetric distributions of these species are controlled by different water masses and their directions of flow. The
haplotype network of Atlantic and PacificO. frankpressi populations suggests segregation between populations, as is also seen in
the high FST. However, the low p distance between both populations and the few substitution sites separating haplogroups from
both regions (Atlantic and Pacific) could be evidence that populations of both basins are somehow close to each other. It is likely
that whale fall habitats exist between both populations analyzed, connecting both basins.
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Introduction

The bone-eating worm Osedax is a siboglinid annelid special-
ized in consuming organic compounds from vertebrate bones
(collagen and lipids) through a symbiotic association with het-
erotrophic bacteria (Rouse et al. 2004; Goffredi et al. 2005,
2007; Jones et al. 2008; Vrijenhoek et al. 2008). Among its
adaptations is the lack of a digestive system in adults and a
remarkable sexual dimorphism, observed in all Osedax, except
O. priapus Rouse, Wilson, Worsaae & Vrijenhoek, 2015
(Rouse et al. 2004). Females are large and attach to bones, while
males are paedomorphic dwarves retaining larval characteris-
tics, living anchored on the trunk and in the tubes of females
(Rouse et al. 2004, 2009; Worsaae and Rouse 2010). The

Osedax female body is divided in an ovisac and root systems
that are inside the bone, with a protuding trunk, palps, and
oviduct (Rouse et al. 2004, 2008, 2015, 2018; Glover et al.
2005, 2013; Amon et al. 2014). Different clades can be distin-
guished by the presence or absence of pinnules on the palps
(Vrijenhoek et al. 2009; Glover et al. 2013; Amon et al. 2014).
Other characteristics, such as the shape and color of patch,
collar, palps, and/or the root system, can be used for species
identification (Rouse et al. 2004, 2008, 2018; Glover et al.
2005, 2013; Fujikura et al. 2006; Amon et al. 2014).

Bone degradation by Osedax can shorten the duration of
the whale fall communities and truncates’ successional stages,
hindering the establishment of the sulfophilic stage in juvenile
carcasses (Braby et al. 2007; Lundsten et al. 2010; Smith et al.
2015). The physical degradation of the bone provides conduits
for sulfide from the inner parts, accelerating the rates of sulfide
release and the consumption of organic compounds by micro-
bial communities, thus abbreviating the sulfophilic stage
(Braby et al. 2007; Treude et al. 2009; Higgs et al. 2011).
The bioerosion activity ofOsedax also increases the structural
complexity of the bone matrix and alters the physical-
chemical environment of its innermost part. This process en-
hances the abundance and biodiversity of endofauna, causing
Osedax to be an ecosystem engineer of the whale fall commu-
nity (Alfaro-Lucas et al. 2017).
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Since the discovery of Osedax, 18 species within the genus
have been described in NE Pacific (Rouse et al. 2004, 2008,
2015, 2018), five species in Southern Ocean (Glover et al. 2013;
Amon et al. 2014), and only one species occurs in each of the
following ocean basins: NW Pacific, N Atlantic, and SWAtlantic
(Glover et al. 2005; Fujikura et al. 2006; Fujiwara et al. 2019),
yielding a total of 26 species around the world. In addition, five
putative new species remain unnamed (Salathé and Vrijenhoek
2012; Taboada et al. 2015; Rouse et al. 2018). The known bathy-
metric range ofOsedax is 21- to 4204m depth (Amon et al. 2014;
Fujiwara et al. 2019) with temperatures usually low (between − 1
and 15 °C), even for the shallow-water species (Glover et al. 2005,
2013; Fujikura et al. 2006; Taboada et al. 2015). Phylogenetic
studies show that Osedax species are grouped into six distinct
clades (I–VI), which are related to the palp morphology
(Vrijenhoek et al. 2009; Glover et al. 2013; Amon et al. 2014;
Taboada et al. 2015; Rouse et al. 2015, 2018; Fujiwara et al.
2019). There is no evidence for geographic isolation of Osedax
clades (Taboada et al. 2015; Rouse et al. 2018; Fujiwara et al.
2019), suggesting that dispersal events, rather than vicariance pro-
cesses, are the most important mechanisms shaping the current
distribution of Osedax (Glover et al. 2005).

WhileOsedax species descriptions have usedmorphological
features on the prostomium bump/patch, collar, palps, and root
system (Rouse et al. 2004, 2008, 2015, 2018; Glover et al.
2005, 2013; Fujikura et al. 2006) to differentiate species, these
structure can exhibit large intraspecific variation, as is the case
of O. braziliensis Fujiwara, Jimi, Sumida, Kawato and
Kitazato, 2019, and can be affected by the preservation proce-
dures of specimens, making it difficult to recognize species
without the help of molecular taxonomy, using DNA barcoding
(Amon et al. 2014; Fujiwara et al. 2019). Barcoding benefits
from use of a reference library for comparison, which it is
available for Osedax since molecular taxonomy had been used
in all studies of the genus (Rouse et al. 2004, 2008, 2009, 2018;
Glover et al. 2005, 2013; Fujikura et al. 2006; Vrijenhoek et al.
2009; Salathé andVrijenhoek 2012; Amon et al. 2014; Taboada
et al. 2015; Fujiwara et al. 2019).

In this study, we aimed to reveal the diversity of Osedax in
whalebones implanted at multiple sites across three depths
(550, 1500, and 3300 m) in the deep SWAtlantic Ocean using
DNA barcoding, mitochondrial gene cytochrome-c oxidase
subunit I, in order to (1) investigate bathymetric distinctions
ofOsedax assemblages and (2) place the SWAtlantic lineages
in the global context of the Osedax diversity and distribution.

Material and methods

Study area and sample collection

The study area comprises Espírito Santo, Campos, and Santos
Basins along the SW Atlantic Ocean between 21° and 28° S

latitude at three depths (550, 1500, and 3330 m). The SW
Atlantic margin is the habitat or a migratory route for at least
30 baleen or toothed whales, including the sub-Antarctic pop-
ulation of humpback whale (humpback whale, Megaptera
novaeangliae (Borowski, 1781) which migrates from South
Georgia Islands through Rio Grande Rise and northwards to
the Abrolhos Bank (Zerbini et al. 1997, 2006; Santos et al.
2010; Wedekin et al. 2014). The increase of vessel traffic and
coastal development, including gas and oil exploration, could
drastically affect the whale populations along the Brazilianmar-
gin and indirectly the populations ofOsedax in this ocean basin.

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 and Weatherly 1994; Campos
et al. 1995; Silveira et al. 2000). The temperature of AAIW
is higher than 3 °C, up to 6 °C, and the salinity range is
between 34.2 and 34.6 (Silveira et al. 2000). The AAIW flows
southward near to the east continental margin of Brazil be-
tween 500- and 1000-m depth, to the south of 25–28° S lati-
tude (Müller et al. 1998; Silveira et al. 2000). The thermoha-
line limits of NADWare between 3 and 4 °C, with salinity >
34.6 and < 35 on the southeast Brazilian margin (De Madron
and Weatherly 1994; Silveira et al. 2000). The NADW gener-
ally flows southward at depths of 1200–3000 m to ~ 32°S
(McCartney 1993). The temperature of AABW, in the study
region, is usually above 0 °C, up to 2 °C, with salinity below
35 (Stramma and England 1999). The AABWgenerally flows
northward, via the Vema Channel, originating mainly as
Lower Circumpolar Deep Water (De Madron and Weatherly
1994; Stramma and England 1999). This layer of AABW
flows in the Brazilian Basin between 3100- and 4100-m depth
(Hogg and Owens 1999).

Specimens of Osedax were sampled by deployment and
recovery of whalebones using experimental autonomous
structures (landers). We used thoracic vertebrae from a hump-
back whale (Megaptera novaeangliae). Vertebrae were col-
lected on 23 October 2012 from a stranded carcass in the
Pontal do Ipiranga beach (Linhares/ES—Brazil) .
Intervertebral discs and vertebra processes were removed
using a handsaw. A transversal section was made in each
vertebra and all pieces were kept frozen (− 20 °C) until de-
ployment. Landers were aluminum three-sided, pyramid-
shaped structures, with each face composed of three boxes
lined by meshed bags (500 μm) and a PVC lid. Each lander
was outfitted with an acoustic release (Teledyne Benthos
866A), where ballast was fixed, and glass sphere buoys
(MacLane Labs Inc.) for flotation upon recovery. During the
deployment, the lids were held open by a connection to the
acoustic release, which closed the boxes when the acoustic
release was triggered on the recovery cruise. For more details
of the lander design and how bones were attached to the land-
er, see appendages 1 and 2 of Saeedi et al. 2019.
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Landers were deployed at six sampling sites at two differ-
ent depths (~ 1500- and ~ 3300-m depth, Fig. 1, Table 1) be-
tween 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/VAlpha
Delphini. Other landers were recovered between 18 and 28
May 2015 on board the Polar R/V Almirante Maximiano.
Unfortunately, the lander RJ-1500 was lost during recovery.
An extra lander (SP-550) was deployed in a pockmark field in
the south section of Santos Basin at 550-m depth (Fig. 1,
Table 1) on July 2016 from the R/VAlpha Crucis and recov-
ered on May 2017 with the M/VAlucia.

We found Osedax at four sampling sites (Table 1). All
individuals were sorted on board and classified according to
the presence or absence of pinnules on palps. Organisms were
preserved in 96% molecular grade ethanol.

DNA extraction, amplification, and sequencing

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 prefer-
entially from the thorax region or the whole animal for very
small specimens.

We amplified ~ 550-bp fragment of the cytochrome c oxi-
dase subunit-I gene (COI) using OsCO1f and OsCO1r primers
(Glover et al. 2005). 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 taken using
bidirectional Sanger sequencing using a BigDye Terminator
v3.1 cycle sequencing kit. PCR products were sequenced at
HUG-CELL/USP (Human Genome and Stem Cell Research
Center, a facility of the University of São Paulo).

Data analysis

The COI alignment (see sequences in Table 2) was performed
using G-INS-I option in MAFFT v.7.309 (Katoh and Standley

Fig. 1 Locations of lander
deployment. The white circles
indicate landers deployed and
recovered; white circles with a
cross indicate landers with bones
without Osedax. The black circle
indicates lander lost during the
recovery; The yellow star
indicates the locality of the natural
whale fall studied by Sumida et al.
(2016) with the first record of
Osedax braziliensis in SW
Atlantic Ocean

Table 1 Geographical coordinates and depth of each lander. “n”—total
number of Osedax specimens used in this study. “*”—lander not
recovered

Lander Latitude Longitude Depth (m) n of Osedax

SP-1500 25°55′ S 045°00′ W 1439 12

SP-3300 27°45′ S 043°40′ W 3328 46

RJ-1500 24°00′ S 041°30′ W 1345 *

RJ-3300 25°40′ S 040°07′ W 3227 0

ES-1500 21°20′ S 039°45′ W 1444 12

ES-3300 22°50′ S 038°25′ W 3211 0

SP-550 26°36′ S 046°09′ W 550 5

Mar Biodiv (2019) 49:2587–2599 2589



Table 2 Cytochrome c oxidase subunit-I sequences, GenBank acces-
sion numbers and distribution of species. “*”—distribution according to
WoRMS (World Register of Marine Species); “**”—distribution

according to Georgieva et al. (2015); GenBank accession numbers of
O. frankpressi in parentheses are sequences employed in population com-
parison. Coordinates of lander position of BioSuOr project in Table 1

Species Location COI Reference

Outgroups

Lamellibrachia barhami Equatorial Pacific
to NE Pacific*

AY129146 McMullin et al. 2003

Riftia pachyptila Equatorial Pacific/ KP119562 Rouse et al. 2015

Sclerolium contortum Antarctic/Gulf of
Mexico/Arctic**

FM178480 Lösekann et al. 2008

Oligobrachia
haakonmosbiensis

Equatorial Atlantic
to Arctic*

FM178481 Lösekann et al. 2008

Known Osedax species

Osedax antarcticus Antarctic KF444424 Glover et al. 2013

Osedax braziliensis SWAtlantic LC106303 Sumida et al. 2016

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/FJ347605-07)

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.

Known Osedax OUT’s

Osedax “MB16” NE Pacific JX280613 Salathé and 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.
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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 Bayesian inference (BI) methods to infer the phylo-
genetic relationship ofOsedax species. All trees were rootedwith
Oligobrachia haakonmosbiensis Smirnov, 2000 but we also in-
cluded species of Vestimentifera and Sclerolinum (Table 2).
According to a new phylogeny of Siboglinidae, the choice of a
Frenulata species as outgroup is more appropriate, since Osedax
is closely related to Vestimentifera and Sclerolinum (Li et al.
2015). The NJ tree topology was constructed under the TrN+G
model with 1000 bootstrap replicates inMEGAv.7 (Kumar et al.
2016). The models used in ML and BI were chosen with
PartitionFinder v.2 (Lanfear et al. 2016) using Bayesian informa-
tion criterion. COI was partitioned by codon position. InML, we
used GTR+G, and in BI, 1st and 2nd positions were run with
HYK+G and 3rd position with GTR+G. 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 1000 genera-
tions; burn-in was set to 0.1%; two independent runs and four
chains were implemented. We calculated average p distance
within and between species usingMEGAv.7.We also calculated
p distance considering only the first two codon position of COI
and only the third codon position. Usually, DNA barcoding stud-
ies use Kimura 2-parameter model to infer divergence in COI
data. However, we chose to use uncorrected distances since K2P
divergence commonly inflate the divergence between clades and
p distance seems to be more appropriate to compare close related
lineages (Srivathsan and Meier 2012). Saturation of COI was
examined through saturation curves constructed in DAMBE
v6.4.48 (Xia 2017).

We used a new COI alignment with 46 sequences of
O. frankpressi Goffredi & Vrijenhoek, 2004 from the
Atlantic and Pacific Oceans to investigate the population con-
nectivity between ocean basins (Table 2). The haplotype net-
work of O. frankpressi populations was done using the TCS
method (Clement et al. 2000) in PopART (http://popart.otago.

ac.nz.) (Leigh and Bryant 2015). In the TCS network, we split
the O. frankpressi Atlantic population into 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) in DNAsp 5.
10.1 (Librado and Rozas 2009) for Atlantic and Pacific pop-
ulations. 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 ge-
netic distance. Neutrality tests and AMOVA were calculated
using Arlequin 3.5.2.2 (Excoffier and Lischer 2010). All se-
quences analyzed in this study were deposited in GenBank
and the accession numbers are in Table 2.

Results

We sampled 75 specimens of Osedax from four sampling
stations and classified them, based on morphology, into two
groups: individuals with pinnulated palps (23) or with nude
palps (52). Based on DNA barcoding, we found six species-
level lineages in the SWAtlantic, including four putative new
species. Pinnulated specimens from the SW Atlantic were
O. frankpressi Rouse, Goffredi & Vrijenhoek 2004, Osedax
braziliensis Fujiwara, Jimi, Sumida, Kawato & Kitazato 2019
(Fig. 2b) or Osedax “BioSuOr-4” (Fig. 2c), and the nude palp
group consisted of Osedax ”BioSuOr-1”, O. “BioSuOr-2”,
and O. “BiosuOr-3” (Fig. 2a). The highest number of species
occurred at SP-3300 with two nude-palp species: Osedax
“BioSuOr-1” and Osedax “BioSuOr-2”, and one with
pinnulated palps: Osedax braziliensis (Fig. 3). Only one spe-
cies occurred at SP-1500 and SP-550, O. frankpressi and
Osedax “BioSuOr-4”, respectively (Fig. 3). O. frankpressi al-
so colonized bones implanted at ES-1500 occurring in the
same bones with the nude-palp Osedax “BioSuOr-3” (Fig. 3).

The final COI alignment consisted of 500 bp and 268 var-
iable sites from which ~ 78.4% was parsimony informative.

Table 2 (continued)

Species Location COI Reference

Osedax BioSuOr project

Osedax frankpressi SP-1500/ES-1500 MH616017-34 This study

Osedax braziliensis SP-3300 MH616035 This study

Osedax “BioSuOr-1” SP-3300 MH616036-74 This study

Osedax “BioSuOr-2” SP-3300 MH616081-86 This study

Osedax “BioSuOr-3” ES-1500 MH616075-80 This study

Osedax “BioSuOr-4” SP-550 MH616012-16 This study
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Fig. 2 SomeOsedax lineages found in whalebones implanted in the SWAtlantic. aOsedax “BioSuOr-3”; bOsedax braziliensis; cOsedax “BioSuOr-4”.
Scales: 2.0 mm
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All terminal lineages were robustly supported by NJ and ML
bootstrap replicates and posterior probability of BI (Fig. 4).
Notwithstanding, only BI recovered robust supports in inter-
nal nodes (Fig. 4). Osedax “BioSuOr-1” and “BioSuOr-3”
were joined with other nude-palp species in clade II, even
though clade II was split in three sub-clades (Fig. 4). Osedax
“BioSuOr-2” fell within clade III with low support (ML and
NJ > 50%, BI 0.7). Osedax frankpressi and O. braziliensis
were always robustly recovered as sister clades (NJ 100%,
ML 90%, BI 1). The COI phylogeny clustered species of
clades IV, V, and VI (Fig. 4).

The average interspecific p distances were 5.4–25.4%
(Table 3). Interspecific divergences among the new SW
Atlantic lineages were 16.6–20.4% (Table 3). Considering
only the 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 and 62% (Suppl.
Table 1). Intraspecific divergences of SW Atlantic lineages
were 0.1–0.9% (Table 3). We observed that numbers of tran-
sitions and transversions were equivalent between themwhere
COI divergences were low (Suppl. Fig. 1). However, with
increasing COI divergence, transversions became higher than
transitions (Suppl. Fig. 1).

The divergence between Atlant ic and Pac i f ic
O. frankpressi populations was 3.1%, while intra-population
divergence was 0.7% in the Atlantic and 0.3% in the Pacific
(Table 3). The alignment of O. frankpressi populations
consisted of 466 bp and 28 variable sites of which 20 were
parsimony informative (Table 4). Between the two ocean ba-
sins, we found 20 COI haplotypes, 12 in the Pacific and eight
in the Atlantic (Table 4, Fig. 5). No haplotype was shared
between ocean basins, but in the Atlantic, one haplotype was

shared between SP-1500 and ES-1500, ca. 720 km apart (Fig.
2). Haplotype diversity was slightly higher in Atlantic than in
Pacific populations (Table 4). Both Tajima and Fu neutrality
tests were negative for both Atlantic and Pacific populations,
but only significant (p < 0.01) in Pacific populations. The larg-
est molecular variance occurred between Pacific and Atlantic
populations resulting in an FST of 0.88 (p < 0.001) (Table 5).

Discussion

DNA barcoding revealed four new lineages of Osedax
inhabiting implanted whalebones in the deep SW Atlantic
Ocean. Moreover, the distribution of O. frankpressi was ex-
panded to Atlantic Ocean. O. braziliensis also found in bones
implanted at SP3300, yielding a total of six Osedax species
observed in the SW Atlantic. O. braziliensis was previously
known from the SWAtlantic at a natural whale fall on the São
Paulo Ridge at 4204 m depth (Sumida et al. 2016). The new
occurrence reported here (at station SP3300), on the lower
slope of South São Paulo Plateau at 3358-m depth, is about
200 km away from the original locality. We found only two
small specimens of O. braziliensis, with trunk ca. 7 mm in
length. Osedax braziliensis is one of the biggest Osedax spe-
cies reaching 2.5 cm of trunk length (Fujiwara et al. 2019).
Bones from the natural whale fall were probably resting on the
bottom for 5–10 years and a set of the bones were densely
colonized by O. braziliensis (> 40 specimens) being these
bones highly degraded (~ 50% of the bone surface) (Sumida
et al. 2016; Alfaro-Lucas et al. 2017). The low abundance,
found in this study, is probably related to the short time span
of the experiment (~ 1.8 year). Even though we did not

Fig. 3 Distribution of Osedax
lineages in whalebones implanted
in the SWAtlantic
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measure the bone degradation in our experiment, our bones
were almost intact, probably not reaching even 10% of the
surface area (see Suppl. Fig. 2).

Of the four new Osedax lineages, and even O. frankpressi
andO. braziliensis, recovered from the implanted whalebones
in the SWAtlantic, no lineages were shared across the ~ 3300-

Fig. 4 Phylogenetic relationship of Osedax species recovered by Bayesian inference (BI). Values close to nodes indicate supports of neighbor-joining
bootstraps, followed by maximum likelihood bootstraps and posterior probability of BI. Only values > 50% are indicated; “-” indicate no support
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m, ~ 1500-m, and ~ 550-m depth deployments. In our study,
landers at ~ 1500-m depth were under the influence of the
North Atlantic Deep Water (NADW), which flows southward
over the upper and middle São Paulo Plateau, while SP-3300
was under the influence of the Antarctic Bottom Water
(AABW) flowing northwards (De Madron and Weatherly
1994; Hogg and Owens 1999; Stramma and England 1999).
The Antarctic Intermediate Water (AAIW) dominates the up-
per slope of São Paulo Plateau (Hogg and Owens 1999),
flowing southward (Müller et al. 1998) in the region where
SP-550 lander was deployed. The presence of these water
masses was confirmed by temperature and salinity data (data
not shown here). It is plausible that the absence of shared
lineages among depths in our study is related to the influence
of different water masses and the current direction. The orig-
inal locality of O. braziliensis is also bathed by the AABW
(Sumida et al. 2016; Fujiwara et al. 2019), reinforcing the idea
that the water masses and current flows could control the
distribution of Osedax species in SWAtlantic. Similarly, both
landers at ~ 1500 m (SP-1500 and ES-1500), under the influ-
ence of NADW, share the occurrence of O. frankpressi.

Earlier studies on a deep region of Monterey Canyon (~
400–2900-m depth) showed a broad bathymetric distribution
of some Osedax species (Braby et al. 2007; Lundsten et al.

2010; Rouse et al. 2018). However, the wide bathymetric
range may be associated with the deep-water circulation in
Monterey Bay, since areas below 300-m depth are connected
due to stratification of water column formed by a cyclonic
circulation in the deep layer (> 300 m) and an anticyclonic at
intermediate depths (< 300 m) (Breaker and Broenkow 1994).
Antarctic Osedax species also have eurybathic distribution
associated to a cold isothermal water column, such as
O. crouchi and O. antarcticus, whileO. deceptionensis shows
wide distribution along the shallowAntarctic and Subantarctic
habitats possibly the result of the Antarctic Circumpolar
Current (Amon et al. 2014; Taboada et al. 2015). According
to the literature and our data from SW Atlantic, the water
masses and currents seem to be important in the distribution
of Osedax species, but future studies need to be addressed to
better understand this relationship.

This study revealed, for the first time, an inter-basin distri-
bution of O. frankpressi, previously only recorded from the
NE Pacific Ocean. There are five other species with trans-
Pacific distribution (Rouse et al. 2018), O. rubiplumus also
occurs in Antarctic waters (Smith et al. 2015) and
O. deceptionensis seems to be widely 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). On the other hand,
species with large females and bigger oocytes, like
O. frankpressi, may be long-distance dispersers (Rouse et al.
2009).

The Atlantic and Pacific populations of O. frankpressi had
negative Tajima’s D and Fu’s FS, but only significant for
Pacific populations (p ≤ 0.01). The results indicate a possible
recent population expansion for the Pacific population, while
for the Atlantic population is uncertain probably due to the

Table 4 Summary of genetic variability of COI forOsedax 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. *p ≤ 0.01

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

Fig. 5 TCS haplotype network of O. frankpressi populations. Each stroke in the line is one substitution site between haplotypes

Mar Biodiv (2019) 49:2587–25992596



low number of samples. Population expansion was 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 Atlantic and Pacific popu-
lations could indicate recent founders, population bottle-
necks, or selective sweeps. The bottleneck shape of the
haplotype network and the significantly high FST

(Figure 5 and Table 5) indicate segregation between pop-
ulations of different ocean basins and that geographic dis-
tance may act as a barrier to gene flow. However, it is more
plausible that the low genetic diversity in both regions and
the high FST value are related to the low number of sites
sampled for each population and/or the low number of
individuals analyzed. Sampling gaps usually inflate FST

values (Audzijonyte and Vrijenhoek 2010) explaining the
high values found in this study. Smith and Baco (2003)
estimated the mean nearest-neighbor distance between
whale falls is 5 km for the Gray whale population in the
California margin and is 12 km for the nine great whale
species in the global ocean. The abundant supply of verte-
brate bones facilitates a stepping-stone dispersion of whale
fall species (Smith and Baco 2003; Glover et al. 2005) and
explains the connection of Osedax species inhabiting the
west and east sides of the Pacific Ocean (Rouse et al.
2018). In the same way, intermediate whale falls along
the SE Pacific could connect the NE Pacific and SW
Atlantic populations of O. frankpressi. Future studies in
the SE Pacific could confirm if this region is also colonized
by O. frankpressi supporting a connection between NE
Pacific and SWAtlantic populations.

The 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, clade II joined almost all nude
palp species, but the relationships within this clade are
poorly supported (Rouse et al. 2018), and our phylogeny
recovers clade II divided in three subclades (Fig. 2).
According to our Bayesian phylogeny, we can confirm
that two new nude palp lineages, Osedax “BioSuOr-1”
and Osedax “BioSuOr-3” belong to clade II, closely relat-
ed to O. docricketts/O. westernflyer/O. knutei and
O. rogersi and O. lonnyi, respectively. The third Atlantic

nude-palp lineage, Osedax “BioSuOr-2”, was related to
clade III, a no-palp clade with only O. jabba. As
Osedax “BioSuOr-2” bears two pairs of smooth palps, this
position needs to be confirmed in future studies. In
O. jabba, the root system is also different from other
Osedax species; it is thin and filamentous, branching in
all direction in the sediments and the fine ends is attached
to surfaces of bone fragments (Rouse et al. 2018). We
could not see the root system of Osedax “BioSuOr-2”,
since they had lost the root system during the sorting
process from the bones, but all specimens were well at-
tached to the implanted vertebrae.

Clades IV, V, and VI were mixed in our phylogeny.
Vrijenhoek et al. (2009) found that COI phylogeny did not
resolve the position of some species in clades 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 basal inOsedax phylogeny and in
other studies clade VI is 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 shows
thatO. frankpressi (clade IV) falls close toO. roseus (clade V)
(Vrijenhoek et al. 2009), which was also recovered by our
analysis (Fig. 2). Osedax “BioSuOr-4”, a pinnulated palp lin-
eage, is probably a member of clade V since the COI diver-
gences of this lineage are slightly lower with species of clade
V than with species of clade IV.

In conclusion, the results presented here revealed six
Osedax species in the deep SW Atlantic whale falls, four of
them being putative new species. Interestingly, other deep
regions such as the NE and NW Pacific and the Southern
Ocean also have a high numbers of Osedax species (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 a few
species (Glover et al. 2005, 2013; Fujikura et al. 2006;
Taboada et al. 2015). This study also showed that bones im-
planted in different depths showed different species composi-
tion possibly related to the difference in water circulation in
these depths. The presence of Osedax frankpressi across
ocean basins (Pacific and Atlantic) infers that the provision
of whalebones on the seafloor must be plentiful enough to
facilitate the evolution and wide distribution for Osedax
species.
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