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A B S T R A C T   

Bathymodiolus Kenk and Wilson, 1985 includes fourteen currently recognized species from deep-sea chemo
synthetic environments in the Pacific, Atlantic, and Indian oceans. In this study, phylogenetic analyses of mytilid 
mussels sampled from seeps along the Costa Rica margin reveal the presence of three new Bathymodiolus species, 
sampled from depths across ~1000–1900 m. Bathymodiolus billschneideri n. sp., B. earlougheri n. sp., and 
B. nancyschneiderae n. sp. differ genetically from congeneric species of Bathymodiolus and show some stratifi
cation by depth. The depth ranges of Bathymodiolus billschneideri n. sp., B. nancyschneiderae n. sp., and 
B. earlougheri n. sp. were ~1400–1900 m, 1000–1100 m, and ~1000–1900m, respectively. Bathymodiolus bill
schneideri n. sp. and B. earlougheri n. sp. were found to be closely related to Bathymodiolus thermophilus Kenk and 
Wilson, 1985, while B. nancyschneiderae n. sp. exhibited closer relationships to non-East-Pacific taxa. Bathy
modiolus thermophilus was the first Bathymodiolus mussel discovered, sampled from a vent along the Galápagos 
Rift Zone in 1985 and later recorded along much of the East Pacific Rise. This study confirms the presence of 
B. thermophilus at the Costa Rica margin, representing the first DNA and morphological samples of B. thermophilus 
at a seep environment. Analysis of habitat evolution suggests that B. thermophilus and its closest relative, 
B. antarcticus Johnson and Vrijenhoek, 2013, are of seep ancestry.   

1. Introduction 

Bathymodiolinae Kenk and Wilson, 1985 is a subfamily of the 
Mytilidae mussel group whose members inhabit reducing environments 
worldwide (Kiel, 2010; Taylor and Glover, 2010). Within Bathy
modiolinae, the eight currently accepted genera contain over fifty 
named species (Kenk and Wilson, 1985; Olu-Le Roy et al., 2007; Taylor 
and Glover, 2010): Adipicola Dautzenberg, 1927, Bathymodiolus Kenk 
and Wilson, 1985, Benthomodiolus Dell, 1987, Gigantidas Cosel and 
Marshall, 2003, Idas Jeffreys, 1876, Tamu Gustafson, Turner, Lutz & 
Vrijenhoek, 1998, Terua Dall, Bartsch and Rehder, 1938 and Vulcanidas 
Cosel and Marshall, 2010. Many of these mussels, such as Bathymodiolus, 
are chemosymbiotic, relying on sulphide and/or methane-oxidizing 
symbionts in the ctenidia for much of their nutritional requirements 
(Fisher et al., 1993; Duperron et al., 2008; Taylor and Glover, 2010). 

Bathymodiolus are restricted to deep-sea chemosynthetic environments 
such as vents and seeps, where they often serve as foundational species 
and dominate the community biomass, creating essential habitat space 
for other organisms (Govenar, 2010; Vrijenhoek, 2010; Xu et al., 2019). 
Bathymodiolus currently includes 14 accepted species, distributed in the 
Atlantic, Pacific, and Indian oceans, as well as the Caribbean and Gulf of 
Mexico (Cosel et al., 1999; Cosel and Olu, 1998; Gustafson et al., 1998; 
Hashimoto, 2001). However, molecular data suggests that Bathy
modiolus is not monophyletic (Cosel and Marshall, 2003; Jones et al., 
2006; Lorion et al., 2010). 

Historically, Bathymodiolinae species were described based on 
morphological characteristics such as shell dimensions and internal 
anatomy (Kenk and Wilson, 1985), but molecular data has greatly 
changed the understanding of the group’s internal relationships. For 
example, DNA sequence data suggested that both Bathymodiolus and 
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Gigantidas were paraphyletic or polyphyletic (Jones et al., 2006). The 
paraphyly of Gigantidas has been recently resolved (see summary in Xu 
et al., 2019), while the paraphyly of Bathymodiolus has yet to be reme
died. Bathymodiolus manusensis Hashimoto and Furuta, 2007 and 
B. aduloides Hashimoto and Okutani, 1994 are clearly not members of 
the Bathymodiolus clade containing the type species for the genus, so we 
have placed their names in quotation marks, echoing the treatment by 
Gustafson et al. (1998), to indicate the nomenclatural problems 
regarding these taxa. While the taxonomy of Bathymodiolus needs some 
revision, new species of Bathymodiolinae are still being described (e.g. 
Gigantidas haimaensis Xu et al., 2019). 

This study focuses on mussels collected from deep-sea seeps at 
various depths along the Costa Rica margin in the eastern Pacific Ocean 
(Fig. 1). These collections include unidentified Bathymodiolus and 
B. thermophilus Kenk and Wilson, 1985 specimens that had been noted 
previously at these seeps (Levin et al., 2012, 2015). The Costa Rica 
margin in the East Pacific represents a biodiverse and variable seep 
habitat for many chemosymbiotic fauna, with over 40 seeps discovered 
along the margin since 2008 (Sahling et al., 2008; Levin et al., 2012, 
2015). Bathymodiolus thermophilus is well-known from hydrothermal 
vents along the East Pacific Rise, but had not been previously sampled 
outside of the East Pacific Rise or Galápagos Rift, or at any seep envi
ronments, until it was observed at the Jaco Scar seep (which exhibits 
some vent-like characteristics) on the Costa Rica margin (Levin et al., 
2012). Here we combine newly generated DNA data for Bathymodiolus 
mussels sampled from five seep sites in Costa Rica (999–1891 m) with 

previously published DNA data (Table 1) to substantiate the presence of 
B. thermophilus (as reported in Levin et al., 2012) and reveal three new 
species of Bathymodiolus at seeps along the Costa Rica margin, which are 
described here. 

2. Methods 

2.1. Sampling 

Bathymodiolus mussels were collected and subsampled for DNA on 
several dives by the HOV Alvin and ROV SuBastian between 2009 and 
2019 along the Costa Rica margin at the following dive sites between 
999 and 1891 m: Mound 12, Jaco-1000, The Thumb, Parrita Seep 
(formerly “Mound Quepos” (Levin et al., 2015) and “Quepos Seep” 
(Lindgren et al., 2019; McCowin and Rouse, 2018)), and Jaco Scar 
(Fig. 1, Table 1, Supplementary Table 1). Four Bathymodiolus thermo
philus specimens were also collected and subsampled for DNA in 2017 
and 2019. Three B. thermophilus specimens from the East Pacific Rise 
(collected between 1985 and 2007) were also used for the morpholog
ical analyses in this study, and two “B.” manusensis specimens from the 
Snowcap dive site in the Manus Basin (collected in 2000) were used in 
the phylogenetic analyses in this study (Table 1, Supplementary Tables 1 
and 3). 

For molecular analyses, a portion of the foot was cut and preserved in 
95% ethanol (details of individual samples are noted in Material 
Examined). Specimens were photographed post-preservation with a 

Fig. 1. Distribution of Bathymodiolus thermophilus 
(squares) and three new Bathymodiolus species (cir
cles) in the eastern Pacific and along the Costa Rica 
margin: Bathymodiolus thermophilus (white square), 
Bathymodiolus billschneideri n. sp. (black circle), 
Bathymodiolus earlougheri n. sp. (grey circle), Bathy
modiolus nancyschneiderae n. sp. (white circle). 
Detailed map of sampling at Costa Rica margin lower 
right: Jaco Scar (J), Jaco-1000 (J1), Parrita Seep (P), 
The Thumb (T), Mound 12 (M).   
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Table 1 
Origin of sequenced terminals, vouchers, and GenBank accession numbers used in final concatenated analyses (8 genes). New sequences are set in bold.  

Scientific Name Origin Habitat COI 16S HSP70 ND4 ANT 18S 28S HH3 Voucher or Reference 

“Bathymodiolus “aduloides Kikajima Island vent AB170057 – – AB175326 – – – – Iwasaki et al., 2006 
Bathymodiolus antarcticus EPR vent AF456317 – – AY649809 – AY649823 AY781140 – Won et al., 2003; Jones et al., 2006 
Bathymodiolus azoricus Menez Gwen 

(Atl.) 
vent AY649795 KF611758 KF720580 – KF720540 AY649822 AY781148 KF720621 Jones et al., 2006; Thubaut et al., 2013 

Bathymodiolus 
billschneideri n. sp. 

Jaco Scar, CR seep MN986781 MN977821 - - - MN978735 MN978745 MN986898 SIO-BIC M14535 

Bathymodiolus 
billschneideri n. sp. 

Jaco Scar, CR seep MN904638 MN977822 - - - MN978736 - - SIO-BIC M12078–04 

Bathymodiolus 
billschneideri n. sp. 

Jaco Scar, CR seep MN986815 MN977823 MN986906 - MN974019 MN978737 - - SIO-BIC M16792 

Bathymodiolus boomerang Barbados 
Accretionar Prism 

seep FJ890503 KF611759 KF720579 – KF720541 – FJ890505 KF720622 Lorion et al., 2010; Thubaut et al., 2013 

Bathymodiolus brevior Mariana Trough vent AY649799 – – AY649806 – AY649824 AY781150 – Jones et al., 2006 
Bathymodiolus brooksi West Florida 

Escarpment 
seep AY649798 – – AY649805 – AY649825 AY781135 – Jones et al., 2006 

Bathymodiolus 
earlougheri n. sp. 

Jaco Scar, CR seep MN986856 - - - - - - - SIO-BIC M12080 

Bathymodiolus 
earlougheri n. sp. 

Mound 12, CR seep MN986865 MN977824 - MN986913 - MN978738 MN978746 MN986899 SIO-BIC M14487 

Bathymodiolus 
earlougheri n. sp. 

Mound 12, CR seep MN986851 MN977825 MN986907 MN986914 - MN978739 MN978747 MN986900 SIO-BIC M18326 (M11974–05) 

Bathymodiolus heckerae West Florida 
Escarpment 

seep AY649794 – – AY130246 – AF221639 AY781138 – Jones et al., 2006; Distel et al., 2000 

“Bathymodiolus” 
manusensis 

Manus Basin vent MN986850 - - - - MN978740 MN978748 MN986901 SAM D19368.13 

“Bathymodiolus” 
manusensis 

Manus Basin vent GU966637 HF545059 KF720556 – KF720537 KF611718 GU966642 KF720618 Lorion et al., 2010, 2013; Thubaut et al., 
2013 

Bathymodiolus marisindicus Edmond, CIR vent AY275543 – – AY046279 – AY649818 AY781147 – Smith et al., 2004; Van Dover et al., 2001;  
Jones et al., 2006 

Bathymodiolus 
nancyschneiderae n. sp. 

Mound 12, CR seep MN895199 - MN986908 MN986915 - - - - SIO-BIC M18327 (M11979–07) 

Bathymodiolus 
nancyschneiderae n. sp. 

Mound 12, CR seep MN895191 MN977826 MN986909 MN986916 - MN978741 MN978749 MN986902 SIO-BIC M11974–18 

Bathymodiolus 
nancyschneiderae n. sp. 

Mound 12, CR seep MN895215 MN977827 MN986910 MN986917 - MN978742 MN978750 MN986903 SIO-BIC M14471 

Bathymodiolus 
nancyschneiderae n. sp. 

Jaco-1000, CR seep MN895206 MN977828 MN986911 MN986918 MN974020 MN978743 MN978751 MN986904 SIO-BIC M12032 

Bathymodiolus 
puteoserpentis 

Snake Pit, MAR vent/seep AY649796 – – AF128533 – AF221640 AY781151 – Maas et al., 1999; Distel et al., 2000; Jones 
et al., 2006 

Bathymodiolus 
septemdierum 

Nankai Trough seep AB170052 – – AB175298 – – – – Iwasaki et al., 2006 

Bathymodiolus thermophilus EPR vent AF456285 – – AY649807 – AF221638 AY781141 – Won et al., 2003; Jones et al., 2006; Distel 
et al., 2000 

Bathymodiolus thermophilus EPR vent GU966639 KF611760 – – FJ842134 – GU966640 KF720623 Lorion et al., 2010; Thubaut et al., 2013;  
Audzijonyte and Vrijenhoek, 2010 

(continued on next page) 
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Table 1 (continued ) 

Scientific Name Origin Habitat COI 16S HSP70 ND4 ANT 18S 28S HH3 Voucher or Reference 

Bathymodiolus 
thermophilus 

Jaco Scar, CR seep MN986846 - MN986912 MN986919 - MN978744 - MN986905 SIO-BIC M14568 

Benthomodiolus 
geikotsucola 

Japan organic 
substrate 

HF545103 HF545049 – – – – HF545023 HF545149 Lorion et al. (2013) 

Benthomodiolus lignocola New Zealand organic 
substrate 

AY275545 HF545050 – AY649817 – AF221648 AY781131 KF720596 Smith et al., 2004; Lorion et al., 2013; Jones 
et al., 2006; Distel et al., 2000; Thubaut 
et al., 2013 

Benthomodiolus lignocola South Atlantic organic 
substrate 

KF611691 KF611733 KF720560 – – KF611703 KF611698 KF720593 Thubaut et al., 2013 

Gigantidas childressi Alaminos Canyon 
(Atl.) 

seep AY649800 – – AY130248 – AF221641 AY781137 – Jones et al., 2006; Won et al., 2003; Distel 
et al., 2000 

Gigantidas crypta Philippines organic 
substrate 

EU702319 KF611750 KF720563 – KF720531 KF611714 EU683298 KF720612 Lorion et al., 2009;Thubaut et al., 2013 

Gigantidas gladius Rumble III (WP) vent AY649802 – – AY649813 – AY649821 AY781149 – Jones et al., 2006 
Gigantidas hirtus Kuroshima Knoll seep AB170047 – – AB175301 – – – – Iwasaki et al., 2006 
Gigantidas japonicus Mid-Okinawa 

Trough 
seep AB101422 HF545081 – AB175281 – – HF545039 HF545154 Miyazaki et al., 2004; Lorion et al., 2013;  

Iwasaki et al., 2006 
Gigantidas mauritanicus West Africa seep AY649801 – – AY649810 – AY649828 AY781144 – Jones et al., 2006 
Gigantidas mauritanicus Barbados 

Accretionar Prism 
seep FJ890502 KF611747 KF720565 – KF720528 KF611712 FJ890504 KF720609 Lorion et al., 2010; Thubaut et al., 2013 

Gigantidas platifrons Sagami Bay vent/seep AB101420 – – AB175286     Miyazaki et al., 2004; Iwasaki et al., 2006 
Gigantidas securiformis Nankai Trough seep AB170052 – – AB175298 – – – – Iwasaki et al., 2006 
Gigantidas taiwanensis Okinawa Arc seep GU966638 KF611746 KF720566 – KF720527 KF611711 GU966641 KF720608 Lorion et al., 2010; Thubaut et al., 2013 
Gigantidas tangaroa New Zealand seep AY608439 KF611748 KF720572 AY649811 KF720529 AY649820 AY781134 KF720610 Smith et al., 2004; Thubaut et al., 2013;  

Jones et al., 2006 
Idas macdonaldi Gulf of Mexico seep AY649804 – – AY649816 – – AY781145 – Jones et al., 2006 
Idas washingtonius Monterey Bay organic 

substrate 
AY275546 HF545073 – AY649815 – AF221645 AY781146 – Smith et al., 2004; Lorion et al., 2013; Jones 

et al., 2006; Distel et al., 2000 
Tamu fisheri Garden Banks, 

GoM 
seep AY649803 – – AY649814 – AF221642 AY781132 – Jones et al., 2006; Distel et al., 2000 

Terua arcuatilis New Zealand organic 
substrate 

FJ937033 KF611756 KF720584 – KF720538 KF611719 GU065879 KF720619 Lorion et al., 2010; Thubaut et al., 2013 

Vulcanidas insolatus Kermadec Ridge, 
NZ 

vent FJ767936 KF611739 KF720558 – KF720520 KF611706 FJ767937 KF720601 Lorion et al., 2010; Thubaut et al., 2013 

Vulcanidas insolatus (sp. 3) Kermadec Ridge, 
NZ 

vent AY608440 – – AY649812 – AY649819 AY781133 – Smith et al., 2004; Jones et al., 2006  
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Canon Rebel camera. After subsampling, the holotypes were fixed in 8% 
formalin. Most of the remaining specimens were cleaned and their shells 
were dried for preservation. Three paratypes are deposited at the Museo 
de Zoología, Universidad de Costa Rica, San Jose, Costa Rica (MZUCR), 
and the holotypes, remaining paratypes, and other collected specimens 
are deposited in the Scripps Institution of Oceanography Benthic 
Invertebrate Collection (SIO-BIC), La Jolla, California, USA. 

2.2. DNA extraction, amplification, and sequencing 

DNA was extracted from 271 Bathymodiolus specimens with the 
Zymo Research DNA-Tissue Miniprep kit, following the protocol sup
plied by the manufacturer. Approximately 550 bp of the mitochondrial 
gene cytochrome oxidase subunit I (COI) were amplified for each 
specimen using the Bathymodiolus primers BathCOIF and BathCOIR 
(Olu-Le Roy et al., 2007), (Supplementary Table 1). For a subset of 12 
specimens, up to three additional mitochondrial genes (16S rRNA [16S], 
NADH dehydrogenase subunit 4 [ND4], and heat shock protein 70 
[HSP70]) and up to four nuclear genes (18S rRNA [18S], 28S rRNA 
[28S], histone H3 [HH3], and adenine nucleotide ADP/ATP translocase 
[ANT]) were amplified for genetic analysis (Table 1). Amplification 
details for each gene can be found in Table 2. Fast PCR reactions (COI, 
16S, ND4, HSP70, 18S, 28S, HH3) were carried out with the following 
approximate temperature profiles shown in Table 2, and touchdown 
PCR was conducted to amplify the ANT gene (same temperature and 
duration as the Fast PCR for denaturation and extension, but with an 
annealing temperature that decreased from 55 to 48◦/45s; Table 2). All 
PCR products were purified with the ExoSAP-IT protocol (USB, Affy
metrix) and sequencing was performed by Eurofins Genomics (Louis
ville, KY). 

2.3. Molecular analyses 

In order to control for doubly uniparental inheritance (DUI), known 
in some Mytilidae (Breton et al., 2007; Passamonti et al., 2011; Zouros 
et al., 1994), COI and additional gene sequences for multiple specimens 
of each species were used in preliminary phylogenetic analyses (Table 1, 
Supplementary Table 1). We compared sequences from multiple speci
mens of each species to confirm that there were no “divergent or highly 
heterogeneous DNA sequences” among the replicates (Fujita et al., 2009; 
Iwasaki et al., 2006; Kyuno et al., 2009; Miyazaki et al., 2010) that might 
be indicative of DUI. After this preliminary analysis, a single represen
tative was chosen to represent each species in the final phylogenetic 
analyses (with a few exceptions where biogeographical relationships 
were of interest, e.g. B. thermophilus). The newly generated sequences 
plus available sequence data from GenBank for other Bathymodiolus 

species (Table 1) were aligned with MAFFT with default settings (Katoh 
and Standley, 2013). Poorly-aligned regions of the 16S, 18S, and 28S 
noncoding genes were removed using Gblocks version 0.91b (Catresana, 
2000), with least stringent settings. 93% of sites were retained by 
Gblocking for 16S, 98% for 18S, and 82% for 28S. This resulted in two 
alignments for each of these genes, as well as two concatenated align
ments, referred to here as complete and Gblocked. 

Best-fit models for individual gene alignments (complete and 
Gblocked, if applicable) were selected using the Akaike information 
criterion (AIC) in jModelTest 2 (Darriba et al., 2012; Guindon and 
Gascuel, 2003). All partition models assigned by jModelTest 2 are re
ported in associated figure legends. Maximum likelihood (ML) analyses 
were conducted on individual gene alignments (complete and Gblocked, 
if applicable) separately using the RAxML-HPC2 Workflow on XSEDE v. 
8.2.12 in the CIPRES Science Gateway v. 3.3 (Miller et al., 2010; Sta
matakis, 2014). A mitochondrial concatenated analysis (COI, 16S, 
HSP70, ND4; complete and Gblocked) and a nuclear concatenated 
analysis (18S, 28S, HH3, ANT; complete and Gblocked) were also con
ducted in RAxML. An ML analysis was conducted for each of the 
eight-gene concatenated datasets using the same RAxML workflow (and 
the GTR + G + I model). Node support was assessed via a thorough 
bootstrapping (1000 replicates) for all ML analyses. Bayesian Inference 
(BI) analyses were conducted on the complete and Gblocked eight-gene 
concatenated datasets using MrBayes on XSEDE v. 3.2.x in the CIPRES 
Science Gateway v. 3.3 (Miller et al., 2010; Ronquist et al., 2012). Each 
gene partition was assigned the appropriate best-fit model selected by 
jModelTest 2. Maximum parsimony (MP) analyses were also conducted 
for the complete and Gblocked eight-gene concatenated datasets using 
PAUP* v. 4.0a.165 (Swofford, 2002), using heuristic searches with the 
tree-bisection-reconnection branch-swapping algorithm and 100 
random addition replicates. Support values for the MP analyses were 
determined using 100 bootstrap replicates. 

An Approximately Unbiased Test (Shimodaira, 2002) was conducted 
to test whether one placement of Bathymodiolus nancyschneiderae n. sp. 
in the phylogenetic trees was more likely than the other. A constraint 
tree placing B. nancyschneiderae n. sp. with the clade containing 
B. thermophilus, B. antarcticus Johnson and Vrijenhoek, 2013, 
B. billschneideri n. sp., and B. earlougheri n. sp. was made using Mesquite 
v. 3.6 (Maddison and Maddison, 2018) and RAxML v.1.5. Subsequently, 
IQ-Tree v.1.6.12 (Chernomor et al., 2016) was used to conduct the AU 
test with 20,000 replicates to generate likelihood scores for the con
strained tree and the unconstrained tree (the unconstrained tree from 
the eight-gene concatenated ML analysis can be seen in Fig. 2). The AU 
test was also conducted with PAUP* with 10,000 replicates, and the 
corresponding likelihood scores and p-value were compared with the 
IQ-Tree results. 

Table 2 
Amplification details (fragment size, primers and associated references, and amplification programs) for each locus amplified in this study. Touchdown PCR was used 
to amplify ANT (annealing temperature decreased from 55 to 48 ◦C over 40 cycles of Denaturation, Annealing Extension. Fast PCR was used to amplify all other loci 
(30–40 cycles Denaturation, Annealing, Extension). Abbreviations: m - minutes, s - seconds.  

Locus Primers Approx. Fragment 
Size (bp) 

Initial 
Denaturation 

Denaturation Annealing Extension Final 
Extension 

Reference 

COI BathCOIF, BathCOIR 550 94 ◦C/4m 94 ◦C/40s 50 ◦C/50s 72 ◦C/1m 72/10m Olu-Le Roy et al., 2007 
16S Idas16SA, 

IdasLRJ12864 
455 94 ◦C/4 m 94 ◦C/40s 55 ◦C/50s 72 ◦C/1m 72 ◦C/10m Baco-Taylor, 2002; 

Thubaut et al., 2013 
ND4 ND46S, ND47A 490 94 ◦C/2–4m 94 ◦C/ 

30–40s 
52–56.5 ◦C/ 
10–50s 

72–74 ◦C/ 
40–60s 

72 ◦C/10m Kyuno et al., 2009 

HSP70 HSP70F, HSP70R 885 94 ◦C/4m 94 ◦C/40s 55 ◦C/50s 72 ◦C/1m 72 ◦C/10m Thubaut et al., 2013 
18S 18S1F, 18S5R; 18S9R, 

18Sa2.0 
1190 94 ◦C/3m 94 ◦C/30s 49 ◦C/30s 72 ◦C/1m 72 ◦C/8m Giribet et al., 1996;  

Whiting et al., 1997 
18S 18S3F, 18Sbi 590 95 ◦C/3m 95 ◦C/30s 52 ◦C/30s 72 ◦C/90s 72 ◦C/8m Giribet et al., 1996;  

Whiting et al., 1997 
28S 28SC1, 28SD2 795 95 ◦C/3m 95 ◦C/30s 55 ◦C/40s 72 ◦C/75s 72 ◦C/5m Jovelin and Justine, 2001 
HH3 H3F, H3R 330 95 ◦C/3m 94 ◦C/30s 53 ◦C/45s 72 ◦C/45s 72 ◦C/5m Colgan et al., 1998 
ANT ANTF, ANTR1, ANTR2 500 94 ◦C/3m 94 ◦C/30s 55-48 ◦C/45s 72 ◦C/1m 72 ◦C/10m Audzijonyte and 

Vrijenhoek, 2010  
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Fig. 2. Maximum likelihood tree of the combined analysis from four mitochondrial (COI, 16S, ND4, HSP70) and four nuclear (18S, 28S, HH3, ANT) genes, conducted 
in RAxML with best-fit model GTR + G + I. Support values for the complete analysis aligned with MAFFT listed above nodes, support values for the Gblocked analysis 
listed below nodes. Bootstrap support percentages from Maximum Likelihood analysis, Bayesian posterior probabilities, and bootstrap support percentages from 
Maximum Parsimony analysis separated by slashes. Support values of 95%/1 or greater for each analysis are indicated by asterisks, support values less than 50%/0.9 
are left blank, and nodes not recovered in one of the analyses are indicated by a hyphen. Inset. Results of molecular dating analyses (Bayesian inference tree 
generated with BEAST) for Bathymodiolus clade (excluding “B.” aduloides and “B.” manusensis), with best-fit models assigned to individual genes (see Supplementary 
Figs. 2-3 for details). Node ages are indicated above nodes and node bars in light grey indicate 95% HPD). 
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A subset of the Bathymodiolus COI dataset including the new species 
holotypes and a selection of relevant sequences from GenBank was used 
to calculate uncorrected and model-corrected (HKY + G) distances and 
serve as a representative sample (Table 3). Minimum uncorrected 
pairwise distances were calculated for the entire COI dataset (~400 bp) 
with PAUP* (Supplementary Table 2). A model-corrected distance 
analysis for a reduced COI dataset containing the three new Bathy
modiolus species discussed in this paper and their sister clades (sup
ported by the phylogenetic analyses) was also conducted with the best- 
fit model, HKY + G (Hasegawa et al., 1985), which was selected via AIC 
in jModelTest 2 (minimum corrected distances represented by bold 
values in Supplementary Table 2). 

Haplotype networks were created using the COI dataset (terminals 
listed in Supplementary Table 1) for each of the three new Bathymodiolus 
species and Bathymodiolus thermophilus with PopART v.1.7 (Bandelt 
et al., 1999; Leigh and Bryant, 2015) using the median-joining option 
with epsilon set at 0 for each analysis. 

The complete eight-gene concatenated ML phylogeny was also used 
in an ancestral state reconstruction of habitat. A habitat character with 
three states, vent, seep, and organic fall, was mapped onto the ML 
phylogeny using the Mk-1 likelihood model in Mesquite. Where indi
vidual taxa had been reported at multiple habitats, multiple states were 
coded (e.g., vent/seep for a single taxon reported from both habitats). 

The complete eight-gene concatenated alignment was used for mo
lecular dating with BEAST2 (v.2.4.8) (Bouckaert et al., 2019) with the 
same parameter settings as the most recent molecular dating analysis of 
Bathymodiolinae by Lorion et al. (2013). The tree was minimally con
strained to match the complete concatenated ML tree at nodes of interest 
for molecular dating. A Yule speciation model was used as a tree prior, 
with rate variation modelled among lineages by an uncorrelated 
lognormal relaxed clock, with the mean substitution rate fixed to 1. 
Three fossils were used as calibrations per Lorion et al. (2013) and 
implemented as prior distributions for node ages in the tree. These 
fossils include Vulcanidas goederti (Kiel and Little, 2006; Lorion et al., 
2013), which was dated to the Middle Eocene, 45 Myr (Kiel and Little, 
2006); Gigantidas coseli (Lorion et al., 2013; Saether et al., 2010), which 
was dated to the Middle Miocene, 12.7–15.1 Myr (Saether et al., 2010); 
and Bathymodiolus heretaunga (Lorion et al., 2013; Saether et al., 2010), 
which was dated to the Early Miocene, 21.7–25.2 Myr (Saether et al., 
2010). As in Lorion et al. (2013), we modelled the divergence time of the 
most inclusive clade containing Vulcanidas insolatus Cosel and Marshall 
(2010) using an exponential prior with a hard minimum bound of 45 
Myr and a mean of 1.2 Myr, we modelled the divergence time of the most 
inclusive clade containing Gigantidas crypta (Dall et al., 1938) using an 
exponential prior with a minimum bound of 15.1 Myr and a mean of 1.3 
Myr, and we modelled the divergence time of the most inclusive clade 
containing Gigantidas childressi Gustafson et al. (1998) using an expo
nential prior with a minimum bound of 25.2 Myr and a mean of 0.7 Myr 
(Lorion et al., 2013). A minimum of four runs of 20 million Markov 
chain Monte Carlo (MCMC) steps and a 4000-step subsampling of in
dividual runs was used for the analysis. Each of the fossil calibrations 
was used in a separate analysis to check whether specific fossils had 
significant influences on the resulting dates (four to eight runs per fossil 
until a minimum of four runs converged), then a combined analysis with 
all three calibrations at once was conducted with a total of seven runs: 
four of these runs converged and were used (3 reached stationarity at a 
poorer likelihood plateau and were not used). Burn-in was determined 
to be 15% using Tracer v.1.7 (Rambaut et al., 2018). Runs were com
bined in LogCombiner and trees were annotated in TreeAnnotator 
(BEAST v.2.4.8). The combined individual runs and the single combined 
run yielded nearly identical results. The divergence times of clades of 
interest were compared with those found in the Lorion et al. (2013) and 
Johnson et al. (2013) analyses. 
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2.4. Morphological analyses 

Identification of the Bathymodiolus mussels from Costa Rica seeps by 
morphology alone was difficult, so morphological identifications were 
confirmed with DNA sequencing (minimally COI). Of the DNA- 
confirmed specimens, a subset of the largest shells for each species 
were used for morphological analyses. Electric calipers (Mitutoyo) ac
curate to 0.01 mm were used to measure 23 shells of B. billschneideri n. 
sp., 22 shells of B. nancyschneiderae n. sp., 13 shells of B. earlougheri n. 
sp., and 7 shells of B. thermophilus (including the three specimens from 
the East Pacific Rise that had been previously identified without DNA 
evidence). Shell length, shell width, and shell height were measured 
according to Kenk and Wilson (1985) (Supplementary Table 3) for each 
specimen. When possible, both valves were measured separately and 
averaged for each specimen, but for specimens with only a single valve 
preserved, that valve only was measured (since the taxa measured in this 
study are equivalve). Prior to any analysis, all data was standardized and 
zero-centered (z-scores) in RStudio v.1.2.1335 to remove size-related 
variation in shell shape. Following standardization, a principle compo
nent analysis (PCA) was conducted in RStudio using ggplot2 (Wickham, 
2016), ggfortify (Tang et al., 2016), factoextra (Kassambara and Mundt, 
2019), and FactoMineR (Le et al., 2008) to explore the morphometric 
data by comparing the three shell morphological measurements. 

3. Results 

3.1. Molecular analyses 

The ML and BI analyses for the complete and Gblocked eight-gene 
concatenated datasets (Fig. 2) were nearly identical, with some varia
tion at poorly supported nodes. The complete and Gblocked MP analyses 
yielded similar results to the ML and BI analyses but differed from them 
at poorly supported nodes. All analyses recovered a Gigantidas clade and 
a Bathymodiolus clade (excluding “B.” manusensis and “B.” aduloides). 
The concatenated mitochondrial phylogeny differed noticeably (Sup
plementary Fig. 1); however, there was also conflict between individual 
gene trees: not all mitochondrial gene trees agreed with one another or 
the concatenated mitochondrial tree, and not all nuclear gene trees 
agreed with one another or the concatenated nuclear tree (Supplemen
tary Figs. 1-3). Interspecific uncorrected pairwise distances among 
Bathymodiolus species (excluding “B.” manusensis and “B.” aduloides) 
ranged from 2.09 to 18.37% and the corrected pairwise distances ranged 
from 2.35 to 35.98% (Supplementary Table 2). 

All concatenated analyses (ML, BI, MP) consistently placed Bathy
modiolus billschneideri n. sp. sister to B. earlougheri n. sp. with high 
support (Fig. 2). This clade was recovered as sister to the clade con
taining B. thermophilus and B. antarcticus with maximal support in all 
concatenated analyses. The concatenated mitochondrial, concatenated 
nuclear, and individual gene trees also consistently recovered the close 
sister relationship between B. billschneideri n. sp. and B. earlougheri n. sp. 
(Supplementary Figs. 1-3). Most gene trees also recovered the close 
relationship between B. thermophilus and either/both B. billschneideri n. 
sp. and B. earlougheri n. sp. (COI, 16S, ND4, HSP70, 18S, 28S, HH3; 
Supplementary Figs. 2-3). Uncorrected pairwise distances for the COI 
dataset showed that B. billschneideri n. sp. and B. earlougheri n. sp. had a 
minimum divergence of 5.65% from one another (Supplementary Table 
2) and the holotypes were 6.24% divergent from one another (Table 3). 
Both B. billschneideri n. sp. and B. earlougheri n. sp. also exhibited small 
uncorrected distances from B. thermophilus (9oN haplotype): minimally 
6.85% and 8.08% respectively (Table 3, Supplementary Table 2). Model- 
corrected pairwise distances for a subset of the COI data (Bathymodiolus 
clade only) revealed similar, though larger, relative distances (Table 3, 
Supplementary Table 2). Bathymodiolus billschneideri n. sp. and 
B. earlougheri exhibited a next-closest relationship to B. thermophilus 
(Table 3, Supplementary Table 2). Bathymodiolus antarcticus, the sister 
taxon to B. thermophilus, was also closely related to B. billschneideri n. sp. 

and B. earlougheri n. sp. (Table 3, Supplementary Table 2). 
The ML and BI (concatenated) analyses recovered Bathymodiolus 

nancyschneiderae n. sp. as sister, with low support, to a clade of mixed 
Pacific, Atlantic, and Indian Ocean taxa that was distinctly separate from 
the East Pacific taxa, (Fig. 2). The placement of B. nancyschneiderae n. sp. 
was variable across the gene trees (Supplementary Figs. 1-3). The 
concatenated mitochondrial tree (Supplementary Fig. 1A) recovered 
B. nancyschneiderae as sister to the clade containing the East Pacific taxa 
B. thermophilus, B. antarcticus, B. billschneideri n. sp., and B. earlougheri n. 
sp. In contrast, the concatenated nuclear tree (Supplementary Fig. 1B) 
recovered the same placement of B. nancyschneiderae n. sp. as the ML 
and BI analyses. There was not a consistent topology trend associated 
with mitochondrial or nuclear loci and disagreements between loci were 
at nodes with poor support. However, most gene trees showed a close 
relationship between B. billschneideri n. sp. and B. earlougheri n. sp. that 
was distinctly separate from B. nancyschneiderae n. sp. (Supplementary 
Figs. 1-3). Since the placement of B. nancyschneiderae n. sp. in the eight- 
gene concatenated ML tree (with the non-East-Pacific taxa) differed 
from its placement in the concatenated mitochondrial analysis and some 
of the gene trees, an Approximately Unbiased Test (AU Test), was con
ducted to compare the original ML tree (seen in Fig. 2) with a con
strained ML tree that placed B. nancyschneiderae n. sp. with the East 
Pacific clade. Two AU tests, conducted independently in IQ-Tree and 
PAUP*, recovered no significant difference between the trees, with p- 
values of 0.201 and 0.223, respectively. Uncorrected pairwise distances 
for the COI dataset revealed that B. nancyschneiderae n. sp. was mini
mally 7.52% and 8.08% divergent from B. billschneideri n. sp. and 
B. earlougheri n. sp. respectively (Supplementary Table 2). The 
B. nancyschneiderae n. sp. holotype was 8.12% and 9.04% divergent 
from the B. billschneideri n. sp. and B. earlougheri n. sp. holotypes 
respectively (Table 3). Bathymodiolus nancyschneiderae n. sp. also 
exhibited a small uncorrected distance from B. boomerang (Table 3, 
Supplementary Table 2). Model-corrected pairwise distances for the COI 
data subset revealed similar relationships to the uncorrected dataset for 
B. nancyschneiderae n. sp. (Table 3, Supplementary Table 2): 
B. nancyschneiderae n. sp. was minimally 11.39% and 12.84% divergent 
from B. billschneideri n. sp. and B. earlougheri n. sp. respectively (holo
types 13.93% and 16.72% divergent respectively) (Table 3, Supple
mentary Table 2). Though B. billschneideri n. sp. exhibited a smallest 
minimum corrected distance from B. nancyschneiderae n. sp. (above), 
B. marisindicus was also very close to B. nancyschneiderae n. sp. (mini
mum corrected distance of 13.37%) (Supplementary Table 2). 

Bathymodiolus thermophilus was recovered as sister to B. antarcticus 
with maximal support in all concatenated analyses (Fig. 2). This clade 
was recovered as sister to B. billschneideri n. sp. and B. earlougheri n. sp. 
also with high support in all concatenated analyses (Fig. 2). Bathy
modiolus thermophilus samples from Costa Rica were recovered as sister 
to a confirmed B. thermophilus specimen from the East Pacific Rise with a 
very short branch length and maximal support from all concatenated 
analyses (Fig. 2) and in all gene trees for which there was sequence data 
available for both terminals (Supplementary Figs. 2-3). The uncorrected 
distance analysis (based on the COI dataset) revealed that the 
B. thermophilus specimens sampled from Costa Rica were 0–2.11% 
divergent from the other B. thermophilus sequences (from the East Pacific 
Rise and the Galápagos Rift) (Table 3, Supplementary Table 2). The 
corrected distance analysis (based on a subset of the COI data) revealed 
similar distances (Table 3, Supplementary Table 2). Measurements of 
the shells of B. thermophilus specimens from Costa Rica and the East 
Pacific Rise resulted in a slight extension of the previously recorded shell 
measurements for this species. The mean ratio of height to length in 
specimens from Costa Rica was 0.416; range 0.391–0.430 (previously 
0.475, range 0.428–0.513). The mean ratio of width to length in speci
mens from Costa Rica was 0.137; range 0.124–0.147 (previously 0.208; 
range of 0.185–0.230). 

Haplotype networks generated from the COI data (sequences 
450–520 bp in length) for each new species revealed similar network 
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shapes: within each species there was a single dominant haplotype, with 
other haplotypes varying by just a few base pairs (Fig. 3). In total, there 
were 66 B. billschneideri n. sp. sequences, 150 B. nancyschneiderae n. sp. 
sequences, 45 B. earlougheri n. sp. sequences, and 41 B. thermophilus 
sequences. The COI haplotype network for B. billschneideri n. sp. showed 
that the majority of specimens shared a single haplotype regardless of 
locality/depth, with a few specimens differing by at most a few base 
pairs (Fig. 3). However, B. billschneideri n. sp. appeared to be restricted 
to two localities/depths: Jaco Scar (1800 m) and Parrita Seep (1400 m). 
The B. earlougheri n. sp. haplotype network exhibited a similar structure 
with a single haplotype shared by the majority of specimens regardless 
of locality (Fig. 3). Bathymodiolus earlougheri n. sp. was present at the 
shallower sampling sites Mound 12 (1000 m) and The Thumb (1060 m), 
as well as the deepest sampling site, Jaco Scar (1800 m), but not at 
Parrita Seep (1400 m) (Fig. 3). Bathymodiolus nancyschneiderae n. sp. 
shared the same network shape but was not sampled below 1100 m; it 
was only present at the three shallowest sampling sites: Mound 12 
(1000 m), The Thumb (1070 m) and Jaco-1000 (1060 m) (Fig. 3). The 
haplotype network generated from the COI data for B. thermophilus 
(Fig. 4, ~400 bp), which included a subset of sequences from East Pa
cific Rise and Galápagos Rift (Johnson et al., 2013) revealed that the five 
Costa Rican seep B. thermophilus sequences were either of two previously 
established dominant haplotypes from Johnson et al. (2013). One of the 
haplotypes (including four Costa Rica specimens) was shared with 
B. thermophilus sequences from vents at the northern East Pacific Rise 
and southern East Pacific Rise, while the other dominant haplotype 
(including one Costa Rica specimen) was shared with B. thermophilus 
sequences from vents at the Galápagos Rift, northern East Pacific Rise, 
and southern East Pacific Rise. These two haplotypes diverged by 
approximately six base pairs from one another (Fig. 4). 

The maximum clade credibility tree created with the Bayesian 
relaxed-clock analysis (calibrated using fossils at three nodes; converged 
runs that were conducted with individual fossils did not vary signifi
cantly from the combined runs) resulted in an estimated mean age for 
the most recent common ancestor for Bathymodiolus (excluding “B.” 
manusensis and “B.” aduloides) of 17.5 Myr (95% HPD interval: 
13.67–21.47) (Fig. 2 inset; see Supplementary Fig. 4 for full time tree). 
Our analysis calculated an estimated mean age of 4.34 Myr (95% HPD 
interval: 2.47–6.44 Myr) for the divergence of B. thermophilus and 
B. antarcticus, which was previously calculated by Lorion et al. (2013) 
and Johnson et al. (2013) to be approximately 5 Myr and 2.1–4.3 Myr, 

respectively. The estimated mean age for the divergence of 
B. billschneideri n. sp. and B. earlougheri n. sp. from the 
B. thermophilus/antarcticus clade was 10.4 Myr (95% HPD interval: 
7.23–13.94). The estimated mean age for the divergence of 
B. billschneideri n. sp. from B. earlougheri n. sp. was 5.44 Myr (95% HPD 
interval: 2.85–8.30), and the estimated mean age for the divergence of 
B. nancyschneiderae n. sp. from the other Bathymodiolus clade (including 
B. marisindicus and B. azoricus Cosel and Comtet, 1999) was 15.95 Myr 
(95% HPD interval: 12.22–19.74) (Supplementary Fig. 4). 

The likelihood ancestral state reconstruction revealed that a seep 
origin was most likely for the most recent common ancestor of the 
Bathymodiolus clade, excluding “B.” manusensis and “B."aduloides 
(Fig. 5). Within Bathymodiolus, the East Pacific Rise clade containing 
B. thermophilus, B. antarcticus, B. billschneideri n. sp., and B. earlougheri n. 
sp. was also most likely to have had an ancestor with a seep origin, 
similarly to its sister clade containing various Bathymodiolus species 
from the Atlantic, West Pacific, Indian Ocean, Caribbean, Gulf of 
Mexico, and B. nancyschneiderae n. sp. from the East Pacific. The habitat 

Fig. 3. Haplotype networks from COI data for Bathymodiolus billschneideri n. sp., B. nancyschneiderae n. sp., and B. earlougheri n. sp. Color-coded according to locality/ 
depth of sampling. 

Fig. 4. Haplotype network from COI data for Bathymodiolus thermophilus. 
Color-coded according to locality. 

M.F. McCowin et al.                                                                                                                                                                                                                           



Deep-Sea Research Part I 164 (2020) 103322

10

of the most recent common ancestor of Bathymodiolinae was ambiguous 
(Fig. 5). 

3.2. Morphological analyses 

A morphological examination of the shells of the three new species 
revealed that B. earlougheri n. sp. had a distinguishable shape and color 

from the other Bathymodiolus species sampled from the seeps along the 
Costa Rica margin. Bathymodiolus earlougheri n. sp. shells had a distinct 
golden-yellow color in all specimens, with a noticeably shorter shell 
length (relative to shell height and width) and more compact shape than 
B. billschneideri n. sp., B. nancyschneiderae n. sp, and B. thermophilus 
(Figs. 6–9). Bathymodiolus billschneideri n. sp., B. nancyschneiderae n. sp., 
and B. thermophilus could not be reliably differentiated morphologically 

Fig. 5. Likelihood ancestral state reconstruction of habitat (vent, seep, organic fall) mapped onto the complete concatenated ML phylogeny.  

Fig. 6. Photographs of shells of Bathymodiolus thermophilus. A. SIO-BIC M14586, right valve exterior, sampled from Costa Rica (Jaco Scar). B. SIO-BIC M14568, right 
valve exterior, sampled from Costa Rica (Jaco Scar). C. SIO-BIC M16462, left valve exterior, sampled from East Pacific Rise. D. SIO-BIC M8223, right valve exterior, 
sampled from Galápagos Rise. Scale bars indicate 20 mm. 
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and molecular data was required for identification. A Principal 
Component Analysis (PCA) confirmed the results of the morphological 
examination, showing that B. earlougheri n. sp. could be differentiated 
reliably from the other two new Bathymodiolus species by its more 
compact shape and golden-yellow color, but that B. billschneideri n. sp., 

B. nancyschneiderae n. sp., and B. thermophilus could not be differentiated 
from one another based on shell length, width, or height (Fig. 10). The 
PCA explained nearly all of the variation (approximately 96%) in the 
morphological measurements for the shells (shell length, height, and 
width) of Bathymodiolus billschneideri n. sp., B. earlougheri n. sp., 

Fig. 7. Photographs of shells and internal anatomy of Bathymodiolus billschneideri n. sp. A. Holotype (SIO-BIC M12074), dorsal exterior. B. Holotype, internal 
anatomy, ventral view. C. Holotype, right valve exterior. D. Holotype, right valve interior. E. Paratype (SIO-BIC M16763), right valve exterior. F. Paratype (SIO-BIC 
M16793) right valve exterior. Scale bars indicate 20 mm. 

Fig. 8. Photographs of shells and internal anatomy of Bathymodiolus earlougheri n. sp. A. Holotype (SIO-BIC M12076), dorsal exterior. B. Holotype, left valve exterior. 
C. Holotype, right valve interior. D. Holotype, internal anatomy, ventral view. E. Paratype (SIO-BIC M14479), right valve exterior. Scale bars indicate 20 mm. 
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B. nancyschneiderae n. sp., and B. thermophilus (Fig. 10). PC1 explained 
approximately 80.1% of the data, and PC2 explained approximately 
16.4% of the data (Fig. 10). The relative contributions of shell length, 
height, and width were 33.3%, 27.1%, and 39.6% (respectively) to PC1, 
and 33.3%, 1.9%, and 64.8% (respectively) to PC2. Bathymodiolus 
thermophilus (Fig. 6) formed two clusters in the PCA: one that was closer 
to B. earlougheri n. sp. (composed of specimens from the East Pacific 
Rise) and one that was mixed with B. billschneideri n. sp. and 
B. nancyschneiderae n. sp. (specimens from Costa Rica). 

4. Discussion 

4.1. Molecular analyses 

The phylogenetic and distance analyses supported the recognition of 
three new Bathymodiolus species: B. billschneideri n. sp., B. earlougheri n. 
sp., and B. nancyschneiderae n. sp. (formally described in Taxonomy 
section) and confirmed the presence of B. thermophilus at the Costa Rica 
seeps. The eight-gene concatenated analyses (ML, BI, MP; complete and 
Gblocked; Fig. 2) from this study were largely consistent with previous 
concatenated analyses where nodes were well-supported (Lorion et al., 
2013; Thubaut et al., 2013; Xu et al., 2019). The respective monophyly 
of Gigantidas (established by Samadi et al., 2015; Thubaut et al., 2013; 
Xu et al., 2019) and Bathymodiolus (Xu et al., 2019), excluding “B.” 
manusensis and “B.” aduloides, were recovered in all concatenated ana
lyses (Fig. 2). However, our analyses showed some deviation from pre
vious ones at poorly supported nodes. Bathymodiolus brooksi Gustafson 
et al. (1998), B. brevior, and B. azoricus were always recovered in 
Bathymodiolus and were consistent with Lorion et al. (2013), but their 
placement within Bathymodiolus received low support, varied between 
analyses, and deviated from Thubaut et al. (2013) and Xu et al. (2019). 
The placement of B. nancyschneiderae n. sp. sister to the non-East-Pacific 
Bathymodiolus species (including B. azoricus and B. septemdierum) was 
not well-supported in the ML or MP analyses but was well-supported by 
the BI analyses (complete and Gblocked). The results of the AU test also 

showed that the placement of B. nancyschneiderae n. sp. sister to the 
non-East-Pacific Bathymodiolus species was not significantly more likely 
than its placement sister to the East Pacific Bathymodiolus species 
(recovered in the concatenated mitochondrial tree, Supplementary Fig. 
1A). This lack of phylogenetic support makes it difficult to ascertain the 
exact placement of B. nancyschneiderae n. sp. in the phylogeny of Bath
ymodiolinae. However, the phylogeny and minimum distances between 
B. nancyschneiderae n. sp. and its close relatives support its recognition 
as a new species. 

The inclusion of the Bathymodiolus thermophilus sample from Costa 
Rica within B. thermophilus was supported by all phylogenetic analyses, 
distance analyses, and haplotype networks. The samples from Costa Rica 
exhibited small uncorrected and corrected distances from other avail
able B. thermophilus sequences (East Pacific Rise and Galápagos Rift) that 
were within the expected range for the intraspecific variation of 
B. thermophilus. The COI haplotype network (Fig. 4) of B. thermophilus 
revealed that the Jaco Scar specimens shared two haplotypes with pre
viously sampled specimens from the Galápagos Rift and the East Pacific 
Rise (940–2300 km away, respectively). This is unsurprising given that 
B. thermophilus specimens from a variety of locations (spanning ~4000 
km) along the East Pacific Rise and Galápagos Rift have been shown to 
share single haplotypes (Johnson et al., 2013), and that Bathymodiolus 
have the capacity for long-distance distance dispersal (Arellano and 
Young, 2009; Kyuno et al., 2009; Johnson et al., 2013; Arellano et al., 
2014). We now confirm records of B. thermophilus from the Jaco Scar 
seep (9.1175oN, 84.8395oW), at depths of 1794–1817 m (Levin et al., 
2012). 

4.2. Habitat, biogeography, and evolutionary origins of Costa Rica 
Bathymodiolus 

The haplotype networks for each of the new species revealed some 
separation of species by depth along the Costa Rica margin. Bathy
modiolus nancyschneiderae n. sp. was present only at the shallower dive 
sites around 1000 m, despite its geographic proximity (less than 1 km) to 

Fig. 9. Photographs of shells and internal anatomy of Bathymodiolus nancyschneiderae n. sp. A. Holotype (SIO-BIC M12032), dorsal exterior. B. Holotype, internal 
anatomy, ventral view. C. Holotype, right valve exterior. D. Holotype, right valve exterior. E. Paratype (SIO-BIC M14531), right valve exterior. F. Paratype (SIO-BIC 
M14530), right valve exterior. Scale bars indicate 20 mm. 
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deeper sites like Jaco Scar. Bathymodiolus billschneideri n. sp. was present 
at both intermediate sites (Parrita Seep ~1400 m) and deep sites, (Jaco 
Scar ~1800 m), but was never found at any of the shallower dive sites 
(Mound 12, The Thumb, Jaco-1000), despite their geographic prox
imity. Bathymodiolus earlougheri n. sp. was present at some of the shal
lowest sites (1000–1070 m) and deepest sites (1800 m) (Fig. 3) but was 
not found at any intermediate depths. Each of the haplotype networks 
for the new Bathymodiolus species exhibited a star-shape in which a 
single haplotype was much more frequent than the others, which is 
suggestive of a past evolutionary bottleneck (Bazin et al., 2006; Plouviez 
et al., 2009). In contrast, the reduced-representation haplotype network 
of B. thermophilus (Fig. 4) showed two closely related haplotypes that 
were more frequent than the others. This finding is consistent with the 
COI haplotype networks for B. thermophilus by Johnson et al. (2013). 

The separation of B. nancyschneiderae n. sp. from B. billschneideri n. 
sp./B. earlougheri n. sp. indicated by some of the molecular analyses 
suggests it may have a different biogeographic origin from the other 
Bathymodiolus species at the Costa Rica margin. Bathymodiolus bill
schneideri n. sp. and B. earlougheri n. sp. were grouped with high support 
into a clade with B. thermophilus and B. antarcticus that is sister to the 
other Bathymodiolus species, (Fig. 2). This clearly suggests a Pacific 
origin for B. billschneideri n. sp. and B. earlougheri n. sp. However, 
B. nancyschneiderae appeared in the ML and BI analyses to be more 
closely related to taxa from a variety of other places, including the 
Atlantic, Indian, and West Pacific oceans. The stratification by depth of 
B. nancyschneiderae n. sp. (only found at ~1000 m) versus 
B. billschneideri n. sp. (only found at 1400–1900 m) may also represent 
evidence of a different origin. Some of the taxa that B. nancyschneiderae 
n. sp. is closely related to are prevalent in the Gulf of Mexico (B. brooksi, 
B. heckerae Gustafson et al., 1998), Caribbean (B. boomerang), and 
Mid-Atlantic Ridge (B. puteoserpentis Cosel, Métivier & Hashioto, 1994; 
B. azoricus). Other taxa that exhibit this phylogenetic pattern, such as 
the vesicomyid Abyssogena Krylova, Sahling & Janssen, 2010, the 
ampharetid Amphisamytha fauchaldi Solis-Weiss and 
Hernandez-Alcantara, 1994, and the annelid Lamellibrachia donwalshi 
McCowin and Rouse, 2018, are hypothesized to have had ancestors that 
spanned the open seaway between the Pacific and Atlantic and speciated 
during the shoaling up of deep water that occurred as the Panama 
Isthmus began to form (Stiller et al., 2013; O’Dea et al., 2016; LaBella 
et al., 2017). Amphisamytha fauchaldi, which was sampled from seeps 
along the East Pacific margin including Costa Rica, was shown to have a 
sister taxon from as far as the Mid-Atlantic Ridge (Stiller et al., 2013). 
Four species of polynoid scaleworms belonging to Branchipolynoe Pet
tibone, 1984 were recently described, and are all symbionts of the 
Bathymodiolus mussels described here (Lindgren et al., 2019). There was 
no distinct correlation between the divergence patterns of the scale
worms and their mussel hosts. Two of these scaleworms were shown to 
be most closely related to another species of Branchipolynoe from the 
Gulf of Mexico, rather than to Pacific Branchipolynoe, but they are not 
specific to B. nancyschneiderae n. sp. However, the Bathymodiolus clade 
that B. nancyschneiderae n. sp. was recovered as sister to also contains 
taxa sampled from the Central Indian Ridge (B. marisindicus) and the 
Northwest Pacific (B. septemdierum, B. brevior). It is possible, given the 
known long larval duration and dispersal capabilities of some Bathy
modiolinae (e.g., G. childressi (Arellano et al., 2014; Arellano and Young, 
2009)) that an ancestor of these taxa and B. nancyschneiderae n. sp. could 
have dispersed across the Pacific and/or from the Central Indian Ridge. 
However, due to the uncertainty of the placement of B. nancyschneiderae 
n. sp. in the phylogeny, more molecular data is needed to resolve the 
evolutionary origin of B. nancyschneiderae n. sp. While the genetic and 
depth separation between B. nancyschneiderae n. sp. and the other 
Bathymodiolus species at the Costa Rica margin is compelling, additional 
genetic loci will be needed to refine the placement of B. nancyschneiderae 
n. sp. in Bathymodiolinae. 

Bathymodiolus thermophilus was sampled from a single seep site at the 
Costa Rica margin, Jaco Scar. This represents confirmation with genetic 

data of B. thermophilus at a seep environment first reported in Levin et al. 
(2012). Bathymodiolus thermophilus had previously been thought to be a 
vent-endemic, so its appearance at a seep is of interest. The ancestral 
state reconstruction of habitat for the Bathymodiolinae in this study 
suggests that B. thermophilus, which had been previously observed only 
at vents (Won et al., 2003; Johnson et al., 2013), may have had a seep 
origin (Fig. 5). The most recent common ancestor of the Bathymodiolus 
clade (excluding “B.” manusensis and “B.” aduloides) is most likely to be 
of seep origin as well (Fig. 5). Jaco Scar has been previously reported to 
have temperature anomalies of up to 3 ◦C above ambient seawater in 
areas of “shimmering water” where B. thermophilus mussels were 
sampled (Levin et al., 2012). According to Levin et al. (2012), Jaco Scar 
may represent an intermediate environment with both vent and seep 
characteristics (a “hydrothermal seep”). It is possible that intermediate 
environments like these facilitated the dispersal of B. thermophilus to 
both vent and seep environments, though it has not yet been reported at 
any of the other seep environments along the Costa Rica margin. 

This study represents the first documentation of three sympatric 
Bathymodiolus species at a single dive site, Jaco Scar (as well as four 
species within approximately 1 km of each other). Current sampling 
suggests that the three newly discovered Bathymodiolus species are 
unique to this area. Other taxa that were reported at the Costa Rica 
margin seep sites have been reported and confirmed with genetic data at 
other seeps and vents north of Costa Rica, such as Vestimentifera (e.g. 
Lamellibrachia barhami (McCowin and Rouse, 2018)), Ampharetidae (e. 
g., Amphisamytha fauchaldi (Stiller et al., 2013)), Amphinomidae (e.g., 
Archinome levinae (Borda et al., 2013)), and Vesicomyidae (Archivesica 
gigas (Levin et al., 2012; Breusing et al., 2019)). However, no Bathy
modiolinae have been reported at any vent sites north of 13◦N on the 
East Pacific Rise (Johnson et al., 2013), even though surface dispersal 
and long duration of larval stages should make it possible for these 
mussels to disperse long distances (Arellano et al., 2014; Arellano and 
Young, 2009; Kyuno et al., 2009). Seeps are known to exist along the 
continental margin south of Costa Rica as far as Chile (Sellanes et al., 
2008; Zapata-Hernández et al., 2014; Kobayashi and Araya, 2018), and 
reports of Bathymodiolinae have been made there, but little deep-sea 
exploration has been conducted along the coast of South America. 
While the dispersal capabilities of the new Bathymodiolus species at 
Costa Rica have not been directly tested, given the known dispersal 
capabilities of their close relatives (Arellano et al., 2014), we believe 
that it is likely that their range extends south of Costa Rica. Future 
sampling in the East Pacific, especially along the South American coast, 
is needed to confirm this. 

4.3. Morphology and the importance of molecular data 

While the molecular analyses in this study clearly revealed three new 
Bathymodiolus species from seeps at the Costa Rica margin, morpho
logical examination did not yield this same result. Only two new species 
were reported in initial observations from the Costa Rica margin (Levin 
et al., 2012) because the four species actually present could not be 
differentiated morphologically (confirmed by the PCA, Fig. 10), while 
there was clear genetic evidence for three new mussel species and 
B. thermophilus in the molecular dataset. The disparity between the 
morphological and molecular data underscores the importance of mo
lecular data for future biological and ecological studies along the Costa 
Rica margin. Without molecular data, the number of mussel species, the 
stratification of those species by depth, and the resulting evolutionary 
and biogeographical hypotheses for Bathymodiolus mussels from the 
Costa Rica margin would have been lost. Data like these will be 
important for future ecological studies and conservation efforts, which 
cannot hope to accurately portray ecological relationships at seeps along 
the Costa Rica margin without the species-level information that can 
only be obtained from molecular data. 
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5. Conclusion 

This study revealed three new species of Bathymodiolus and 
confirmed the presence of B. thermophilus at seeps along the Costa Rica 
margin. While morphological data alone could not discriminate four 
species, molecular analyses (including phylogenies based on four 
mitochondrial and four nuclear genes, distance analyses, and haplotype 
networks) provided strong support for the three new species 
B. billschneideri n. sp., B. earlougheri n. sp., and B. nancyschneiderae n. sp., 
and for the presence of B. thermophilus at the Costa Rica margin. Our 
molecular analyses also revealed the depth stratification of some of the 
mussel species (B. billschneideri n. sp. restricted to deeper sites and 
B. nancyschneiderae n. sp. restricted to shallower sites). 

6. Taxonomy 

6.1. Family: Bathymodiolinae Kenk and Wilson, 1985. 

Bathymodiolus Kenk and Wilson, 1985. 
Type species: Bathymodiolus thermophilus Kenk and Wilson, 1985. 

6.2. Bathymodiolus billschneideri n sp. 

(Figs. 3 and 7; Supplementary Fig. 5A). 
urn:lsid:zoobank.org:act:C0B4867B-1900-4CE9-A27F- 

1DD187153152 
Bathymodiolus n. sp. Levin et al., (2012), p. 2583. 
Bathymodiolus sp. Levin et al., (2015), supplemental data. 
Bathymodiolus sp. 1 Lindgren et al., (2019), p. 153. 

6.2.1. Material Examined 
Holotype: SIO-BIC M12074, collected on March 7, 2009 from Jaco 

scar, HOV Alvin Dive 4513, 1817 m depth; 9.1167◦N, 84.8351◦W. 
Collected by G. Rouse and D. Huang. Subsample of foot preserved in 
95% ethanol for molecular analyses; remainder of specimen fixed in 8% 
formalin and preserved in 50% ethanol. 

Paratypes: SIO-BIC M14533 and SIO-BIC M14534 collected on May 
26, 2017 from Jaco Scar, HOV Alvin Dive 4911, 1891 m depth; 
9.1151oN, 84.8468oW. Subsample of foot preserved in 95% ethanol, 1 
valve cleaned for dry preservation. SIO-BIC M16763 and SIO-BIC 
M16793 collected on October 18, 2018 from Jaco Scar, HOV Alvin 
Dive 4972, 1784 m depth; 9.1178oN, 84.8395oW. Subsample of foot 
preserved in 95% ethanol, 1 valve cleaned for dry preservation. SIO-BIC 
M17000 collected on November 5, 2018 from Parrita Seep, HOV Alvin 
Dive 4990, 1400 m depth; 9.0318oN, 84.6205oW. Subsample of foot 
preserved in 95% ethanol, 1 valve cleaned for dry preservation. MZUCR 
8578 collected on March 3, 2009 from Jaco Scar, HOV Alvin Dive 4509, 
1783 m depth; 9.1172oN, 84.8417oW. Subsample of foot preserved in 
95% ethanol for molecular analyses; remainder of specimen fixed in 8% 
formalin and preserved in 50% ethanol. 

Other Material Examined: See Table 1 and Supplementary Table 1 for 
genetic data and Supplementary Table 3 for additional morphological 
data. 

6.2.2. Description 
Shell large, up to 189.14 mm (Supplementary Table 3), thin but 

sturdy, elongate modioliform, equivalve, slightly variable in outline. 
Shell height to length ratio 0.35–0.56, width to length ratio 0.12–0.24. 
Shell height gradually increasing anteriorly, curved dorsoventrally, 
most inflated at the middle, with a broadly rounded ridge extending 
from umbonal region to posterior-ventral margin. Anterior margin short 
and narrow but evenly rounded; ventral margin slightly concave. Pos
terior margin broadly rounded; posterio-dorsal angulation well defined, 
broadly rounded, situated anteriorly to the posterior adductor scar. 
Dorsal margin markedly convex, slightly curved to straight over the span 
of the ligament, highest part of the valve situated along middle of 

ligament. Umbones fairly narrow and flattened, situated 5–10% poste
riorly from anterior margin, subterminal, prosogyrate; eroded with 
nacreous layer free in larger specimens (Fig. 7). 

Ligament plate narrow, slightly convex to straight. Exterior smooth 
except for well-developed, irregular commarginal growth lines and very 
faint and irregularly spaced radial striae in periostracum running from 
the umbo to the posterior/dorsal margin. Periostracum smooth, glossy, 
thick and yellow to brown, lightest in umbonal and posterior margin 
regions, darkest on anterior-dorsal slope, curving over shell edge. Byssal 
hairs and byssal endplates of other specimens often scattered over sur
face. Shell dull-white to grey under periostracum (Fig. 7). Ligament 
opisthodetic, long and narrow, extending over four-fifths to five-sixth of 
the 

Postero-dorsal margin in front of the postero-dorsal corner, ending 
posteriorly with a slight taper. Hinge edentulous, hinge thickened below 
and anterior to umbo. Hinge denticles absent in smallest specimens. 

Anterior adductor scar small and rounded but truncated posteriorly, 
situated medially/dorsally in the anterior part of the valve, partly below 
and partially anterior to umbo, distant to antero-ventral margin. Ante
rior byssal-pedal retractor scar oval, located high within umbonal cavity 
behind umbo. Posterior adductor scar rounded-rectangular. Posterior 
byssal-pedal retractor muscles form two separate scars with large gap 
between them, anterior one elongate-elliptical, located high, and close 
to posterior end of ligament, second one elliptical and located antero- 
dorsally to but contiguous with posterior adductor scar to form a joint 
comma-shaped scar. Pallial line distinct, extending ventrally from 
anterior adductor to posterior adductor, parallel to ventral margin 
(Supplementary Fig. 5A). 

Animal with long, narrow ctenida, 100 mm long and 11 mm broad in 
holotype; outer demibranchs anteriorly slightly shorter than inner 
demibranch; both demibranchs end abruptly anteriorly, taper posteri
orly (Fig. 7B). Filaments broad and fleshy, ventral edges lack food 
grooves. Foot medium sized, 27 mm long (byssus orifice included) in 
holotype. Foot thick, flattened, slightly terminally swollen; byssal 
groove running along ventral surface almost to tip. Byssal threads 
sparce, usually emerging as separate strands from orifice, strands thick 
and strong. Foot-byssus retractor complex moderately prolongated like 
the shell. Posterior byssal retractors in two roughly equal main bundles 
arising together at base of byssus but diverge and attach separately to 
shell. Posterior pedal retractors thick, arising from base of foot anterior 
to origin of posterior byssal retractors, passing dorsally on both inner 
and outer sides of most anterior bundles of posterior retractors (Fig. 7B). 

6.2.3. Etymology 
This species is named for William (Bill) Schneider, a San Diego native 

and lover of all marine life including molluscs, and a great supporter of 
the Benthic Invertebrate Collection at Scripps Institution of 
Oceanography. 

6.2.4. Distribution 
Bathymodiolus billschneideri n. sp. is known from Jaco Scar 

(1783–1891 m) and Parrita Seep (1400 m). 

6.2.5. Variation 
Bathymodiolus billschneideri n. sp. specimens differ genetically by at 

most a few base pairs (COI, Fig. 3); there is considerable color variation 
between specimens, from dark brown to gold and yellow (Fig. 7E–F). 

6.2.6. Remarks 
The shells of Bathymodiolus billschneideri n. sp. most closely resemble 

those of B. nancyschneiderae n. sp., with the PCA unable to separate the 
two species morphologically (Supplemental Fig. 5). Overall size ranges, 
umbone location, ligament length, and muscle scars of the two species 
were also very similar. The two species are separated by approximately 
400–800 m, with B. billschneideri n. sp. occurring at depths of approxi
mately 1400–1800 m and B. nancyschneiderae n. sp. occurring at depths 
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of approximately 1000–1100 m. Bathymodiolus billschneideri n. sp. is 
often slightly lighter in coloration than B. nancyschneiderae n. sp., has a 
less angular postero-dorsal corner, a wider posterior part, and a more 
evenly concave ventral margin. The shell of B. billschneideri n. sp. also 
resembles B. thermophilus. The two species can sometimes be differen
tiated by color: the darker brown specimens of B. billschneideri n. sp. can 
be differentiated from the golden-yellow B. thermophilus (Figs. 6 and 7). 
However, the yellow B. billschneideri n. sp. specimens could not be 
differentiated from B. thermophilus specimens from Costa Rica 
(Fig. 6A–B, 7), but tended to have a more elongate shell shape that 
allowed them to be differentiated from B. thermophilus specimens from 
the East Pacific Rise (Fig. 6C–D, 7). 

6.3. Bathymodiolus earlougheri n sp. 

(Figs. 3 and 8; Supplementary Fig. 5B). 
urn:lsid:zoobank.org:act:CDD83187-F83C-4FAE-A730- 

026A3C3EC989 
Bathymodiolus sp. Aguado and Rouse (2011), p. 114. 
Bathymodiolus n. sp. Levin et al., (2012), p. 2583. 
Bathymodiolus sp. Levin et al., (2015), supplemental data. 
Bathymodiolus sp. 3 Lindgren et al., (2019), p. 153. 

6.3.1. Material Examined 
Holotype: SIO-BIC M12076 collected on March 7, 2009 from Jaco 

Scar, HOV Alvin Dive 4513, 1817m depth; 9.1167◦N, 84.8351◦W. 
Collected by G. Rouse and D. Huang. Subsample of foot preserved in 
95% ethanol for molecular analyses; remainder of specimen fixed in 8% 
formalin and preserved in 50% ethanol. 

Paratypes: SIO-BIC M12080 collected on March 7, 2009 from Jaco 
Scar, HOV Alvin Dive 4513, 1817 m depth; 9.1167◦N, 84.8351◦W. 
Subsample of foot preserved in 95% ethanol, 1 valve cleaned for dry 
preservation. SIO-BIC M14479 collected on May 22, 2017 from Mound 
12, HOV Alvin Dive 4907, 999 m depth; 8.9304oN, 84.3128oW. Sub
sample of foot preserved in 95% ethanol, 1 valve cleaned for dry pres
ervation. MZUCR 8579 collected on March 7, 2009 from Jaco Scar, HOV 
Alvin Dive 4513, 1817 m depth; 9.1167oN, 84.8351oW. Subsample of 

foot preserved in 95% ethanol for molecular analyses; remainder of 
specimen fixed in 8% formalin and preserved in 50% ethanol. 

Other Material Examined: See Table 1 and Supplementary Table 1 for 
genetic data and Supplementary Table 3 for additional morphological 
data. 

6.3.2. Description 
Shell medium sized, up to 119.9 mm, short and stout modioliform, 

thin but fairly sturdy, equivalve, very inflated, elliptical in immature 
specimens, becoming increasingly arculate in larger, older specimens. 
Shell height to length ratio 0.44–0.56, shell width to height ratio 
0.2–0.24. Shell height increasing posteriorly, exhibiting somewhat 
trapezoid outline. Anterior margin narrowly rounded, posterior margin 
broadly rounded, ventral margin straight to very slightly concave. 
Dorsal margin convex, postero-dorsal corner indistinct and gently 
rounded. Umbones prosogyrate low, broad and flattened, subterminal to 
nearly terminal in some specimens, situated 3–7% posteriorly from 
anterior margin, eroded in larger specimens with nacreous layer free. An 
indistinct, raised, and broadly rounded ridge extends from the umbonal 
region to the postero-ventral margin (Fig. 8). 

Exterior smooth except for faint, irregular commarginal growth 
lines. Periostracum smooth, dull to somewhat glossy, thin and golden 
brown to copper brown to golden, occasionally byssal endplates and hair 
present from other specimens. Shell dull-white under periostracum. 
Ligament plate narrow, slightly convex to straight. Ligament opistho
detic, extending posteriorly from umbones to occupy ~40% of dorsal 
margin. Posterior end of ligament tapering, subligamental shell ridge 
strong and angular. Adult hinge edentulous, thickened below and 
anterior to umbo (Fig. 8). 

Muscle scars and pallial line fairly indistinct. Anterior adductor 
muscle scar small and oblong, tapering posteriorly, situated more 
ventrally in the anterior part of the valve, partly below and partially 
posterior to umbo. Posterior adductor scar round, contiguous dorsaly 
with single posterior byssal-pedal retractor scar; posterior byssal re
tractors forming continuous scar extending from directly beneath pos
terior end of ligament to antero-dorsal edge of posterior adductor scar. 
Ventral pallial line straight, paralleling the ventral shell margin and 
extending from postero-ventral edge of anterior adductor scar to pos
terior adductor (Supplementary Fig. 5B). 

Animal with long, wide ctenida, 86 mm long and 7 mm broad in 
holotype; outer demibranchs anteriorly slightly shorter than inner 
demibranch; both demibranchs end abruptly anteriorly (Fig. 8D). Fila
ments broad and fleshy, ventral edges lack food grooves. Foot small 
sized, 13 mm long (byssus orifice included) in holotype. Foot fairly 
thick, rounded, terminally tapered; byssal groove running along ventral 
surface almost to tip. Byssus sparse, usually emerging as separate strands 
from orifice, strands thick and strong. Foot-byssus retractor complex 
moderately prolongated like the shell. Posterior byssal retractors in two 
roughly equal main bundles arising together at base of byssus but 
diverge and attach separately to shell. Posterior pedal retractors thick, 
arising from base of foot anterior to origin of posterior byssal retractors, 
passing dorsally on both inner and outer sides of most anterior bundles 
of posterior retractors (Fig. 8). 

6.3.3. Etymology 
This species is named in memory of Robert Charles “Chuck” Ear

lougher in recognition of the support of the SIO Collections by his 
daughter Jan and her husband Jim Hawkins. 

6.3.4. Distribution 
Bathymodiolus earlougheri n. sp. is known from Jaco Scar 

(1812–1891 m), The Thumb (1073 m), and Mound 12 (999–1008 m). 

6.3.5. Variation 
Bathymodiolus earlougheri n. sp. specimens differ genetically by at 

most a few base pairs (COI, Fig. 3) and show less morphological 

Fig. 10. Principal component analysis of shell length, shell width, and shell 
height of Bathymodiolus billschneideri n. sp., B. earlougheri n. sp., 
B. nancyschneiderae n. sp., and B. thermophilus. 
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variation in shell color and shape than B. billschneideri n. sp. specimens 
(Fig. 8). 

6.3.6. Remarks 
Bathymodiolus earlougheri n. sp. morphologically resembles 

B. azoricus and B. thermophilus (East Pacific Rise specimens). Bathy
modiolus earlougheri n. sp. is stouter, wider, more wedge shaped, and 
lighter and more golden in color than B. azoricus. Bathymodiolus ear
lougheri n. sp. shells also closely resemble B. thermophilus specimens that 
are under ~10 cm long, sharing a similar wedge modioliform shape and 
straight to slightly concave ventral margin. However, the umbones are 
more anteriorly situated in B. earlougheri n. sp., and larger specimens are 
more elongate with a concave ventral margin and therefore easily 
distinguishable. Bathymodiolus earlougheri n. sp. also shares the two- 
bundle foot byssus retractor complex with B. thermophilus. Bathy
modiolus earlougheri n. sp. is easily morphologically distinguishable from 
the two other new seep species, B. billschneideri n. sp. and 
B. nancyschneiderae n. sp., by its golden color and compact shape (Figs. 8 
and 10). 

6.4. Bathymodiolus nancyschneiderae n sp. 

(Figs. 3 and 9; Supplementaary Fig. 5C). 
urn:lsid:zoobank.org:act:FCC9AAEF-BCD6-48DB-85F8- 

3069C95DFE20 
Bathymodiolus n. sp. Levin et al., (2012), p. 2583. 
Bathymodiolus sp. Levin et al., (2015), supplemental data. 
Bathymodiolus sp. 2 Lindgren et al., (2019), p. 153. 

6.4.1. Material Examined 
Holotype: SIO-BIC M12032, collected on March 3, 2009 from Jaco- 

1000, HOV Alvin Dive 4509, 1063 m depth; 9.1172◦N, 84.8417◦W. 
Collected by G. Rouse and D. Huang. Subsample of foot preserved in 
95% ethanol for molecular analyses; remainder of specimen fixed in 8% 
formalin and preserved in 50% ethanol. 

Paratypes: SIO-BIC M14530 and SIO-BIC M14531 collected on May 
24, 2017 from Mound 12, HOV Alvin Dive 4909, 1000 m depth; 
8.9305◦N, 84.3125◦W. Subsample of foot preserved in 95% ethanol, 1 
valve cleaned for dry preservation. SIO-BIC M16778 collected on 
October 21, 2018 from Mound 12, HOV Alvin Dive 4975, 1000 m depth; 
8.9337oN, 84.3067oW. Subsample of foot preserved in 95% ethanol, 1 
valve cleaned for dry preservation. MZUCR 8577 collected on March 3, 
2009 from Jaco-1000, HOV Alvin Dive 4509, 1063 m depth; 9.1172◦N, 
84.8417◦W. Fixed in 8% formalin and preserved in 50% ethanol. 

Other Material Examined: See Table 1 and Supplementary Table 1 for 
genetic data and Supplementary Table 3 for additional morphological 
data. 

6.4.2. Description 
Shell large up to 181.67 mm, thick sturdy, elongate modioliform, 

equivalve, slightly variable in outline. Shell height to length ratio 
0.37–0.42, shell width to shell length ratio 0.13–0.15. Shell height 
gradually increasing anteriorly, curved dorsoventrally, most inflated at 
the middle, with a broadly rounded ridge extending from umbonal re
gion to postero-ventral margin. Anterior margin short and narrow but 
evenly rounded; ventral margin markedly concave, with most concave 
part located far anteriorly. Posterior margin broadly rounded; posterio- 
dorsal angulation ill-defined, very broadly rounded, situated anteriorly 
to the posterior adductor scar. Dorsal margin markedly convex, slightly 
curved to straight over the span of the ligament, highest part of the valve 
situated along middle of ligament. Umbones fairly narrow and flattened, 
situated 9–13% posteriorly from anterior margin, subterminal, proso
gyrate; eroded with nacreous layer free in larger specimens (Fig. 9). 

Ligament plate narrow, slightly convex to straight. Exterior smooth 
except for well-developed, irregular commarginal growth lines and very 
faint and irregularly spaced radial striae in periostracum running from 

the umbo to the posterior/dorsal margin. Periostracum smooth, glossy, 
thick and brown to dark brown, lightest in umbonal and posterior 
margin regions, darkest on anterior-dorsal slope, curving over shell 
edge. Byssal hairs and byssal endplates of other specimens often scat
tered over the surface, polychaete tubes often present. Shell dull-white 
to grey under periostracum (Fig. 9). Ligament opisthodetic, long and 
narrow, extending over ~80% of the postero-dorsal margin in front of 
the postero-dorsal corner, ending posteriorly with a slight taper. Hinge 
edentulous in large specimens, hinge thickened below and anterior to 
umbo. Hinge denticles absent in smallest specimens. 

Anterior adductor scar medium and rounded, situated medially/ 
dorsally in the anterior part of the valve, partly below and partially 
anterior to umbo, distant to antero-dorsal margin. Anterior byssal-pedal 
retractor scar elliptical, located within umbonal cavity behind umbo; 
posterior adductor scar rounded and elongate; posterior byssal-pedal 
retractor muscles form two separate scars with gap between them, 
anterior one elongate-elliptical, located high, and close to posterior end 
of ligament, second one elliptical and located antero-dorsally to but 
contiguous with posterior adductor scar to form a joint comma-shaped 
scar. Pallial line distinct, extending ventrally from anterior adductor 
to posterior adductor, parallel to ventral margin (Supplementary Fig. 
5C). 

Animal with long, narrow ctenida, 138 mm long and 12 mm broad in 
holotype; outer demibranchs anteriorly slightly shorter than inner 
demibranch; both demibranchs end abruptly anteriorly. Filaments 
broad and fleshy, ventral edges lack food grooves. Foot medium sized, 
24 mm long (byssus orifice included) in holotype. Foot thick, rounded, 
terminally tapered; byssal groove running along ventral surface almost 
to tip. Byssus abundant, usually emerging as separate strands from 
orifice, strands dark, thick and strong. Foot-byssus retractor complex 
moderately prolongated like the shell. Posterior byssal retractors in two 
roughly equal main bundles arising together at base of byssus but 
diverge and attach separately to shell. Posterior pedal retractors thick, 
arising from base of foot anterior to origin of posterior byssal retractors, 
passing dorsally on both inner and outer sides of most anterior bundles 
of posterior retractors (Fig. 9). 

6.4.3. Etymology 
This species is named for Nancy Schneider, a San Diego native and 

lover of all marine life including molluscs, and a great supporter of the 
Benthic Invertebrate Collection at Scripps Institution of Oceanography. 

6.4.4. Distribution 
Bathymodiolus nancyschneiderae n. sp. is known from Mound 12 

(999–1008 m), Jaco-1000 (1063 m), and The Thumb (1072–1073 m). 

6.4.5. Variation 
Bathymodiolus nancyschneiderae n. sp. specimens differ genetically by 

at most a few base pairs (COI, Fig. 3) and tend to have less color vari
ation than B. billschneideri n. sp. specimens. However, some smaller 
B. nancyschneiderae n. sp. specimens have a more golden-brown color 
(similar to B. billschneideri n. sp.) than the larger adults (Fig. 9E–F). 

6.4.6. Remarks 
The shell of B. nancyschneiderae n. sp. most closely resembles that of 

B. billschneideri n. sp., with the PCA unable to separate the two species 
morphologically (Fig. 10). Overall size ranges, umbone location, liga
ment length, and muscle scars of the two species are also very similar. 
The two species do not co-occur at a single dive site but are found at 
different depths within 1 km of each other (Jaco-1000 and Jaco Scar, 
approximately 1000 m and 1800 m, respectively). Bathymodiolus nan
cyschneiderae n. sp. tends to have a darker periostracum than 
B. billschneideri n. sp., and a rounder and wider postero-dorsal corner, a 
narrower posterior part, and the most concave part of the ventral margin 
is not in the middle of the shell as in B. billschneideri n. sp. but more 
anteriorly situated. The shell of B. nancyschneiderae n. sp. also resembles 
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B. azoricus, B. brooksi, and B. heckerae. It is distinguished from B. azoricus 
by a markedly more concave ventral margin, more pronounced umbo
nes, and a more elongate form. Both B. heckerae and B. brooksi have the 
same periostracal coloration as B. nancyschneiderae n. sp., but both have 
a straighter ventral margin, more posteriorly situated umbones, and a 
more posteriorly situated postero-dorsal corner. 
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