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Deep-sea taxonomy

Siboglinid tubeworms are found at chemosynthetic environments worldwide and the Vestimentifera clade is
particularly well known for their reliance on chemoautotrophic bacterial symbionts for nutrition. The mito-
chondrial genomes have been published for nine vestimentiferan species to date. This study provides new
complete mitochondrial genomes for ten further Vestimentifera, including the first mitochondrial genomes
sequenced for Alaysia spiralis, Arcovestia ivanovi, Lamellibrachia barhami, Lamellibrachia columna, Lamellibrachia
donwalshi, and unnamed species of Alaysia and Oasisia. Phylogenetic analyses combining fifteen mitochondrial
genes and the nuclear 18S rRNA gene recovered Lamellibrachia as sister to the remaining Vestimentifera and

Riftia pachyptila as separate from the other vent-endemic taxa. Implications and auxiliary analyses regarding
differing phylogenetic tree topologies, substitution saturation, ancestral state reconstruction, and divergence
estimates are also discussed. Additionally, a new species of Alaysia is described from the Manus Basin.

1. Introduction

Tubeworms of the rank-free clade Vestimentifera within Siboglini-
dae (Annelida, Polychaeta, Siboglinidae) are found at deep-sea chemo-
synthetic environments such as hydrothermal vents, seeps, and organic
falls (Bright and Lallier, 2010; Feldman et al., 1998; Jones, 1981; Webb,
1969). Vestimentifera, erected by Jones (1985) and later revised as an
informal lineage within Siboglinidae Caullery, 1914 (Hildrio et al.,
2011; Pleijel et al., 2009; Rouse and Fauchald, 1997), encompasses ten
currently accepted genera that are known for their reliance on symbioses
with chemoautotrophic bacteria. These bacteria metabolize hydrogen
sulfide, providing nutrition for the host worms, which lack a mouth and
gut as adults and rely on the organic compounds provided by their en-
dosymbionts (Bright and Lallier, 2010). Six genera are endemic to hy-
drothermal vents in the Pacific: Riftia Jones, 1981, Ridgeia Jones, 1985,
Tevnia Jones, 1985, Oasisia Jones, 1985, Alaysia Southward, 1991, and
Arcovestia Southward and Galkin, 1997 with no vent-only taxa known
from other oceans.

Alaysia spiralis Southward, 1991 was originally described from the
Lau Back-Arc basin (near Tonga) and Arcovestia ivanovi Southward and
Galkin, 1997 from the Manus Basin (Papua New Guinea). The two are
differentiated by their outer sheath lamellae (present in Alaysia, absent

* Correspondiing author.

in Arcovestia) and obturaculum characteristics (Southward and Galkin,
1997). Photos of specimens of each species (including Alaysia spiralis
from near the type locality) are presented in Fig. 1. Both of these ves-
timentiferan species grow in low density patches at the Manus Basin
vents around areas of diffuse flow and provide crucial habitat for many
other organisms that contribute to the biodiversity in the basin (Samadi
et al., 2015). This area has been a focus of study in recent years (Kojima
et al., 2002; Samadi et al., 2015; Van Audenhaege et al., 2019; Watanabe
and Kojima, 2015) because areas have been slated for deep-sea mining,
which would likely have deleterious effects on the biodiversity, con-
nectivity, and community structure of the these areas (Levin et al., 2016;
Miller et al., 2018). Mining could be especially damaging to taxa
endemic to the site or region, and may have additional harmful effects
that extend beyond the mining site (impacts from sediment plumes,
noise and light pollution, etc), though there is a current moratorium on
mining in the region (Levin et al., 2016). Sampling has been conducted
in an attempt to catalog the existing biodiversity to inform management
practices (Collins et al., 2012; Kojima et al., 2002; Samadi et al., 2015;
Van Audenhaege et al., 2019). This sampling has revealed multiple
species of Vestimentifera, including Lamellibrachia Webb, 1969, Arco-
vestia, Alaysia, and Paraescarpia Southward et al., 2002 (Samadi et al.,
2015; Van Audenhaege et al., 2019), and some putative new species of
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Fig. 1. Photographs of Arcovestia ivanovi and Alaysia spiralis. (A) Arcovestia
ivanovi (GenBank accession number FJ667530) anterior in tube. (B) Arcovestia
ivanovi (same specimen) whole, dissected out of tube. (C) Alaysia spiralis
(GenBank accession number FJ667536) tube anterior showing flanges and
spiraling (inset). (D) Alaysia spiralis (GenBank accession number FJ667536)
anterior, removed from tube. (E) Alaysia spiralis trunk detail, showing papillae.

Alaysia in this region (Kojima et al., 2003, unpublished data). Many
questions remain unanswered about Alaysia and Arcovestia, including
their placement in the overall phylogeny of Vestimentifera, which has
not yet been established with ample molecular data. There have only
been two phylogenetic studies with molecular data for Alaysia or Arco-
vestia to date (Kojima et al., 2003, 2002). While Kojima et al. (2002)
provided identification of Arcovestia ivanovi sequences based on their
proximity to the type locality, only tentative identifications of potential
Alaysia species could be reported by Kojima et al. (2003) due to a lack of
A. spiralis material from the type locality in the Lau Back-Arc Basin.
Neither study confidently placed Alaysia or Arcovestia in the vestimen-
tiferan phylogeny owing to limited taxonomic sampling and the use of
mitochondrial COI data only.

Previous phylogenetic analyses of Vestimentifera have utilized
morphological characters, Sanger-sequenced mitochondrial and nuclear
fragments, microsatellites, and (in recent years) whole mitochondrial
genomes to describe new species and elucidate relationships between
species. However, statistical support for many relationships within
Vestimentifera have remained generally low for studies with small
numbers of markers (Halanych, 2005) and nuclear data is often either
limited to a few species or uninformative (Halanych et al., 2001). In
recent years, the mitochondrial genomes of sixteen members of Sibo-
glinidae have already proven valuable in resolving the siboglinid phy-
logeny (Li et al., 2015; Patra et al., 2016; Sun et al., 2018). However, the
mitochondrial genomes of Alaysia and Arcovestia were missing from
these datasets. This study adds the mitochondrial genomes for Alaysia
spiralis and Arcovestia ivanovi, as well as eight other members of Vesti-
mentifera, including a new species of Alaysia, a new species of Oasisia,
multiple Lamellibrachia species, and additional samples of Riftia
pachyptila and Escarpia spicata Jones, 1985. Nucleotide and amino-acid-
translated phylogenies are generated from the newly sequenced mito-
chondrial genome data (13 protein coding genes and 2 ribosomal RNA
genes) and nuclear 18S gene. Genetic data from this study reveals two
putatively new species of Alaysia and includes a formal description for
one of them.
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2. Methods
2.1. Sampling and morphological analyses

Vestimentifera samples were collected and subsampled for DNA on
various dives between 1990 and 2018. Fig. 2 shows sampling and type
localities for Alaysia and Arcovestia. Twelve Alaysia spiralis specimens
were borrowed from the South Australian Museum (SAM) for analysis,
originally collected from the “Snowcap” and “Satanic Mills” sites in the
Manus Basin in 2000. One Alaysia spiralis specimen was also collected by
the ROV Jason II at a vent near the species type locality in the Lau Back-
Arc Basin, at 1,905 m in 2005. While the voucher material for this
specimen was lost/destroyed, photographs and sequences associated
with the specimen have been made available (see Fig. 1 and Table 2).
Two Arcovestia ivanovi specimens were collected by the ROV Jason II at a
vent at approximately 2,200 m in the Lau Back-Arc Basin in 2005. Four
A. ivanovi specimens were borrowed from SAM, originally sampled from
the “Snowcap” and “Satanic Mills” sites in the Manus Basin in 2000
(CSIRO Binatang 2000 Expedition). Eleven specimens of the new species
of Alaysia described here (Alaysia solwarawarriors sp. nov.) were also
collected from the “South Su” site in the Manus Basin in 2007, and three
specimens of a different putative new species of Alaysia (Alaysia sp. nov.
1) were collected from the “Snowcap” and “Satanic Mills” sites in the
Manus Basin in 2000. Additional sampling details for these specimens
and others used in genetic analysis are also listed in Table 1 (samples for
which whole mitochondrial genomes were sequenced) and Table 2 (all
samples used in various phylogenetic analyses). The map of Manus and
Lau Basin sampling localities (Fig. 2) was created in RStudio using R
v.4.1.3 with the package marmap v.1.0.6 (Pante and Simon-Bouhet,
2013).

For molecular analyses, whole or partially whole animals were either
frozen and kept at —80 °C or preserved in 95% ethanol in their chitinous
tubes. The Alaysia solwarawarriors sp. nov. holotype was fixed and stored
in 95% ethanol, and later the anterior was dissected out from the tube to
facilitate photography and measurements. Specimen tissues adhered to
their semi-transparent chitinous tube walls during fixing and preserva-
tion, so photographs and measurements were taken through the semi-
transparent tubes when possible, to keep the specimen intact. The
specimen was photographed using a Canon T7i camera and Leica

MZ12.5 stereo microscope. Measurements were made of the
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Fig. 2. Map of sampling areas in Manus and Lau Back-Arc basins. Type local-
ities of currently described species represented by stars. Type localities of pu-
tative new species represented by triangles. All other sampling localities
represented by circles.



Table 1

Sequencing information and origin of sequenced terminals, vouchers, and GenBank accession numbers for whole mitochondrial genome data. Newly sequenced mitochondrial genomes are set in bold. An asterisk ()
indicates this study reported that all genes were encoded on the same strand, but did not explicitly state which strand; however, reported AT-richness suggests genes are likely encoded on the positive strand. Abbreviations:
SIO-BIC, Scripps Institution of Oceanography Benthic Invertebrate Collection; SAM, South Australian Museum.

D 32 UMODIN I

Scientific Name Locality Depth Latitude  Longitude Habitat Total Coding Average AT GC GenBank Voucher or
Length Strand Sequencing Content Content Accession Reference
Coverage Number
Alaysia sp. nov. 2 South Su, Manus Basin, Bismarck 1452 —3.811 152.103 vent 14,981 + 234 65.20% 34.80% ON929999 SIO-BIC
Sea A12497
Alaysia spiralis Eastern Manus Basin, Bismarck 1645-1735  —3.728 151.669 vent 15,040 - 306 65.54% 34.46% ON929998 SAM E8131
Sea
Arcovestia ivanovi South Su, Manus Basin, Bismarck 1452 —3.811 152.103 vent 14,953 - 199 65.75% 34.25% ON930000 SIO-BIC
Sea A12501
Escarpia “laminata” Mississippi Canyon, US ~ 754 28.19 —89.8 seep 15,445 +* 232 66.09% 33.91% KJ789161 Li et al. 2015
Escarpia spicata West Florida Escarpment, Gulf of 3314 26.04 —84.91 seep 15,150 - 147 63.78% 36.22% ON929994 SIO-BIC
Mexico A12974
Escarpia spicata Jaco Scar, Costa Rica Margin 1798-1908 9.12 —84.84 seep 15,168 + 151 63.75% 36.25% ON929996 SIO-BIC
A8327
Lamellibrachia Mound Jaguar, Costa Rica Margin 1909 9.66 —85.88 seep 15,019 + 217 65.03% 34.97% ON929997 SIO-BIC
barhami A10173B
Lamellibrachia Builder’s Pencil, Hikurangi 810-817 —39.54 178.33 seep 15,115 - 225 63.50% 36.50% ON929995 SIO-BIC
columna Margin, New Zealand A9468
Lamellibrachia Mound 12, Costa Rica Margin 990-999 8.93 —84.31 seep 14,982 + 273 63.88% 35.12% ON929991 SIO-BIC
donwalshi A8272
Lamellibrachia Mississippi Canyon, US ~ 754 28.19 —89.8 seep 14,991 +* 67 64.56% 35.44% KJ89163 Li et al. 2015
luymesi
Lamellibrachia Kagoshima Bay, Japan 110 31.66 130.8 seep 15,037 + - 65.60% 34.40% KP987801 Patra et al.
satsuma 2016
Oasisia alvinae East Pacific Rise ~ 2630 9.8 —103.94 vent 14,849 +* 39 64.92% 35.08% KJ789164 Li et al. 2015
Paraescarpia Haima cold seep, soouth China Sea 1370-1390 ~17 ~ 110 seep 15,280 not - 64.32% 35.68% MG462707 Sun et al. 2018
echinospica reported
Ridgeia piscesae Southern Explorer Ridge, - 49.76 —130.26 vent 15,002 - - 57.00% 43.00% KJ872501 Jun et al. 2016
northeastern Pacific
Riftia pachyptila East Pacific Rise ~ 2522 9.85 —104.29 vent 14,987 +* 71 66.76 33.24% KJ789166 Li et al. 2015
Riftia pachyptila Matterhorn area, Auka Vent Field, 3653.5 23.95 108.86 vent 16,566 - 145 65.51% 34.49% ON929992 SIO-BIC
Pescadero Basin, Gulf of California A9493
Seepiophila jonesi Mississippi Canyon, US ~ 754 28.19 —89.8 seep 15,092 +* 220 64.83 35.17% KJ789168 Li et al. 2015
Tevnia jerichonana East Pacific Rise ~ 2537 9.79 —104.27 vent 14,891 +* 22 64.51% 35.49% KJ789172 Li et al. 2015
Oasisia sp. nov. Southern East Pacific Rise (32S) 2338 —31.87 —112.04 vent 15,356 + 161 64.80% 35.20% ON929993 SIO-BIC
A11662
Sclerolinum Storfjorden Fjord, Norway ~ 660 62.45 5.09 - 15,383 +* 23 64.9 35.10% KJ789167 Li et al. 2015
brattstromi

248401 (£20Z) £81 UOUN]OAT pup So12uasolAyd D)na]0N
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Table 2

Origin of sequenced terminals, vouchers, and GenBank accession numbers for all phylogenetic analyses, including 16-gene and 3-gene phylogenies and ancestral state
reconstruction. Abbreviations: SIO-BIC, Scripps Institution of Oceanography Benthic Invertebrate Collection; SAM, South Australian Museum.

Scientific Name Locality Depth Latitude Longitude COI 16S 18s Voucher or Reference
Alaysia sp. Al Off Hatsushima, Sagami 830-1230 34.98 139.22 AB088670 - - Kojima et al. 2003
Bay, Japan
Alaysia sp. A2 Daiyon Yonaguni Knoll, 1320 24.85 122.7 AB088671 - - Kojima et al. 2003
South Okinawa Trough,
Japan
Alaysia sp. A3 PACMANUS site, Manus 1660-1710 -3.73 151.67 AB088672 - - Kojima et al. 2003
Basin
Alaysia sp. A4 North Theya Knoll, Mid- 1050 27.78 126.9 AB088673 - - Kojima et al. 2003
Okinawa Trough
Alaysia sp. nov. 1 “Snowcap”, Eastern 1645-1735 —3.728 151.669 OP125606- - - SIO-BIC A14184-5
Manus Basin 7
Alaysia sp. nov. 1 “Satanic Mills”, Eastern 1691 —3.725 151.674 OP125608 - - SIO-BIC A14186
Manus Basin
Alaysia “South Su”, Manus Basin 1452 —3.811 152.103 OP135973- OP137205- - SIO-BIC A14167A-E,
solwarawarriors 82 9 A14168, A12500,
Sp. nov. A12503, A12506,
A12508
Alaysia “South Su”, Manus Basin 1452 —3.811 152.103 ON929999 ON929999 OP137200 SIO-BIC A12497
solwarawarriors
Sp. nov.
Alaysia spiralis Lau Back-arc Basin 1905 —20.054 176.135 FJ667536 - - this study
Alaysia spiralis “Snowcap”, Eastern 1645-1735 —3.728 151.669 OP131318- - - SAM E8119, E8121-6,
Manus Basin 26 E8128-9
Alaysia spiralis “Snowcap”, Eastern 1645-1735 —3.728 151.669 ON929998 ON929998 OP137198 SAM E8131
Manus Basin
Alaysia spiralis “Satanic Mills”, Eastern 1691 —3.725 151.674 OP131729 - SAM E3632a
Manus Basin
Arcovestia ivanovi Lau Back-arc Basin 2719-2721 —20.318 176.137 OP115783- - - SIO-BIC A14169,
4 A11518
Arcovestia ivanovi Lau Back-arc Basin 2719-2721 —20.3178 176.1373 FJ667530 - - this study
Arcovestia ivanovi “South Su”, Manus Basin 1452 —3.811 152.103 OP115786- - - SIO-BIC A12498,
8 A12510, A12512
Arcovestia ivanovi “South Su”, Manus Basin 1452 —3.811 152.103 ON930000 ON930000 OP137199 SIO-BIC A12501
Arcovestia ivanovi Fenway, PACMANUS site, 1665-1800 —3.728 151.673 MK252699 - - Li et al., 2020
Manus Basin
Arcovestia ivanovi PACMANUS site, Manus 1677-1716 0.002 151.673-151.681 MK694787 - - Van Audenhaege et al.
Basin 2019
Arcovestia ivanovi PACMANUS or DESMOS 1660-1900 —0.03 151.67-151.87 AB073491 - - Kojima et al. 2002
site, Manus Basin
Escarpia “laminata” Mississippi Canyon, US ~ 754 28.19 —89.8 KJ789161 KJ789161 AF168741 Li et al. 2015, Halanych
et al., 2001
Escarpia southwardae ~ Worm Hole seep, West 3189 -4.76 9.94 KC870958 - - Cowart et al. 2013
Africa
Escarpia spicata West Florida 3314 26.04 —84.91 ON929994 ON929994 OP137196  SIO-BIC A12974
Escarpment, Gulf of
Mexico
Escarpia spicata Jaco Scar, Costa Rica 1798-1908  9.12 —84.84 ON929996 ON929996 OP137197  SIO-BIC A8327
Margin
Lamellibrachia Nile deep-sea fan, eastern 2129, 1686 32.64, 29.92, 30.26 EU046616 HM746782 - Southward et al. 2011
anaximandri Mediterranean 32.50
Lamellibrachia Mound Jaguar, Costa 1909 9.66 —85.88 ON929997 ON929997 OP137204 SIO-BIC A10173B
barhami Rica Margin
Lamellibrachia Builder’s Pencil, 810-817 —39.54 178.33 ON929995 ON929995 OP137202  SIO-BIC A9468
columna Hikurangi Margin, New
Zealand
Lamellibrachia Mound 12, Costa Rica 990-999 8.93 —84.31 ON929991 ON929991 OP137203  SIO-BIC A8272
donwalshi Margin
Lamellibrachia juni DESMOS site, Manus Basin 1900 -3.7 151.87 AB264603 - - Kojima et al. 2006
Lamellibrachia Mississippi Canyon, US ~ 754 28.19 —89.8 KJ89163 KJ89163 - Li et al. 2015
luymesi
Lamellibrachia Kagoshima Bay, Japan 110 31.66 130.8 KP987801 KP987801 FM995543  Patra et al. 2016,
satsuma Pradillon et al., 2009
Oasisia alvinae East Pacific Rise 2630 9.8 —103.94 KJ789164 KJ789164 AF168743 Li et al., 2015, Halanych
et al., 2001
Oasisia fujikurai Brother’s Caldera, 1600 —34.86 179.06 AB242857 - - Miura & Kojima 2006
Kermadec Arc
Oasisia sp. nov. Southern East Pacific 2338 —31.87 —112.04 ON929993 0ON929993 OP137195  SIO-BIC A11662
Rise (32S)
Paraescarpia Haima cold seep, soouth 1370-1390 ~ 17 ~ 110 MG462707 MG462707 - Sun et al. 2018
echinospica China Sea
Ridgeia piscesae Southern Explorer Ridge, - 49.76 —130.26 KJ872501 KJ872501 AF168744 Jun et al., 2016,

northeastern Pacific

Halanych et al., 2001

(continued on next page)
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Table 2 (continued)
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Scientific Name Locality Depth Latitude Longitude CoI 16S 18S Voucher or Reference
Riftia pachyptila Matterhorn area, Auka 3653.5 23.95 108.86 ON929992 ON929992 OP137201  SIO-BIC A9493
Vent Field, Pescadero
Basin, Gulf of California
Riftia pachyptila East Pacific Rise ~ 2522 9.85 —104.29 KJ789166 KJ789166 - Li et al. 2015
Sclerolinum Storfjorden Fjord, Norway ~ 660 62.45 5.09 KJ789167 KJ789167 AF315061 Li et al. 2015, Halanych
brattstromi et al., 2001
Seepiophila jonesi Mississippi Canyon, US ~ 754 28.19 —89.8 KJ789168 KJ789168 - Li et al. 2015
Tevnia jerichonana East Pacific Rise 2537 9.79 —104.27 KJ789172 KJ789172 AF168746 Li et al., 2015, Halanych
et al., 2001

obturaculum, crown, vestimentum, trunk, and tube of the holotype
specimen. Type and voucher material is held at the South Australian
Museum (SAM), Adelaide, South Australia, Australia and the Scripps
Institution of Oceanography Benthic Invertebrate Collection (SIO-BIC),
La Jolla, California, USA (accession numbers in Table 1 and Table 2).

2.2. DNA extraction, amplification, and sequencing

DNA was extracted from two Arcovestia specimens and seventeen
Alaysia specimens (various species) with the Zymo Research DNA-Tissue
Miniprep kit (Zymo Research, Inc.), following the protocol supplied by
the manufacturer. DNA was extracted from the remaining four Arco-
vestia and nine Alaysia specimens by the Vrijenhoek lab at the Monterey
Bay Aquarium Research Institute (MBARI), Moss Landing, California,
USA, before it was donated to SIO-BIC. DNA was also extracted from two
Escarpia spicata specimens, a single Oasisia sp. nov. specimen, a single
Riftia pachyptila specimen, and a single Lamellibrachia barhami Webb,
1969 specimen with the Zymo Research kit and protocol (for later li-
brary preparation and mitochondrial genome sequencing, see Table 1).
Previous extractions of Lamellibrachia columna Southward, 1991
(McCowin et al., 2019), and Lamellibrachia donwalshi McCowin & Rouse,
2018 were also utilized for library preparation and mitochondrial
genome sequencing (Table 1).

Approximately 500 bp of the mitochondrial gene cytochrome ¢ oxi-
dase subunit I (COI) were amplified for each newly-extracted specimen
using the vestimentiferan primer mtCOI primer set COIf and COIr
(Nelson and Fisher, 2000) to confirm field identifications of species (see
Supplementary Table 1 for primer sequences). For a subset of Alaysia
and Arcovestia samples for which COI did not amplify with these
primers, two sets of designed primers targeting shorter regions of the
mtCOI gene (~300 bp and ~ 400 bp) were used (Supplementary
Table 1). For the Alaysia solwarawarriors sp. nov. holotype, an approxi-
mately 400 bp fragment of 16S rRNA (16S) was amplified using the
primers 16sArL and 16sbrH (Palumbi, 1996). For one specimen of each
Arcovestia and Alaysia species (excluding Alaysia sp. nov. 1) and speci-
mens for which mitochondrial genomes were newly sequenced,
approximately 1,770 bp of 18S rRNA were amplified in three fragments
using the primer pairs 18S1F and 18S5R, 18Sa2.0 and 18S9R, and 18S3F
and 18Sbi (Giribet et al., 1996; Whiting et al., 1997). Amplification was
carried out with 12.5 pL of Apex 2.0z RED DNA Polymerase Master Mix
(Genesee Scientific), 1 pL each of the appropriate forward and reverse
primers (10 pM concentration), 8.5 pL of water, and 2 pL of eluted DNA.
Additional PCR reaction details (program parameters for thermal cycler)
for each gene can be found in Supplementary Table 1. All PCR products
were purified with the ExoSAP-IT protocol (USB, Affymetrix) and
sequencing was performed by Eurofins Genomics (Louisville, KY). All
sequences were de novo assembled in Geneious Prime version 2022.0.2
(Biomatters Ltd.). GenBank accession numbers associated with all
Sanger-sequenced individuals can be found in Table 2.

While samples of Alaysia sp. nov. 1 were successfully extracted and
sequenced, the original voucher material was unfortunately all lost/
destroyed. Due to the lack of type material, Alaysia sp. nov. 1 cannot be
described in this study, but the sequences associated with these speci-
mens have been made available (GenBank accession numbers in Table 2)

for future studies.

2.3. Mitochondrial genome Sequencing, Assembly, & annotation

This study used genome skimming (shallow whole genome
sequencing followed by bioinformatic separation of mitochondrial
reads) to obtain mitochondrial genome data (Trevisan et al., 2019).
Prior to library preparation for genome skimming, all extractions were
quantified with a Qubit BR Assay kit (ThermoFisher Scientific) following
the protocol supplied by the manufacturer. In addition, the quality of all
extractions was assessed with gel electrophoresis. Sequencing libraries
for a single high-quantity/quality extraction for a representative of
Arcovestia ivanovi, Alaysia spiralis, Alaysia solwarawarriors sp. nov.,
Lamellibrachia barhami, L. columna, L. donwalshi, Oasisia sp. nov., and
Riftia pachyptila, and 2 extractions of Escarpia spicata (from different
localities) were prepared and sequenced by Novogene (Sacramento, CA,
USA) using their Whole Genome Sequencing (WGS) protocol and
generating 2 Gb of 150 bp paired-end reads per sample.

Seqkit Version 0.13.2 (Shen et al., 2016) was used to remove du-
plicates and to assess read numbers and lengths before and after trim-
ming and filtering for quality. Raw reads were trimmed to remove
adapter sequences and low quality leading and trailing bases, and
filtered with a 4-base sliding window (cutting where average quality per
base fell below 15) with Trimmomatic Version 0.39 (Bolger et al., 2014).
Reads shorter than 36 bases were removed from the dataset. Trimmed
reads were then assembled with Mitofinder Version 1.4 (Allio et al.,
2020) with the megahit assembler and tRNA annotation with MiTFi, and
the invertebrate mitochondrial DNA genetic code translator (Elzanowski
and Ostell, 2019). A reference genomes file for use with MitoFinder was
compiled from annelid mitochondrial genomes from GenBank (included
only sequences classified as “RefSeq”). Average coverage for each
mitochondrial genome (with duplicates removed) ranged between 145x
and 306x (Table 1). The resulting annotated contigs were checked with
the MITOS web server (Bernt et al., 2013) and annotations were
manually checked for inaccuracies. Gene order was identical for all
species, with little local length variation, so minor edits were made in
Geneious Prime to reconcile any errors. Circularization was not found
automatically by MitoFinder, but a circular display of each mitochon-
drial genome was constructed in Geneious Prime. A putative control
region was identified by a noncoding repetitive region in each mito-
chondrial genome between trnR and trnH (annotated by MITOS), which
is consistent with previously published mitochondrial genomes within
Vestimentifera. GenBank accession numbers associated with whole
mitochondrial genome sequences can be found in Table 1.

2.4. Phylogenetic analyses using mitochondrial genomes

The thirteen protein-coding genes, 12S rRNA (12S), and 16S rRNA
(16S) from the mitochondrial genome assemblies, nuclear 18S rRNA
(18S), and data from GenBank (Table 1) were aligned separately with
the MAFFT version 7 online server (Katoh et al., 2019) with the direction
of nucleotide sequences set to adjust according to the first sequence
(extremely slow) and all other settings default (nucleotide dataset). All
thirteen mitochondrial protein-coding genes were also translated into
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amino acids in Geneious Prime (to be combined with the non-protein-
coding 12S, 16S, and 18S nucleotide data to form the amino-acid-
translated dataset). Appropriate models for each gene partition (nucle-
otide and amino-acid-translated separate) were chosen by ModelTest-
NG v.0.1.6 under the Akaike Information Criterion (AICc) (Supple-
mentary Table 3). The datasets (nucleotide and amino-acid-translated)
were then concatenated. Each of the two resulting datasets contained
13 mitochondrial protein-coding genes (either in nucleotide or amino-
acid-translated format), 12S, 16S, and nuclear 18S. Maximum likeli-
hood (ML) analyses were conducted with each of the nucleotide and
amino-acid-translated datasets with the RAXML GUI interface v. 2.0.2
(Edler et al., 2020) using RAXML-ng v. 1.0.1 (Kozlov et al., 2019) with
each partition assigned the appropriate model from ModelTest-NG
(Supplementary Table 3). Additional ML analyses was conducted for
the nucleotide dataset with the third codon positions of protein coding
genes partitioned separately from the first and second positions, and
with each of the codon positions partitioned separately (these partitions
were re-tested for appropriate models using ModelTest-NG and IQTree,
and a 3-codon partitioned ML analysis was also conducted in IQ Tree).
For each ML analysis, 10 runs and a thorough bootstrapping (1000
replicates) was used to assess node support. Since topologies and sup-
port were identical for all nucleotide datasets (original, first/second and
third codon position partitioned, and separate codon partitions),
Bayesian Inference (BI) analyses were conducted only with the original
nucleotide and amino-acid-translated datasets, partitioned by gene.
Bayesian Inference analyses were conducted with MrBayes v.3.2.7a
(Huelsenbeck and Ronquist, 2001; Ronquist and Huelsenbeck, 2003).
Since MrBayes was unable to incorporate the same models as RAXML-
NG, the most similar model that could be accommodated by MrBayes
was assigned to each gene partition instead (see Supplementary
Table 3). For the amino-acid-translated dataset, a single fixed model was
chosen for all amino-acid-translated partitions (MTMAM, based on the
most frequent model chosen by ModelTest-NG), with the non-protein-
coding genes assigned the same models as in the nucleotide-only anal-
ysis (Supplementary Table 3). For both the nucleotide and amino-acid-
translated datasets, BI analyses were carried out with Markov chain
Monte Carlo (MCMC) for 20 million generations with 4 chains and trees
sampled every 1000 generations. Burn-in was determined to be 5%
using Tracer v.1.7 (Rambaut et al., 2018). Maximum parsimony (MP)
analyses were also conducted with PAUP* v.4.0a168 (Swofford, 2003)
for the nucleotide and amino-acid-translated datasets using heuristic
searches with the tree-bisection-reconnection branch-swapping algo-
rithm and 1000 random addition replicates. For MP analyses, support
values were determined with 1000 bootstrap replicates.

Since the nucleotide and amino-acid-translated datasets produced
slightly different topologies regarding the reciprocal monophyly of
Alaysia and Arcovestia, an approximately unbiased (AU) test (Shimo-
daira, 2002) was conducted to test whether the reciprocal monophyly of
Alaysia and Arcovestia was significantly different than a paraphyletic
Alaysia. For the nucleotide dataset, a constrained tree forcing paraphyly
of Alaysia and Arcovestia (placing Arcovestia sister to Alaysia solwar-
awarriors sp. nov.) was made using Mesquite 3.70 (Maddison and
Maddison, 2018) and RAXML-NG. The AU test was conducted in IQ-Tree
v.1.6.12 (Chernomor et al., 2016) with 20,000 replicates to generate
likelihood scores and p-values for the constrained and unconstrained
(ML nucleotide) trees. For the amino-acid-translated dataset, a con-
strained tree forcing reciprocal monophyly of Alaysia and Arcovestia was
made using Mesquite and RAXML-NG. An AU test was then conducted in
1Q-Tree with 20,000 replicates for the constrained and unconstrained
(ML amino-acid-translated) trees.

To test for substitution saturation in the third codon position of the
protein-coding genes, the index of substitution saturation (Is) was
assessed with DAMBE 5 (Xia, 2013), following the protocol laid out in
Xia and Lemey (2012). Whole alignments of each protein-coding gene
were assessed using the proportion of invariant sites calculated by
ModelTest-NG first. The proportion of invariant sites was then
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calculated for third codon positions using the ML nucleotide tree for
estimation in DAMBE 5. For each protein-coding gene, the whole
alignment, the first and second codon positions, and the third codon
position were tested for substitution saturation using the Xia et al. test
(as in Xia and Lemey, 2012), and calculations of I and I, were
compared to determine saturation. No genes were found to be saturated
based on the first and second codon positions, which are generally
conserved, or the whole alignment. For genes where the third codon
position appeared to be saturated (I > L), additional ML, BI, and MP
analyses were conducted with the nucleotide dataset with those genes
omitted from the analyses (all parameters for each analysis otherwise
the same as the previous analyses of the nucleotide dataset).

Since the nucleotide and amino-acid-translated datasets produced a
topology with a placement of Riftia pachyptila that differs from its
placement in some recent studies, an approximately unbiased test was
also conducted to test whether the alternative topology (grouping Riftia
pachyptila with the other vent-endemic taxa) was not significantly
different than the topology recovered in all ML, BI, and MP analyses in
this study. A constrained tree placing Riftia pachyptila with the clade
containing the other vent-endemic taxa (Ridgeia, Tevnia, Oasisia, Alaysia,
Arcovestia) was made using Mesquite and RAXML-NG. The AU test was
conducted with IQ-Tree with 20,000 replicates to generate likelihood
scores for the constrained and unconstrained (ML nucleotide) trees.

An ancestral state reconstruction (ASR) of habitat was conducted
utilizing the whole mitochondrial genome dataset (nucleotide) with the
addition of COI (and 16S and 18S when possible) sequences from Gen-
Bank for the following taxa (for which whole mitochondrial genomes
have not been sequenced): Oasisia fujikurai Miura and Kojima, 2006,
Escarpia laminata Jones, 1985, Escarpia southwardae Andersen et al.,
2004, Lamellibrachia anaximandri Southward, Andersen & Hourdez,
2011, and Lamellibrachia juni Miura and Kojima, 2006 (Table 2).
Another Maximum Likelihood analysis was conducted in RAXML-NG
with models re-assessed with ModelTest-NG for genes with new data
(COI, 168, 18S) (Supplementary Table 3). The ancestral state recon-
struction was conducted using this ML topology (Supplementary
Figure 1) and a matrix of habitat types (vent, seep, organic fall; used
‘&-coding’ for taxa known to inhabit multiple environments). The out-
group Sclerolinum brattstromi Webb, 1964 was excluded from the ASR
analysis. The ASR was conducted in RStudio using R v.4.1.3, and the
packages phytools v.1.0-1 (Revell, 2012) and corHMM v.2.7 (Beaulieu
et al., 2013) were used to fit hidden Markov models of discrete character
evolution. The AIC criterion determined the best model, “ER” (all rates
equal) for the reconstruction.

2.5. Phylogenetic analyses of Alaysia and Arcovestia

Separate phylogenetic analyses were conducted with the newly
sequenced COI, 16S, and 18S data for Alaysia spiralis, Arcovestia ivanovi,
the two putative new species of Alaysia, and previously sequenced
Alaysia and Arcovestia data from GenBank (Table 2). This data was
combined with sequences for outgroups Tevnia jerichonana, Oasisia
alvinae, and Ridgeia piscesae, available on GenBank (Table 2). The out-
groups chosen for phylogenetic analyses were informed by the place-
ment of Alaysia and Arcovestia in the 16-gene analyses (nucleotide and
amino-acid-translated datasets agreed). The COI, 16S, and 18S data-
sets were aligned separately with MAFFT and tested with ModelTest-NG
for the best-fit models under the AICc prior to concatenating (models
assigned to each partition are listed in Supplementary Table 3). A
Maximum Likelihood analysis was conducted with RAXML-NG with
each partition assigned its appropriate model from ModelTest-NG, and a
thorough bootstrapping (1000 replicates) was used to assess node sup-
port. A Bayesian Inference analysis was conducted for the same
concatenated dataset in MrBayes. Since MrBayes was unable to incor-
porate the same models as RAXML-NG, the most similar models that
could be accommodated by MrBayes were assigned to each gene parti-
tion instead (see Supplementary Table 3). The BI analysis was carried
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out with Markov chain Monte Carlo (MCMC) for 20 million generations
with 4 chains and trees sampled every 1000 generations. Burn-in was
determined to be 5% using Tracer. An additional ML analysis was run
with the same models as those implemented in MrBayes to assess
whether differences in topologies produced by the two analyses were
due to model selection differences (same settings as previous ML anal-
ysis, except for each gene partition being assigned the same models as
those used for the BI analysis). A Maximum Parsimony (MP) analysis
was also conducted with PAUP* for the same concatenated dataset using
heuristic searches with the tree-bisection-reconnection branch-swap-
ping algorithm and 1000 random addition replicates. For the MP anal-
ysis, support values were determined with 1000 bootstrap replicates.

The newly generated COI sequences for Alaysia and Arcovestia from
this study were combined with available Alaysia and Arcovestia GenBank
sequences to calculate uncorrected and model-corrected inter- and intra-
specific distances. For model-corrected distances for each species,
models for each COI dataset (separated by species) were selected using
the AICc criterion in jModelTest2 v.2.1.10 (Darriba et al., 2012) since
PAUP* was unable to incorporate models from ModelTest-NG. Haplo-
type networks were also created using these COI datasets (terminals
listed in Table 2) for Alaysia spiralis, Arcovestia ivanovi, Alaysia sp. nov. 1
and Alaysia solwarawarriors sp. nov. with PopART v.1.7 (Leigh and
Bryant, 2015) the median-joining option and default settings (Bandelt
et al.,, 1999). Owing to some short COI sequences limiting the total
sequence alignment length for haplotype network analyses, multiple
haplotype network versions were created with various alignment
lengths (omitting sequences that were very short) for comparison (for
the Arcovestia ivanovi, Alaysia spiralis, and Alaysia solwarawarriors sp.
nov. networks; not necessary for the Alaysia sp. nov. 1 network since
there were only three sequences of roughly equal length). Differences
between networks were small, but side-by-side comparisons of each
network are available in Supplementary Figure 2.

2.6. Divergence time estimation

The BEAST v2.7.4 package (Bouckaert et al., 2019) was used to
assess the divergence times within Vestimentifera. The oldest reported
fossils that have been reported as unequivocally belonging to Vesti-
mentifera are from hydrothermal vents (Figueroa massive sulphide de-
posit) dating from the early Jurassic (Pliensbachian to Toarcian) ~
183-193 million years ago (mya) (Little et al., 2004, Georgieva et al.,
2019). Georgieva et al. (2019) found that the fossil Figueroa tubes
nested among the extant vestimentiferan terminals they used in their
cladistic of tube morphology. For this reason, we applied a node-based
date constraint for crown Vestimentifera. BEAUti from the BEAST2
package was used with the following parameters: optimized relaxed
clock, birth-death model of divergence, and a log normal age distribu-
tion for the crown Vestimentifera node with 95% of dates from 183 to
193 and a mean of 188 mya. We used the 13 protein-coding genes as
nucleotides and the two mitochondrial RNA genes as separate partitions
with the closest models available in BEAST2 to those chosen in
ModelTest-NG as done for the MrBayes analysis. We did not include the
18S data owing since some terminals lack this dataset and it could not
then be combined with the other partitions in BEAST2. BEAST2
executed the.xml file using a random starting tree with 20 million
generations, and this was repeated to produce three separate MCMC
analyses. Results were assessed for stationarity, convergence, and
effective sample size with Tracer 1.7. The trees for the three runs (30%
burn-in each) were combined with Log Combiner and Tree Annotator
(both part of the BEAST2 package) was used to generate a maximum-
clade credibility majority-rule consensus tree with mean ages for the
unconstrained nodes.
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3. Results
3.1. Mitochondrial genome sequencing and composition

Gene order was identical among the newly sequenced taxa (Alaysia
spiralis and Alaysia solwarawarriors sp. nov., Arcovestia ivanovi, Escarpia
spicata (Costa Rica) and Escarpia spicata (Gulf of Mexico), Oasisia sp.
nov., Lamellibrachia barhami, Lamellibrachia columna, Lamellibrachia
donwalshi, and Riftia pachyptila) and the available vestimentiferan
mitochondrial genomes from GenBank. All genes were encoded on a
single strand for each newly sequenced mitochondrial genome, which is
consistent with previous reports for other members of Vestimentifera
and common within Annelida (Boore, 1999; Li et al., 2015), see Table 1
for details. The newly sequenced mitochondrial genomes also had
similar total lengths compared to previously sequenced mitochondrial
genomes for other members of Vestimentifera, ranging from
14,981-16,566 bp (Table 1). AT and GC content were also like other
Vestimentifera, ranging from 63.50% to 65.75% and 36.50%-34.35%
respectively (Table 1). A putative control region was identified by
locating a noncoding repetitive region in each mitochondrial genome
between trnR and trnH (annotated by MITOS), which is also consistent
with previously published mitochondrial genomes within Vestimenti-
fera. Mitochondrial contigs generally started or stopped in this region,
perhaps due to repetitive elements interfering with assembly (Nagarajan
and Pop, 2013).

3.2. Sixteen-gene phylogenetic analyses

The 16-gene Maximum Likelihood (ML), Bayesian Inference (BI),
and Maximum Parsimony (MP) analyses of both the nucleotide and
amino-acid-translated datasets produced similar topologies with simi-
larly high levels of support at most nodes (Fig. 3). All analyses of the
nucleotide dataset (including those which partitioned the third codon
position separately from the first and second positions in protein-coding
genes) produced congruent topologies, and all analyses of the amino-
acid-translated dataset produced congruent topologies (topologies pro-
duced from the nucleotide and amino-acid-translated datasets differed
slightly from each other, discussed in additional detail below). All an-
alyses of both datasets recovered well-supported clades of Lamelli-
brachia, Escarpia and Oasisia, and supported the Lamellibrachia clade as
sister to the remaining Vestimentifera. All analyses also supported a
clade of Pacific vent-endemic taxa (consisting of Oasisia, Ridgeia, Tevnia,
Alaysia, and Arcovestia) that excluded Riftia pachyptila. Riftia pachyptila
was instead placed sister to the remaining Vestimentifera (excluding
Lamellibrachia) in all analyses. The placement of Escarpia spicata was also
notable (and identical in all analyses). While two newly sequenced
Escarpia spicata mitochondrial genomes, one from the Eastern Pacific off
Costa Rica and one from the Gulf of Mexico, grouped together with a
very short branch length, the existing mitochondrial genome referred to
as Escarpia spicata from GenBank (also from the Gulf of Mexico; Li et al.,
2015) was clearly separate from the others and is referred to here as
Escarpia “laminata” (discussed in additional detail below).

As noted above, tree topologies differed slightly between the ML, BI,
and MP analyses derived from the nucleotide dataset versus the analyses
derived from the amino-acid-translated dataset. All analyses derived
from the nucleotide dataset produced identical topologies in which
Alaysia and Arcovestia were recovered as reciprocally monophyletic
(Fig. 3). All analyses derived from the amino-acid-translated dataset
produced congruent topologies in which Alaysia and Arcovestia were
recovered as paraphyletic, with Arcovestia nested inside Alaysia (Arco-
vestia sister to Alaysia solwarawarriors sp. nov.) (Supplementary
Figure 3). No other differences were observed between the tree topol-
ogies produced by the nucleotide and amino-acid-translated datasets.

Each protein-coding gene was tested for substitution saturation in
DAMBE using the nucleotide alignment for that gene. Each nucleotide
alignment was tested both as a whole alignment and at the third codon
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Fig. 3. Maximum Likelihood tree of the concatenated 16-gene nucleotide data. Support values above nodes are from nucleotide-only dataset, support values below
nodes are from amino-acid-translated dataset. Bootstrap support percentages from the ML analysis are listed first, followed by Bayesian posterior probabilities and
bootstrap support percentages from the Maximum Parsimony analysis. Stars indicate maximal support from all three analyses. Nodes not recovered by an analysis are

indicated by a hyphen.

position to assess potential substitution saturation at that position
(Table 4). Of the thirteen protein-coding genes, three exhibited an index
of substitution saturation (Is) value that was significantly greater than
the critical index of substitution saturation (Is.) value at the third codon
position, thus indicating saturation in those genes (ATP8, ND4L, ND6).
Additional ML, BI, and MP analyses of the nucleotide dataset excluding
the saturated genes produced identical topologies to the original
nucleotide dataset analyses (Supplementary Figure 4).

Since the potential reciprocal monophyly of Alaysia and Arcovestia
differed between the nucleotide and amino-acid-translated datasets, an
Approximately Unbiased (AU) test was conducted for each dataset to
compare the two potential topologies. For the nucleotide dataset, the ML
topology (Fig. 3, Alaysia and Arcovestia reciprocally monophyletic) was
compared with a constrained tree in which Alaysia was paraphyletic
(Arcovestia sister to Alaysia solwarawarriors sp. nov). The p-values for the
ML (monophyly) and constrained (paraphyly) trees were not signifi-
cantly different (p = 0.122). For the amino-acid-translated dataset, the
ML topology (Supplementary Figure 3, Alaysia paraphyletic with Arco-
vestia sister to Alaysia solwarawarriors sp. nov.) was compared with a
constrained tree in which Alaysia and Arcovestia were reciprocally
monophyletic. Again, these were not significantly different (p = 0.134).

Hence, neither AU test conducted in IQ-Tree recovered a significant
difference in assessing if Alaysia was paraphyletic regarding Arcovestia,
or if they can be accepted as reciprocally monophyletic genera.

The placement of Riftia pachyptila in this study differed from its
placement in some other recent publications. An AU test was therefore
also conducted to compare the topology recovered in this study with an
alternative placement of R. pachyptila within the clade of Pacific vent-
endemic taxa. The test compared the ML topology (Fig. 3) with a tree
that constrained R. pachyptila within a clade of vent-endemic taxa
(Oasisia, Ridgeia, Tevnia, Alaysia, Arcovestia). The AU test conducted in
IQ-Tree did not recover a significant difference between the ML and
constrained trees (p-value = 0.0767).

A likelihood ancestral state reconstruction (ASR) of habitat (vent,
seep, and/or organic fall) was conducted on the ML tree topology
(including additional vestimentiferan species with available GenBank
data, not just those with whole mitochondrial genomes). The ASR
revealed that a vent origin was most likely for the most recent common
ancestor of the Vestimentifera clade. It also revealed two potential ori-
gins of seep-dwelling taxa: one for the Lamellibrachia clade and one
leading to the most recent common ancestor of the Paraescarpia +
Seepiophila + Escarpia clade (Fig. 4).
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Fig. 4. Ancestral state reconstruction of habitat (vent, seep, organic fall)
mapped onto the Maximum Likelihood phylogeny generated from the 16-gene
concatenated nucleotide data with additional terminals (Supplementary
Figure 1); outgroup not included in reconstruction.

The divergence time estimation for Vestimentifera (Supplementary
Figure 6) had the split between Lamellibrachia and the remaining Ves-
timentifera constrained to the early Jurassic (~188 million years ago
(mya) and age of the root, the split of Vestimentifera from Sclerolinum,
was estimated to be in the Triassic at ~ 217 mya. The divergences within
Lamellibrachia all occurring during the Cenozoic, in the last 50 mya. The
split between the sister species pair L. luymesi and L. donwalshi, which
live in the Gulf of Mexico/Caribbean and eastern Pacific respectively,
was recovered as having occurred ~ 15 mya. In the other clade
comprising the remaining Vestimentifera, Riftia diverged from the
remaining terminals in the late Jurassic (~160 mya) with all the other
divergences happening in the Cretaceous to Cenozoic. The Arcovestia/
Alaysia clades was found to date back 30 mya, with the split between
Alaysia spiralis and Alaysia solwarawarriors sp. nov. dating to ~ 19 mya.

3.3. Three-gene phylogenetic analyses of Alaysia and Arcovestia

Phylogenetic analyses of Alaysia and Arcovestia were also conducted
with a three-gene (COI, 16S, 18S) concatenated dataset. While various
outgroup choices for the concatenated three-gene phylogenetic analyses
resulted in differing topologies with varied and poor support, the results
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of the much larger 16-gene datasets placed the Alaysia + Arcovestia clade
sister to the vent-endemic taxa Tevnia jerichonana, Oasisia alvinae, and
Ridgeia piscesae regardless of the dataset used. Based on this result, all
three of these vent-endemic taxa were chosen as outgroups for the three-
gene phylogeny of Alaysia and Arcovestia. The ML, BI, and MP analyses
of this concatenated three-gene dataset all consistently recovered
Alaysia spiralis as sister to Alaysia sp. A3 with a very short branch length
(Fig. 5). These and other phylogenetic analyses (see below) indicate that
Alaysia sp. A3 is Alaysia spiralis. At the time of its publication, there was
not molecular data available for A. spiralis, so it was tentatively referred
to as Alaysia sp. A3 (Kojima et al., 2003). The A. spiralis clade was also
recovered by all analyses to be sister to a clade consisting of Alaysia sp.
Al and Alaysia sp. A2. However, the remaining terminals varied in po-
sition between analyses, and many relationships within the trees were
poorly supported (Fig. 5, Supplementary Figure 5). The ML analysis
(Fig. 5, Supplementary Figure 5A) produced a topology with recipro-
cally monophyletic Alaysia and Arcovestia clades. Within the Alaysia
clade, Alaysia solwarawarriors sp. nov. was placed sister to Alaysia sp. A4
(from the Mid Okinawa Trough) and Alaysia sp. nov. 1 was placed sister
to the remaining Alaysia species (Alaysia spiralis, A. sp. A1, A. sp. A2, and
A. sp. A3). The BI analysis (Supplementary Figure 5B) also recovered a
clade that included Alaysia spiralis, A. sp. Al, A. sp. A2, and A. sp. A3.
However, the BI analyses did not recover reciprocally monophyletic
Alaysia and Arcovestia clades. Instead, Arcovestia ivanovi was nested in-
side a grade of Alaysia species (Supplementary Figure 5B). An additional
ML analysis of the same dataset with the same models that were applied
in MrBayes (instead of those chosen by ModelTest-NG and implemented
in RAXML-NG) resulted in the same topology as the BI analysis. The MP
analysis (Supplementary Figure 5C) also recovered a clade containing
Alaysia spiralis, A. sp. Al, A. sp. A2, and A. sp. A3. However, while the
MP analysis did also recover a grade of Alaysia species with Arcovestia
ivanovi nested inside, as in the BI analysis, the placement of the various
Alaysia species in this grade in the MP analysis differed from that of the
BI analysis (Supplementary Figure 5B, 5C).

An uncorrected pairwise distance analysis for the COI dataset
revealed low intraspecific distances within Alaysia and Arcovestia, with
maximum intraspecific distances ranging from 0.09% (Alaysia solwar-
awarriors sp. nov.) to 1.39% (Arcovestia ivanovi) (Table 3, Supplementary
Table 2). Corrected intraspecific distances for each species revealed
similar results (Alaysia solwarawarriors sp. nov.: 0-0.09%, Alaysia sp.
nov. 1: 0.31-0.64%, Alaysia spiralis: 0-1.37%, Arcovestia ivanovi:
0-1.47%). The minimum interspecific pairwise distance between Arco-
vestia ivanovi and Alaysia spiralis was 4.51% (uncorrected) to 5.84%
(corrected). The minimum interspecific pairwise distance between
Alaysia spiralis and Alaysia sp. A3 was 0.10% (uncorrected and cor-
rected), which also supports the conclusion that Alaysia sp. A3 is
A. spiralis. The minimum interspecific distance between A. spiralis and its
closest relative, Alaysia sp. Al, was 2.48% (uncorrected) to 2.81%
(corrected). The minimum interspecific pairwise distance between
Alaysia solwarawarriors sp. nov. and its closest relative, Alaysia sp. A4,
was 3.38% (uncorrected) to 3.86% (corrected). The minimum inter-
specific pairwise distance between Alaysia sp. nov. 1 and its closest
relative, Alaysia sp. Al, was 6.02% (uncorrected) to 8.22% (corrected).

Haplotype networks generated for the COI dataset revealed low
haplotype diversity within the species for which multiple COI sequences
were available (Fig. 6). Because missing data could not be accommo-
dated in haplotype network analyses, multiple networks were created to
compare haplotype diversity with various total alignment lengths for
comparison (excluding taxa with short sequences as needed). The dif-
ferences between these networks were negligible (Supplementary
Figure 2), and the networks with the greatest haplotype diversity are
shown in Fig. 6. The majority of Arcovestia ivanovi specimens (Fig. 6A)
specimens shared a single haplotype regardless of locality and differed
by up to 5 base pairs. Alaysia spiralis (Fig. 6B) specimens followed a
similar pattern with a single common haplotype, with a specimen from
the type locality differing from the most common haplotype by 3 base
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Fig. 5. Maximum Likelihood tree of the concatenated three-gene nucleotide data. Bootstrap support percentages from the ML analysis are listed first, followed by
Bayesian posterior probabilities and bootstrap support percentages from the Maximum Parsimony analysis. Nodes not recovered by an analysis are indicated by a

hyphen. Alaysia clade highlighted in grey.

Table 3

Summary of uncorrected and corrected pairwise distances for Alaysia and Arcovestia COI data. Model listed for corrected pairwise distances.
TAXA MODEL MINIMUM INTRASPECIFIC MAXIMUM INTRASPECIFIC MINIMUM INTERSPECIFIC

DISTANCE DISTANCE DISTANCE

Species For Corrected Analyses  Uncorrected  Corrected Uncorrected  Corrected Uncorrected  Closest Taxon
Arcovestia ivanovi HKY 0 0 1.39% 1.47% 4.51% Alaysia spiralis
Alaysia spiralis HKY 0 0 1.24% 1.37% 2.48% Alaysia sp. Al
Alaysia solwarawarriors sp. nov.  F81 0 0 0.09% 0.09% 3.38% Alaysia sp. A4
Alaysia sp. nov. 1 HKY 0.31% 0.31% 0.62% 0.64% 6.02% Alaysia sp. Al
Alaysia sp. Al - - - - - 1.28% Alaysia sp. A2
Alaysia sp. A3 - - - - - 0.10% Alaysia spiralis

pairs. Alaysia solwarawarriors sp. nov. (Fig. 6C) showed the lowest
haplotype diversity (just a single haplotype for the 10 specimens
sequenced) and Alaysia sp. nov. 1 (Fig. 6D) also showed relatively low
haplotype diversity, with specimens differing by at most 4 base pairs
(note that the number of specimens sequenced for Alaysia sp. nov. 1 was
lower than for the other species).

4. Taxonomy

4.1. Family - Siboglinidae Caullery, 1914
Alaysia Southward, 1991
Diagnosis.

Characterized by the possession of outer lamellar sheaths, a smooth
obturacular face, absence of axial rod, presence of dorsal groove in
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obturacular stalk, and an entire posterior vestimental fold.
Type species: Alaysia spiralis Southward, 1991.

4.2. Alaysia solwarawarriors sp. nov.

urn:Isid:zoobank.org:pub:D845ED8D-C188-4E7E-A4B7-
05BB908D9DD3.
(Fig. 7).

4.2.1. Type locality
Manus Basin, vent site known as “South Su”, approximately 1,452 m
depth; —3.811 S, 152.103 E.

4.2.2. Material examined
Holotype: SIO-BIC A14168 (1 individual), collected on April 15,


http://zoobank.org
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Table 4

Index of substitution saturation (Is) and critical index of substitution saturation
Isse) values for third codon position and whole alignments of protein-coding
genes. Bold values are significant (p-value less than 0.05).

Position 3 Whole Alignment

Gene Iss Lsse (Sym) L Lsse (Sym)
ATP6 0.6484 0.6247 0.5003 0.743
ATP8 0.6466 0.3209 0.5067 0.5693
COX1 0.5361 0.7167 0.4482 0.7853
COX2 0.5172 0.6247 0.4304 0.743
COX3 0.5933 0.6416 0.4461 0.7519
CYTB 0.6171 0.6858 0.469 0.7725
ND1 0.5976 0.6629 0.4703 0.7621
ND2 0.6357 0.6669 0.4969 0.7639
ND3 0.5389 0.6748 0.5182 0.6748
ND4L 0.6325 0.4751 0.4715 0.6557
ND4 0.6113 0.7023 0.4986 0.7799
ND5 0.6284 0.7259 0.4932 0.7877
ND6 0.6434 0.5672 0.509 0.707

2007, from “South Su” vent site, Manus Basin at 1,452 m depth; —3.811
S, 152.103 E. Collected by Patrick Collins and Carol Logan. Fixed and
preserved whole (within chitinous tubes) in 95% ethanol.

Paratypes: SIO-BIC A14167A-N (14 specimens), collected on April
15, 2007, from “South Su” vent site, Manus Basin at 1,452 m depth;
—3.811 S, 152.103 E. Collected by Patrick Collins and Cindy Van Dover.
Fixed and preserved whole (within chitinous tubes) in 95% ethanol.
Type and voucher material is held at the Scripps Institution of Ocean-
ography Benthic Invertebrate Collection (SIO-BIC), La Jolla, California,
or South Australian Museum (SAM), Adelaide, South Australia.

4.2.3. Description

Anterior crown (branchial plume) plus obturaculum length of holo-
type 1.0 mm, crown diameter 1.0 mm. Vestimentum length 1.0 cm,
vestimentum diameter ~ 1.0 mm (Fig. 7A, G7B). Obturaculum with
dorsal groove and slightly cup-shaped top. Outer sheath lamellae
emerge from vestimentum in a pair, clear median split with no lamellae
at the center of the dorsal side, obturaculum visible through that split
(Fig. 7C, Fig. 7D). Branchial lamellae also emerge from vestimentum and
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appear to be fused at the base, with a longer free portion at the anterior
tip with pinnules (Fig. 7D). Paired genital grooves appear to run the
length of the vestimentum on the dorsal side (Fig. 7A, Fig. 7C). Outer
surface of vestimentum and trunk are dotted with small papillae likely
carrying cuticular plaques (Fig. 7E, Fig. 7F). All specimens incomplete,
lacking opisthosoma. Tubes observed for holotype and multiple para-
types. Tubes are smooth and stiff, often semi-transparent (Fig. 7G).
Anterior part of tube is often curved or coiled (Fig. 7G). Tube is thin and
appears to lack distinct collars, approximate diameter (holotype) 1.1
mm, approximate length 12.1 cm.

4.2.4. Etymology

Alaysia solwarawarriors sp. nov. is here named in collaboration with
Jonathan Mesulam and the Alliance of Solwara Warriors. The name is
intended to honor the Alliance of Solwara Warriors for their critical role
in protecting the deep-sea ecosystems of the region, as well as the
environmental and cultural interests of local communities in Papua New
Guinea and the surrounding provinces.

4.2.5. Distribution

Alaysia solwarawarriors sp. nov. has been recovered from two diffuse
flow vent sites in proximity in the Manus Basin (within 0.083 decimal
degrees of latitude and 0.434 decimal degrees of longitude).

4.2.6. Remarks

Alaysia solwarawarriors sp. nov. has notable similarities to the type
species Alaysia spiralis, including similar shape/size of obturaculum with
dorsal groove, similar arrangement of branchial and sheath lamellae,
presence of paired genital grooves on the dorsal side of the vestimentum,
small papillae on the vestimentum and trunk, spiraling of the tube, and
absence of an axial rod. However, the Alaysia solwarawarriors sp. nov.
holotype appears to have a smaller crown and vestimentum diameter,
and tubes of holotypes and paratypes are curved but not always as coiled
like a corkscrew as in the original description of A. spiralis (E. C.
Southward, 1991). Alaysia solwarawarriors sp. nov. differs genetically
from Alaysia spiralis and other currently undescribed new species of
Alaysia.

A B
* A sp.A3 »
Arcovestia ivanovi (481 bp) Alaysia spiralis (399 bp)

C D

10 samples

Q
1 sample
O Lau Back-Arc
Basin . .

ManusBasn | Alaysia solwarawarriors

2 Near Type Locality Sp. nov. (270 bp) Alaysia sp. nov. 1 (645 bp)

Fig. 6. Haplotype networks from COI data for (A) Arcovestia ivanovi, (B) Alaysia spiralis, (C) Alaysia solwarawarriors sp. nov., and (D) Alaysia sp. nov. 1. Color-coded

according to locality.

11



M.F. McCowin et al.

/

vestimentum

AN

vestimentum

papillae

vestimentum

Molecular Phylogenetics and Evolution 187 (2023) 107872

vestimentum
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F

Fig. 7. Photographs of Alaysia solwarawarriors sp. nov. (SIO-BIC A14168). (A) Dorsal anterior. (B) Lateral anterior. (C) Close-up of dorsal anterior. (D) Close-up of
lateral anterior. (E) close-up of lateral vestimentum and trunk. (F) close-up of trunk. (G) chitinous tube.

5. Discussion
5.1. Sixteen-gene phylogenetic analyses

This study provides the most complete mitogenomic phylogeny of
Vestimentifera to date, with ten new mitochondrial genomes and nu-
clear 18S included and including representatives of all genera. All an-
alyses (Maximum Likelihood, Bayesian Inference, and Maximum
Parsimony) of both nucleotide and amino-acid-translated datasets show
very similar topologies and high support at most nodes. Similar topol-
ogies have been found in previous studies (Li et al., 2015, 2017; Patra
et al., 2016) with some differences in the placement of Riftia pachyptila
(Lietal., 2015, 2017; Sun et al., 2018), which will be discussed in more
detail below. All analyses recovered well-supported monophyletic
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clades of Lamellibrachia, Escarpia, and Oasisia, with the Lamellibrachia
clade recovered as sister to the remaining Vestimentifera. This result is
consistent with all recent phylogenies of Vestimentifera that utilize
whole mitochondrial genome data and/or transcriptome data (Li et al.,
2015, 2017; Patra et al., 2016; Sun et al., 2018). The placement of
various Escarpia spicata terminals calls into question the identification of
the E. spicata specimen available on GenBank from the Gulf of Mexico.
The type locality of E. spicata lies in the eastern Pacific, off the Mexico/
USA border (Jones, 1985) and there is genetic data from near this lo-
cality (GenBank accession number U84262); therefore, it seems most
likely that the E. spicata specimen from Costa Rica (also from the East
Pacific) is a true E. spicata. The previously identified E. spicata specimen
from the Gulf of Mexico, which is separated by a considerable branch
length from the Costa Rica E. spicata, may therefore be E. laminata,
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which has been morphologically identified in the Gulf of Mexico
(Cowart et al., 2013). The terminal is labeled here as E. “laminata”
(Fig. 3) indicating the uncertainty of its identity until it can be confirmed
with morphological or additional molecular data (morphological data
and/or a voucher specimen associated with this sequence were not re-
ported by Li et al. (2015). The potential identification of this specimen as
E. laminata is further corroborated by the additionally sequenced
E. spicata specimen from the Gulf of Mexico from this study, which
clearly groups with the E. spicata from Costa Rica, suggesting this species
has a very wide distribution.

This study places Alaysia and Arcovestia within the larger Vesti-
mentifera phylogeny for the first time. While the placement of these taxa
as sister taxa to each other and as forming a clade that is sister to the
other Pacific vent-endemic taxa Oasisia, Ridgeia, and Tevnia is well-
supported in all analyses, the reciprocal monophyly of Alaysia and
Arcovestia varied between the nucleotide and amino-acid translated
datasets. The Approximately Unbiased (AU) tests conducted for the
nucleotide and amino-acid-translated datasets to compare these two
possible topologies (reciprocally monophyletic versus paraphyletic
Alaysia) did not produce any significant results. Tests for substitution
saturation in DAMBE (Table 4) revealed three potentially saturated
genes in the dataset, so phylogenetic analyses (ML, BI, MP) were
repeated with those genes (ATP8, ND4L, ND6) removed. The analyses
produced phylogenies identical to the original nucleotide analyses,
indicating that saturation was not the cause of the differing topologies.
This is unsurprising given that substitution saturation is often suggested
to affect mostly deep nodes and branches in a phylogeny (Xia and
Lemey, 2012) as has been shown in some major arthropod groups (Xia
et al., 2003), while the relationship between Alaysia and Arcovestia is
fairly shallow in this phylogeny. Given that some clades within Vesti-
mentifera, such as Escarpia and Lamellibrachia have been known to
exhibit low diversity in various mitochondrial and nuclear genes such as
COI, cytochrome B, and 18S (Cowart et al., 2013; Miglietta et al., 2010),
and exhibit small genetic distances between species (Cowart et al., 2013;
McCowin et al., 2019; Miglietta et al., 2010), it may be possible that the
already limited phylogenetic signal in the nucleotide data is being lost in
the amino-acid-translated dataset for Alaysia and Arcovestia. If this is the
case, the nucleotide dataset and phylogeny may be a more accurate
representation of the data until more nuclear loci can be obtained for
Alaysia and Arcovestia. The original description of Arcovestia ivanovi
placed Alaysia and Arcovestia into separate families due to their
morphological differences (e.g. presence/absence of outer sheath
lamellae) (Southward and Galkin, 1997). While these families are now
synonymized under Siboglinidae, the morphological differences be-
tween Alaysia and Arcovestia remain. Given the current molecular data
and morphological evidence, we therefore maintain Alasyia and Arco-
vestia as separate genera.

While the 16-gene analyses in this study produced topologies that are
similar to multiple previous studies utilizing similar datasets (Li et al.,
2017, 2015; Patra et al., 2016), some studies report a notable difference
in the placement of Riftia pachyptila (Li et al., 2017, 2015; Sun et al.,
2018). Those studies report R. pachyptila as sister to the other vent-
endemic taxa, a contrast to the result in this study that placed
R. pachyptila sister to a clade composed of the rest of the Vestimentifera
(excluding Lamellibrachia). Past studies often report middling support
for the placement of R. pachyptila, regardless of its placement in the
phylogeny (Li et al., 2017, 2015; Patra et al., 2016), while its placement
away from the other vent-endemic taxa in this study is well-supported.
Interestingly, this placement may be supported by morphological data.
Jones (1988) noted some major morphological differences between
R. pachyptila and the other vent endemic taxa, and he proposed that
Riftia was sister to the remaining Vestimentifera (Jones, 1988). He noted
such morphological differences as the locations of afferent and efferent
plume vessels and branchial lamellae (axial in R. pachyptila and basally
situated in all other Vestimentifera), the composition of dorsal and
ventral mesenteries (separated by a central structure containing gonad
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and trophosome in R. pachyptila, containing major longitudinal blood
vessels in other Vestimentifera), and Riftia’s particularly large size
compared to other members of Vestimentifera (Jones, 1988). However,
R. pachyptila does share some morphological traits with the other vent-
endemic taxa as well, such as paired excretory pores (Jones, 1988). An
AU test was conducted to assess whether the topology recovered by this
study was better supported than a constrained topology in which
R. pachyptila is forced to remain in a clade with the other vent-endemic
Vestimentifera. Though the AU test did not produce significant results,
the constrained result’s likelihood was close to the unconstrainted (ML)
tree (p-value = 0.0767). This study and much of the past literature relies
heavily on mitochondrial markers for its phylogenetic conclusions, so
further analyses with more data, including nuclear markers and tran-
scriptome data (which Li et al. (2017) have shown to be effective in
elucidating relationships among some Siboglinids) are desirable to
remove ambiguity about the placement of R. pachyptila within Vesti-
mentifera. However, both the phylogenetic evidence from this study and
morphological evidence from past studies point away from a strong af-
finity between R. pachyptila and the other vent-endemic members of
Vestimentifera.

The phylogenetic tree topology recovered by the 16-gene analyses in
this study has interesting implications for the ancestral habitat of Ves-
timentifera. The likelihood ancestral state reconstruction (ASR) based
on the maximum likelihood nucleotide phylogeny (that placed Lamelli-
brachia sister to all remaining Vestimentifera, followed by Riftia as sister
to the rest) suggested that a vent origin was most likely for the most
recent common ancestor of Vestimentifera, and this is supported by the
first known vestimentiferan fossils dating to Jurassic hydrothermal vents
(Little et al. 2004; Georgieva et al. 2019). This contrasts with Black
et al.’s (1997) hypothesis that a seep Vestimentifera ancestor invaded
vents, which was based on a tree topology that depicted a grade of seep
to vent Vestimentifera. Past studies that showed conflicting topologies
were often not well-supported, but the now well-supported phylogeny
and ASR from this study suggest a vent ancestral origin for the whole
group. In addition, the ASR shows two potential origins of seep taxa
within Vestimentifera. One potential seep origin occurs at the most
recent common ancestor for the clade composed of Escarpia, Para-
escarpia, and Seepiophila, and one potential seep origin occurs within the
Lamellibrachia clade (after Lamellibrachia juni diverged from the other
Lamellibrachia species). When considering the biogeography of this
group, a Pacific origin seems likely given that all major clades include at
least some Pacific-dwelling taxa (Fig. 3). However, none of the vent-
endemic taxa of the Pacific (including Riftia) have been reported from
vents in any other oceans. Some taxa in the Atlantic are known to inhabit
multiple habitats including vents, such as various Lamellibrachia species,
but no Atlantic taxa are known only from vents. Lamellibrachia sp. 2,
which has been noted from both seeps in the Gulf of Mexico and vents in
the Caribbean at the Mid-Cayman Rise (Plouviez et al., 2014), is likely
an example of a secondary colonization of vents. Paraescarpia echi-
nospica Southward et al., 2002 is the only vestimentiferan species known
to inhabit seeps in the Indian Ocean (Java Trench) and has been re-
ported from both vents and seeps in the Pacific (originally as tentative
species Escarpia sp. E2 by Kojima et al. in 2002, later identified as Par-
aescarpia echinospica by Kojima et al. in 2003). We therefore hypothesize
that an ancestral Pacific/vent Vestimentifera colonized seeps and
dispersed across the Atlantic Ocean, perhaps through the South Amer-
ican Seaway prior to the closure of the Panama Isthmus.

The divergence time estimation for Vestimentifera shown here
(Supplementary Figure 6) is the first to use an age of the early Jurassic
for the clade. This was enabled owing to a recent analysis of morphology
by Georgieva et al. (2019) that confirmed fossils described by Little et al.
(2004) as being part of the crown group. The only other study to date to
use a fossil-based constraint for Vestimentifera was by Taboada et al.
(2015), which used a stem-based constraint for two terminals of Vesti-
mentifera dated at ~ 91 million years ago (mya) as the split from Scle-
rolinum. This was for their analysis of the divergence within Osedax.
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Their constraint was based on late Cretaceous fossils from Little et al.
(1999). This gave a timing for the split between Lamellibrachia barhami
and Riftia pachyptila as ~ 80 mya. Our constrained date and the inferred
phylogeny would place this divergence at 188 mya (Supplementary
Figure 6) and the inferred split from Sclerolinum was in the Triassic at ~
217 mya. Other estimations of the age and divergences within Vesti-
mentifera have been based on rates of molecular evolution. These
studies argued strongly against a Paleozoic origin for the group, which
had been postulated based on fossils (see Little and Vrijenhoek 2003).
Vrijenhoek (2013) summarized these molecular estimates and argued
that the age of crown Vestimentifera was around 55 mya with the age for
the split from other siboglinids at ~ 100 mya and argued against the
Jurassic fossils as belonging to Vestimentifera. A reassessment of the
rates of molecular evolution for Vestimentifera and calibration of clock
rates that have been used previously (see Vrijenhoek 2013) may be
warranted. The split shown here between the sister species pair of
Lamellibrachia donwalshi and L. luymesi, which are separated by central
America, dates to ~ 15 mya (Supplementary Figure 6). This is consistent
with the vicariant separation of deep-water taxa such as these as the
Panama Isthmus began to shoal (see Stiller et al. 2013).

5.2. Three-gene phylogenetic analyses of Alaysia and Arcovestia

The three-gene (COI, 16S, 18S) phylogenetic analyses (ML, BI, MP) of
Alaysia and Arcovestia (Fig. 5) showed a well-supported close relation-
ship between Alaysia spiralis and Alaysia sp. A3 (with a very short branch
length) in all analyses, plus a very small intraspecific distance (0.10%)
between the two terminals, indicating that the two are conspecific. This
small distance between A. spiralis and A. sp. A3 is also displayed in the
haplotype networks (Fig. 6B: 1 bp between A. sp. A3 and other A. spiralis
specimens, and 4 bp between A. sp. A3 and A. spiralis from near the type
locality). Neither morphological analyses nor vouchers of A. sp. A3 were
provided by Kojima et al. (2003), but all molecular evidence (branch
lengths, distances, networks) support A. sp. A3 as another A. spiralis
specimen. All analyses also consistently recovered A. spiralis (+A. sp.
A3) as sister to a clade consisting of Alaysia sp. Al and Alaysia sp. A2.
Alaysia sp. Al is of particular interest as it was reported by Kojima et al.
(2003) to be from a seep off Hatsushima Island (Japan) and may
therefore represent the first Alaysia record from a seep. All analyses
(including distances and networks) also supported the inclusions of
Arcovestia ivanovi and Alaysia spiralis samples from outside their type
localities within their respective species (Figs. 5, 6, and Supplementary
Table 2).

The remaining nodes recovered by these ML, BI, and MP analyses
seemed unstable and not well-supported, differing widely by method
(Fig. 5, Supplementary Figure 5). While the ML analysis recovered
reciprocally monophyletic Alaysia and Arcovestia clades, neither the BI
nor the MP analyses did. However, it should be noted that the ML
analysis implemented more nuanced models (e.g., more substitution
schemes) than the BI analysis, and when reduced to the same simpler
models as the BI analysis, produced an identical topology to the BI
analysis. The MP analysis produced a different topology altogether, with
very poor support, especially at nodes that differed from the other two
analyses (Supplementary Figure 5). While the original ML analysis of
this dataset still has some poorly supported nodes, given that the models
implemented are likely an improvement on the other two analyses and
the result matches the well-supported 16-gene nucleotide phylogeny,
the ML analysis is likely the best hypothesis for the relationships be-
tween various Alaysia species and Arcovestia ivanovi given the available
data.

While the three-gene phylogenetic analyses are not particularly well-
supported at all nodes, there is still clear support for the existence of two
new Alaysia species, Alaysia sp. nov. 1 and Alaysia solwarawarriors sp.
nov. Branch lengths between the new species and their closest relatives
are like those between other Alaysia species (Fig. 5). Additionally,
minimum uncorrected pairwise distances between the two new Alaysia
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species and their respective closest relatives are similar to or larger than
the distances between other putative new Alaysia species, excluding A.
sp. A3 (Kojima et al., 2003, 2002). Alaysia solwarawarriors sp. nov. has a
minimum distance of 3.38% from its closest relative, A. sp. A4 (and
4.51% to A. spiralis), and A. sp. nov. 1 has a minimum distance of 6.02%
to its closest relative, Alaysia sp. Al (Table 3, Supplementary Table 2).
While interspecific distances are low, they are on par or larger than those
exhibited by different species in other vestimentiferan genera, such as
Lamellibrachia (distances on the order of 2% accepted between species)
and Escarpia (Cowart et al., 2013; McCowin and Rouse, 2018). There
also appears to be a clear gap between maximum intraspecific and
minimum interspecific distances within the new Alaysia species:
maximum uncorrected distances within each new species are very low
(less than 1%, which is slightly less than the variation within Alaysia
(maximum corrected distances of up to 1.37%). While exact placement
of the new species within the Alaysia phylogeny is poorly supported and
may change with additional data, all molecular data still supports the
existence of two new species from the Manus Basin.

6. Conclusions

This study provides the most complete mitogenomic phylogeny of
Vestimentifera to date, with the addition of ten newly sequenced
mitochondrial genomes, including those for Alaysia spiralis and Arco-
vestia ivanovi, for which very little genetic data has been previously
available. While the phylogenetic analyses presented in this study are
largely consistent with other recent mitogenomic analyses of this group,
the placement of Riftia pachyptila as sister to the rest of the Vesti-
mentifera (excluding Lamellibrachia) with high support is notable. This
placement has major implications for the habitat evolution of Vesti-
mentifera, as a likelihood ancestral state reconstruction suggests that the
most recent common ancestor of all Vestimentifera inhabited vents.
However, it should be noted that this study relies heavily on mito-
chondrial markers due to the scarcity of available nuclear data, and its
findings should be corroborated by additional (nuclear) markers in the
future.

A new species of Alaysia, Alaysia solwarawarriors sp. nov. is also
described from the Manus Basin, and molecular data is provided for
another putative new species from the same area. The presence of
multiple new species in an area previously slated for deep-sea mining
highlights the importance of collecting biodiversity data in the deep sea.
While mining companies have supported some biodiversity research in
areas of interest, many putative new species from this region remain
undescribed and there is still a dearth of detailed community structure
data. Without this crucial baseline data, management of these important
deep-sea environments and evidence-based decisions regarding mining
will be impossible.
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