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Wood boring bivalves of the family Xylophagaidae inhabit sunken wood on the deep-
sea floor where they play a key role in the degradation of this organic matter in
the ocean. The patchiness of wood-fall habitats is impeding targeted sampling and
little is therefore known on xylophagaid biology. We investigated for the first time the
diversity and biogeography of Xylophagaidae in the NE-Atlantic and the Mediterranean
over a broad geographic range and in various water depths using experimental
wood deployments. We combined morphological and molecular analyses for species
discrimination. A phylogenetic reconstruction based on 18S and 28S rRNA and COl
genes revealed non-monophyly of the type genus, Xylophaga Turton (1822), and led
us to revise the taxonomy and erect the genus Xylonora gen. nov. COI haplotypes of
the most abundant species revealed broad Atlanto-Mediterranean genetic connectivity
for Xylophaga dorsalis and Xylonora atlantica new comb., while genetic connectivity
appears limited for Abditoconus brava across the entrance of the Mediterranean. We
provide the first COl barcode data for Xylophagaidae as a solid base for future taxonomic
work. Wood deployments in a broad geographic range provided a powerful tool for
research on Xylophagaidae allowing for conclusions on ecological requirements of
xylophagaid species.

Keywords: genetic connectivity, wood falls, Mediterranean, deep sea, phylogeography

INTRODUCTION

The Xylophagaidae Purchon (1941) and the sister family Teredinidae Rafinesque (1815) are among
the most abundant wood-degrading organisms in the marine realm (Turner, 1973; Wolff, 1979;
Distel, 2003; Distel et al.,, 2011). Both bivalve families have similar habitats, as they both bore
in wood which they use as a shelter and they are both considered obligate wood feeders with
limited ability for filter feeding (Purchon, 1941; Saraswathy and Nair, 1971). Nevertheless, their
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ecological niches do not overlap. Xylophagaidae live in deep
waters where they colonize wood that has sunk to the sea
floor. Teredinidae, known also as shipworms, colonize driftwood
in surface waters. Shipworms gained a reputation as pests by
damaging boats and submerged wooden structures ever since
humans started to sail, and their life histories and growth rates
are therefore well studied (Haderlie and Mellor, 1973; Culliney,
1975; MacIntosh et al., 2014). Xylophagaidae in contrast, have
been recorded mostly below 150 m depth down to hadal
environments at 7,000 m depth (Knudsen, 1961; Turner, 2002;
Distel, 2003; Voight, 2008) and many aspects of their life
histories remain unknown.

Xylophagaids and teredinids ingest wood chips they create by
boring with their specialized shells and which then accumulate
in a special stomach diverticulum, the caecum (Purchon, 1941;
Monari, 2009; Distel et al., 2011). Cellulose, hemicellulose
and lignin, the main wood components, are highly refractory
polysaccharide polymers that do not hydrolyse easily. Biological
degradation uses cellulolytic enzymes that break them down to
easily digestible mono- and disaccharides (Klemm et al., 2005).
Many bacteria and fungi synthesize cellulolytic enzymes, while
most animals do not. Teredinids harbor cellulose-degrading
bacteria in their gills (Waterbury et al, 1983; Distel et al,
2002; Distel, 2003) and this symbiosis is considered as the
basis for their wood digestion capacity (O’Connor et al,
2014). However, an additional combination of cellulolytic
enzymes produced by the molluscs themselves has been recently
discovered in the caecum (Sabbadin et al., 2018). Xylophagaidae
also host endosymbiotic bacteria in the gills (Distel and
Roberts, 1997; Bessette et al, 2014; Fagervold et al., 2014;
Voight, 2015), but their role and metabolic pathways remain
even less studied.

Wood reaches the open ocean by river transport after
storm and flood events (Stockton and DeLaca, 1982; West
et al, 2011), and after drifting and becoming saturated with
water it eventually sinks down to the seafloor (Wolff, 1979).
Sunken wood represents high local carbon inputs to the deep
sea which generally lacks primary production and receives
extremely limited phototrophic contributions from the surface
(Stockton and DeLaca, 1982; Smith et al., 2008). Wood-falls
create discrete organic islands on the deep-sea floor harboring
distinct and specialized fauna mining the wood, breaking it up
and thereby supporting wood polymer degradation by cellulolytic
microorganisms (Kalenitchenko et al., 2018b). Consumption of
oxygen during this process eventually leads to anoxic and sulfidic
environments providing habitats for chemosynthetic microbial
communities and invertebrates associated with sulfur-oxidizing
symbionts (Gaudron et al., 2010; Bienhold et al., 2013; Fagervold
et al., 2013; Yiicel et al., 2013; Kalenitchenko et al., 2018a).

Xylophagaids are primarily responsible for the structural
degradation of wood in the deep sea (Turner, 1977) building up
very dense populations within a few weeks to several months
(Romey et al., 1994; Harvey, 1996; Tyler et al.,, 2007; Romano
et al., 2013). Their fast-growing populations become a valuable
trophic resource for carnivores, while their fecal materials play
a similar role for detritivores. This is certainly a basal shackle of
the trophic chain in deep-sea wood-fall ecosystems which makes

xylophagaids keystone for the associated assemblages (Turner,
1973; Culliney and Turner, 1976; Distel, 2003).

Deep-sea wood falls are highly fragmented and ephemeral
sulfidic habitats comparable to other chemosynthetic ecosystems
(e.g., whale falls, hydrothermal vents, hydrocarbon seeps), but
they sustain even more rapid ecological cycles (Kalenitchenko
et al., 2018b). Organisms living in such patchy habitats often
develop long-distance dispersal strategies to colonize areas
hundreds of kilometers away (Baco et al, 1999; Tyler and
Young, 1999; Van Dover et al, 2002; Breusing et al., 2016).
Studies on xylophagaids relied for long on occasionally recovered
naturally sunken wood, mainly as by-catch in trawl and dredge
hauls. Collections of xylophagaids remained largely untargeted
and very little is known on their distribution mechanisms
and geographical patterns. A few species have been collected
repeatedly at different sites, such as Xylophaga dorsalis (Turton,
1819) and Xylophaga atlantica Richards, 1942. Both live in wide
geographic areas and from littoral to bathyal depths in the
northern Atlantic Ocean (Purchon, 1941; Culliney and Turner,
1976; Santhakumaran, 1980; Voight, 2007). Many other species
are only known from single records (Knudsen, 1961; Harvey,
1996; Turner, 2002; Voight, 2007, 2008), while some occur
in abyssal plains or even in deep-sea trenches, thousands of
kilometers away from the nearest land mass, where sunken
wood is considered extremely rare (Knudsen, 1961; Voight, 2008;
Voight and Segonzac, 2012).

Xylophagaidae currently includes six genera: Xylophaga
Turton, 1822, Xylopholas Turner, 1972, Xyloredo Turner, 1972,
Feaya Voight, 2019, Abditoconus Voight, 2019, and Spiniapex
Voight, 2019 (Voight et al., 2019). Xylophaga is the most speciose,
containing currently more than 50 species. Historically, the
vast majority of taxonomic works on Xylophagaidae have based
on morphology, while only two studies also used molecular
markers; hence little is currently known about their genetic
diversity (Romano et al., 2014; Voight et al., 2019). The main
diagnostic morphological characters refer to valves, mesoplax,
siphons, and muscle inserts on inner surfaces of the valves (Tyler
et al., 2007). These characters and the overall shape of the shells
may vary among populations and are affected by environmental
conditions such as wood hardness. Even individuals within the
same population inhabiting neighboring logs of different wood
such as soft pine or hard oak may vary (Turner, 2002). In
addition, extraction of the xylophagaids from wood substrates
can be challenging and often lead to fragmentation of specimens
and damage of their delicate shells. As a result, several species
descriptions are based on single or incomplete specimens, lacking
information on intraspecific phenotypic variation (Smith, 1903;
Knudsen, 1961; Santhakumaran, 1980; Harvey, 1996; Turner,
2002). For these reasons, species determinations relying only on
morphological characters can be ambiguous and lead to errors.
Molecular tools can circumvent many of these difficulties, and
they are particularly useful for increasing rigor of identification,
especially in poorly known species.

Recent in situ deep-sea experiments used moorings,
submersibles or remotely operated vehicles for deploying
wood at great depths. These experiments were designed to
specifically target wood-fall organisms, including xylophagaids.
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Previous studies mainly focused on the eastern Pacific and
western Atlantic and very little is currently known on the
biogeographic distribution of the European species (Tyler et al.,
2007; Voight, 2007, 2008; Reft and Voight, 2009; Voight and
Segonzac, 2012). However, several European oceanographic
research projects recently deployed wood in the North-East
Atlantic and Mediterranean deep sea allowing for comprehensive
studies on European Xylophagaidae (Gaudron et al., 2010, 2016;
Bienhold et al., 2013; Romano et al., 2013, 2014).

In this study we investigated the diversity and biogeographic
distribution of Xylophagaidae in a broad range of boreal to
temperate latitudes in North-East Atlantic and Mediterranean
waters based on numerous experimental wood deployments.
We used molecular methods and analyzed for the first time
cytochrome ¢ oxidase subunit I (COI) data of Xylophagaidae
from a depth range of 130 to 2,300 m to verify morphology-based
species identification. The aims of the present study were to (1)
assess the diversity and phylogeny of these particular organisms,
(2) provide barcode data, (3) reveal genetic connectivity patterns
for populations of Xylophagaidae, and (4) draw up conclusions
on ecological requirements of xylophagaid species.

MATERIALS AND METHODS

Sampling and Specimens Collection

Wood samples were experimentally deployed on the deep-sea
floor and recovered several months later during a number of
oceanic research cruises between 2006 and 2013 in various sites
in the North-East Atlantic Ocean and the Mediterranean.

Experimental wood deployments in the Atlantic included the
Haakon Mosby Mud Volcano (HMMYV) in the deep Barents
Sea, the Avilés submarine canyon (AC) in the Bay of Biscay,
the hydrothermal vent sites Rainbow (Rb) and Menez Gwen
(MG) on the Mid-Atlantic Ridge (MAR) and the Meknes and
Mercator mud volcanoes in the North Atlantic off Morocco
(Morocco mud volcanoes MMYV). The Mediterranean sites
included three submarine canyons offshore north-eastern Iberian
Peninsula and southern France: Blanes (BC), La Fonera (LFC)
and Lacaze-Duthiers (LDC) (North Western Mediterranean),
and one cold seep site (Central Pockmarks) in the deep Nile
Fan (NF) off Egypt (Eastern Mediterranean) (Figure 1 and
Table 1). Deployments ranged from 130 to 2,300 m depth.
Wood parcels were either placed directly on the deep-sea floor
(Figure 2) or moored 20 to 30 m above. At hydrothermal
vent fields and mud volcanoes, wood was placed away from
the influence of active hot fluid emissions or seepage. The
experiments used soft (pine and Douglas fir) or hard (oak)
wood, either as cubes within colonization devices (Gaudron
et al, 2010; Cunha et al., 2013), free logs (Bienhold et al,
2008, 2013) or logs inside net bags (Romano et al., 2013, 2014;
Kalenitchenko et al., 2018b). Wood deployment times ranged
from 3 to 36 months.

The recovered wood pieces were opened using hammer and
chisel or, when degradation had considerably progressed, by
hand. The bivalves were carefully extracted and preserved for
morphological identification in a 4% paraformaldehyde seawater

solution, then transferred to ethanol/sterile filtered seawater
solution at v/v 70%. For molecular analyses, they were either
directly frozen at —20°C or preserved in 99% ethanol. Before
molecular analyses, the specimens were sorted under a dissecting
microscope and identified to species or morphotype level, based
on the relevant literature (Harvey, 1996; Turner, 2002; Voight,
2007, 2008; Romano et al., 2014).

DNA Extraction, PCR Amplification and

Sequencing

We extracted DNA from dissected fragments of siphon or foot
tissues from 92 specimens (Table 2), following either a modified
protocol based on (Zhou et al., 1996) or with a DNeasy Mini
Kit (Qiagen)'. Nuclear 18S and 28S rRNA genes were amplified
by polymerase chain reaction (PCR) using seven primer pairs
(Distel et al., 2011; Supplementary Table S1) and by using
various enzymes and amplification conditions (Supplementary
Table S2). A fragment of mitochondrial COI was amplified
with a combination of the general primer HCO2198 (Folmer
et al., 1994) and an unpublished primer developed by Dario
Zuccon (National Natural History Museum of Paris, pers.com.),
generating a size of ~300-500 bp (Supplementary Table S1).
Amplification reactions were conducted with 1 to 2 pl of
DNA extract in final volumes of 20 or 50 pl, following the
enzyme provider recommendations. PCR products were purified
with the QIAquick kit (Qiagen, Hilden, Germany) or ExoSAP
product Clean-up.

Bidirectional direct sequencing using the same primers as
for PCR (Supplementary Table S1) and additional internal
primers (Supplementary Table S1) was done with the Bigdye
v3.1 cycle sequencing kit (Applied Biosystems, Foster City,
CA, United States) and the sequencer ABI prism 3130xL
(Applied Biosystems, Foster City, UA, United States) or by
Macrogen (Korea).

Sequence Analyses and Phylogenetic

Reconstructions
The sequences were edited in Geneious 8.1.8 (Kearse et al., 2012)
and overlapping fragments merged into consensus sequences. We
compared our sequences with the NCBI databases using BLAST
(Altschul et al., 1997) to check for sequence contaminations
(Vrijenhoek et al., 2009). The NCBI database did not contain
COI sequences from Xylophagaidae and the similarity hits
targeted COI sequences of unrelated bivalve and gastropod
molluscs (max. 70% sequence similarity). COI sequences were
translated into amino acid alignment with code 5 for invertebrate
mitochondrial genes and checked for stop codons in order
to avoid pseudogenes. NCBI comparisons of large and small
rRNA subunit sequences revealed highest similarities with species
of Xylophagaidae and Teredinidae (max. 98% for 18S rRNA,
84% for 28S rRNA).

We imported our sequences in Mesquite 3.2
(Maddison and Maddison, 2019) and included NCBI
sequences of Xylophagaidae, Teredinidae, and Pholadidae
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FIGURE 1 | Sites of experimental wood deployments. HMMV, Haakon Mosby mud volcano; NF, Nile Fan; LDC, Lacaze-Duthiers Canyon; LFC, La Fonera Canyon;
BC, Blanes Canyon; MMV, Morocco mud volcanoes, including Mercator and Meknes mud volcanoes; AC, Avilés Canyon; RB, Rainbow; and MG, Menez Gwen
hydrothermal vent fields on the Mid-Atlantic Ridge. Recovered species of Xylophagaidae are shown close to each site.
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(Supplementary Table S3). All sequences were aligned using
MAFFT and then manually edited, trimmed and cleaned from
ambiguous positions. The final alignments included 388 bp
(COI), 1353 bp (18S rRNA), and 1104 bp (28S rRNA). All new
sequences are deposited on GenBank (Supplementary Table S3).

Genetic diversity was evaluated as the number of segregating
sites (S), using the MEGA software version 6 (Tamura et al.,
2013) and uncorrected pairwise distances with PAUP* v.4.0a161
(Swofford, 2003).

Maximum likelihood (ML) and Bayesian inference (BI)
analyses of the molecular data phylogenetic trees were calculated
separately for each gene COI, 18S rRNA and 28S rRNA,
using RAXML v.8.2.10 (Stamatakis, 2014) and MrBayes v.3.2.6
(Huelsenbeck and Ronquist, 2001), respectively. Analyses of
concatenated COI+18S rRNA+28S rRNA, partitioned by gene,
were also calculated with RAXML and MrBayes. For the BI
analyses, the best-fitting evolutionary model for each gene was

estimated with the software package Iq-Tree 1.6.12 (Chernomor
et al, 2016) using the Akaike information criterion (AIC).
GTR+F+1+G4 was the best fitting nucleotide substitution model
for each of the genes. BI analyses were run twice, starting from
random trees, with four chains running simultaneously (two
cold and two heated). Chains were run for 10° generations for
18S rRNA and 28S rRNA and 107 generations for COI and
the concatenated data, sampled every 1,000 generations and,
after verifying that stationarity had been reached, 25% of the
generations were discarded as burn-in. The ML analyses were
performed using the GTR+G evolutionary model, following the
recommendations in the software author. Support values for the
ML analyses were generated by 100 bootstrap pseudoreplicates.
We used sequences from Mya arenaria Linnaeus, 1758, Mya
truncata Linnaeus, 1758 and Varicorbula limatula Conrad, 1846
[here reported as Varicorbula disparilis D’Orbigny, 1853 as
in NCBI database] and the Teredininae Lyrodus pedicellatus
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TABLE 1 | Characteristics of deployment sites and colonization experiments.

Region Site Environment Coordinates Depth Temperature Deployment Duration of Research References
/Recovery Deployment project
(m) (°C) (Cruise name - (Months)
Date)
Atlantic Barents Sea Haakon Mosby Mud volcano 72°00N, 14°43E 1260 —1 ARKXXII/1b - June 24 DIWOOD Pop Ristova
Mud Volcano 2007 / ARKXXIV/2 etal., 2017;
- June 2009 this study
Bay of Biscay Avilés Canyon Canyon; Slope 44°07’N, 6°14'W 1200; 2000 4,9 BioCant 7,13 DosMares Romano
2012-2013 etal., 2014
Mid-Atlantic Ridge  Menez-Gwen Hydrothermal vent  37°17°N, 32°15'W 870 9 MenezKart/ 36 DIWOOD This study
POS402 - July
2010/BioBaz July
2013
Rainbow Hydrothermal vent  36°13’N, 33°54'W 2300 3.5 MoMARDream- 13 CHEMECO Gaudron
Naut -July 2007/ et al., 2010
MoMARDream 08
- Aug.-Sept. 2008
NW-Atlantic, Mercator Mud volcano 35°17°N, 06°38'W 350 13 JC10 May - 2007  9; 24 CHEMECO/FTC  Cunhaet al.,
Morocco and 64PE284 - 2013
March
2008/B09-May
2009
Meknés Mud volcano 34°59’N, 07°04'W 700 N.A. 15 Cunha et al.,
2013
Mediterranean Western Blanes Canyon Canyon; Slope 41°34°N, 2°50'E 900; 1100; 13 Prometeo 3 &9 (at 1200 m); 12 PROMETEO, Romano
Mediterranean 1200; 1500; 2008-2009 Dos (at other depths) DosMares et al., 2013
1800 Mares 2012-2013
La Fonera Canyon Canyon 41°52"N, 3°16’'E 130; 1100 13 DosMares 10 (at 180 m); 7 & 13  Dos Mares Romano
2012-2013 (at 1100 m) etal., 2014;
this study
Lacaze-Duthiers Canyon 42°28’N, 3°28'E 500 13 2011 7 Extreme Marine  Kalenitchenko
Canyon Env., Biodiversity et al., 2015;
and Global this study
Change’
Eastern Central Seep 32°32" N, 30°21’ E 1145 14 Bionil M70/2 - 12; 36 DIWOOD Bienhold
Mediterranean, Pockmarks QOct./Nov. 2006 et al., 2013;
Nile Fan (NF) /Medeco-2 - Nov. this study

2007 and Homer
MSM13/3 -
Oct./Nov. 2009

NA: not available.
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FIGURE 2 | Examples of in situ wood deployments. (A) Small wood panels (white frame) deposited outside of a diffuse flow area in the Menez Gwen hydrothermal
vent field (RV Meteor, cruise M82/3); (B) ROV manipulator arm positioning wood panels in panel (A) at Menez Gwen (RV Poseidon, cruise POS402); (C) Moored
lander with net bags containing wood blocks in Lacaze-Duthiers Canyon (LECOB LDC monitoring cruises); (D) Chemecoli colonization devices containing small pine
wood cubes (2.5 cmi) next to inactive chimneys in the Rainbow hydrothermal vent field (RV Pourquoi Pas?, cruise Momardream); (E) Chemecoli colonization devices

and large wood logs in the deep Nile Fan (RV Pourquoi Pas?, cruise Medeco). Copy rights: (A,B,E) MARUM-Center for Marine Environmental Sciences, University of
Bremen; (C) Sorbonne Université; (D) lfremer.
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TABLE 2 | Number of specimens per species used for each genetic analysis.

Locations Sites Species 18S 28S 18S+28S COl
Atlantic Haakon Mosby mud volcano Xyloredo sp. 1 3 3 3 2
Aviles Canyon Xylophaga dorsalis 3 2 2 2
Abditconus anselli 2 2 2 1
Xylonora atlantica 3 3 3 3
Xylonora sp. 1 1 1 1 1
Xylonora sp. 2 1 1 1 1
Xyloredo sp. 1 2 1 1 0
Mid-Atlantic Ridge Menez-Gwen Xylophaga dorsalis 5 5 5 5
Xylonora atlantica 4 5 4 5
Rainbow Xylonora sp. 2 3 3 3 3
Morocco Mud Volcanoes Mercator Xylophaga dorsalis 3 4 3 4
Meknés Abditconus brava 1 1 1 3
Mediterranean Western Blanes Canyon Xylophaga dorsalis 4 5 4 8
Abditconus brava 7 7 6 5
Xylonora atlantica 5 5 5 5
La Fonera Canyon Xylophaga dorsalis 4 4 4 5
Abditconus brava 3 3 2 3
Xylonora atlantica 9 9 9 7
Lacaze Duthiers Canyon Xylophaga dorsalis 8 10 8 5
Eastern Nile Fan (NF) Xylophaga dorsalis 5 5 5 5
Abditconus brava 3 3 3 3

Total 78 81 74 78

Quatrefages, 1849 and Bankia carinata Gray, 1827 as outgroups.
Trees were visualized in FigTree v 1.4.2 (Rambaut, 2006).
A median-joining haplotype network based on COI sequences
was constructed in PopArt (Leigh and Bryant, 2015) for
the species that produced a minimum of 15 sequences, i.e.,
X. dorsalis, Abditoconus brava, and X. atlantica.

Nomenclatural Acts

This article conforms to the requirements of the amended
International Code of Zoological Nomenclature (ICZN), and
hence the new names contained herein are available under that
Code from the electronic edition of this article. This published
work including the nomenclatural acts have been registered in
the ICZN online registration system ZooBank. The ZooBank Life
Science Identifiers (LSID) can be resolved and the associated
information viewed through any standard web browser by
appending the LSID to the prefix http://zoobank.org/. The LSID
for this publication is: urn:sid:zoobank.org:pub:71C8DF63-
5C84-4C6E-B5A2-7902939FEBBD.

RESULTS

Phylogenetic Analyses

The phylogenetic trees obtained with both tree reconstruction
methods for the single genes partially resolved the phylogeny. The
best resolution was achieved in the combined analysis of all three
genes and the BI and ML analyses provided consistent topologies
in this respect. We show the BI tree for the three concatenated

genes, including the BI posterior probabilities (pp) and the ML
bootstrap (bs) on the nodes (Figure 3).

Xylophagaidae formed a well-supported clade (1 pp, 100%
bs), more closely related to Teredinidae than to Pholadidae
(Figure 3). Eight “major” clades were recovered within the family,
six of them were well supported (Figure 3, >0.9 pp, >70% bs)
and two of them (clades 1 and 8) had weak support, similar to
the result in Voight et al. (2019). Clade 1 was formed by a single
lineage originally included in Xylopholas (Voight, 2016), but
recently moved to Feaya (Voight et al., 2019), and this species was
sister group to clades 2 and 3, with moderate support. Xylophaga
was non-monophyletic, with its species distributed over clades 3
and 4. Clade 3 comprised the type species, X. dorsalis, Xylophaga
oregona Voight (2007) and also Xylophaga washingtona Bartsch
(1921), all three morphologically characterized by truncated
excurrent siphons [groups 5 and 6 in (Turner, 2002)]. Their
sister-clade relationship to clade 2, which combines recently
sequenced specimens of Xylopholas (Voight et al., 2019), was well
supported. Clade 4 contained other Xylophaga species and was
well-supported. To resolve the non-monophyly of Xylophaga, we
propose to assign clade 4 to a new genus, namely Xylonora gen.
nov., since the type species of Xylophaga, X. dorsalis, is member
of clade 3. The species of Abditoconus were united in clade 5,
while those of Spiniapex were in clade 6, and those of Xyloredo in
clade 7. A single terminal, supposedly a Xylopholas from the Gulf
of Mexico, represented by GenBank sequences (Clade 8, 0.9 pp,
58% bp), was isolated from all other Xylopholas. This situation
is unclear and could possibly result from misidentification of the
specimen. Re-collection and examination of the voucher may be
needed to solve this in the future.
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FIGURE 3 | Bayesian inference (Bl) and Maximum likelihood (ML) phylogenetic analysis based on the concatenated data set of COI, 18S and 28S rRNA genes
(MAFFT aligned). Statistic support is indicated on the nodes (BI/ML, values < 0.5 pp or 50% bs not shown). Bold taxa names: sequences from this study, including
locations. Not-bold taxa names: GenBank sequences; inds = number of sequenced individuals. (see Supplementary Table S3 for accession numbers). Xyl: node
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In summary, the monophyletic and well-supported
xylophagaid clades correspond to six genera Xylonora gen.
nov., Xylopholas, Xylophaga, Abditoconus, Spiniapex, and
Xyloredo, as well as the monotypic Feaya.

Taxonomic Account

Xylophaga Turton, 1822 sensu stricto
Type species

Xylophaga dorsalis Turton, 1819.

Diagnosis
Mesoplax with two calcareous plates, excurrent siphon truncated,
shorter than incurrent siphon, periostracum restricted to basal

and lateral siphon, and a furrow on dorsal incurrent siphon distal
to excurrent opening.

Species included

Three groups of species are included in the genus at present.
The first includes X. dorsalis, X. washingtona, and X. oregona
(molecular data of these three species included in this study,
Supplementary Table S3). For the second group, molecular
data are not yet available: Xylophaga alexisi Voight and
Segonzac, 2012, Xylophaga aurita Knudsen, 1961, Xylophaga
bayeri Turner, 2002, Xylophaga depalmai Turner, 2002;
Xylophaga guineensis Knudsen, 1961, Xylophaga indica Smith,
1904, Xylophaga mexicana Dall, 1908, Xylophaga multichela
Voight, 2008, Xylophaga nidarosiensis Santhakumaran, 1980,
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Xylophaga praestans Smith, 1903, Xylophaga pacifica Voight,
2009, Xylophaga rikuzenica Taki and Habe, 1945, Xylophaga
turnerae Knudsen, 1961, Xylophaga tipperi Turner, 2002. For
the third group, additional morphologic or genetic information
are needed: Xylophaga africana Knudsen, 1961, Xylophaga
lobata Knudsen, 1961, Xylophaga obtusata Knudsen, 1961,
Xylophaga clenchi Turner and Culliney, 1971, Xylophaga noradi
Santhakumaran, 1980, Xylophaga tubulata Knudsen, 1961
Xylophaga whoi Turner, 2002, Xylophaga grevei, Xylophaga ricei
Harvey, 1996, and Xylophaga gagei Harvey, 1996.

Remarks

The morphology of the species of the third group fits better to the
diagnosis of the new genus Xylonora as their excurrent siphons
are equal to subequal with respect to the incurrent siphons
rather than truncated as in Xylophaga. However, additional
morphologic or genetic information is needed before suggesting
a transfer to this genus.

Xylonora gen. nov. Romano
LSID: urn:lsid:zoobank.org:act:9D8F449F-8720-4E9C-9814-
FCA1292ACOF2.

Type species
Xylonora atlantica (Richards, 1942) new comb.

Diagnosis

Mesoplax with two calcareous plates of variable shape; siphons
equal or subequal; excurrent siphon opening dorsally to incurrent
one; cirri on both openings present or absent. Small individuals
(embryos or dwarf males) may occur attached dorsally on shell,
posterior to umbo but seldom to ventral siphon.

Species included

Xylonora atlantica new comb., Xylonora muraokai Turner, 2002
new comb., Xylonora corona Voight, 2007 new comb. and
Xylonora zierenbergi Voight, 2007 new comb. (molecular data
included in this study, Supplementary Table S3).

Etymology

The genus is named in honor of CRs mother Eleonora
“Nora” Rivarola, Professor of Chemistry, who always
provided inspiration, rigor and motivation as role model
for women in science.

Remarks

Our molecular results are consistent with the morphology,
showing clade 4 species clearly separated from Xylophaga sensu
stricto (i.e., clade 3), which have excurrent siphons much shorter
than incurrent ones (instead of equal or subequal in Xylonora gen.
nov.), lateral lobes along the dorsal surface of incurrent siphons
(absent in Xylonora gen. nov.) and large fecal chimney around the
siphon (Figures 4C,D) (absent in Xylonora gen. nov.). This new
genus may include up to 33 nominal species if additional species
were to be transferred from Xylophaga. This genus would then
correspond to species groups 1 to 4 in Turner (2002).

Similar to Xylopholas scrippsorum Voight, 2009, in some
species of Xylonora gen. nov. small individuals or dwarf males
attach to the ventral mantle or laterally or ventrally to the adult
siphons. The position of the small individuals on the adults is

not a distinguishing character for Xylonora gen. nov. They have
been found dorsally attached on adults in Xylonora atlantica
new comb., Xylophaga africana, Xylophaga clenchi, Xylophaga
lobata, Xylophaga obtusata, Xylophaga panamensis Knudsen,
1961, but sometimes attached to ventral siphon like in Xylophaga
concava Knudsen, 1961, Xylophaga tubulata Knudsen, 1961,
Xylophaga wolffi-grevei Knudsen, 1961, and X. dorsalis. However
the presence of small individuals attached to adults may have
been overlooked in other species or genera.

Species Diversity in European Waters

The COI analysis of the specimens considered in this study
identified five sequence groups and two individual sequences
(Supplementary Figure S1). They were all well separated from
each other by uncorrected p-distances of >12.3% (COI) and
3.7% (28S rRNA), while distances within groups did not exceed
5.2% (COI) and 0.1% (28S rRNA), respectively (Table 3A). This
suggested all seven represented separate species. These species
groups were congruent with those in phylogenies recovered with
concatenated 18S and 28S rRNA gene sequences (data not shown)
and also matched morphological specimen determinations.

In the phylogenetic analysis of concatenated COI, 18S and
28S rRNA, all 32 individuals of X. dorsalis formed a well-
defined sister lineage to X. oregona/X. washingtona within
the major clade 3 (Figure 3). X. atlantica new comb. (21
individuals) and Xylonora sp. 1 (1 individual; clade 4) displayed
the closest relationship among all recovered species groups
(12.3% uncorrected p for COI; Table 3A). Their separation was
supported by ML/BI analyses of the COI (75% bs, 0.999 pp;
Supplementary Figure S1), while ML did not reproduce support
in the analyses of concatenated genes (Figure 3). Because of
the genetic distance between these two taxa and consistent
grouping by ML and BI with different genes, we consider them
as separate species. Xylonora sp. 2 was well separated from all
other species, revealing a close relationship with X. atlantica new
comb. (uncorrected p: COI 20.3%, 28S rRNA 5.9%; Table 3A)
and Xylonora zierenbergi new comb. (28S rRNA 3.2%, Table 3)
which is affiliated with high support to clade 4 (Figure 3). A. brava
and the single sequence of Abditoconus cf. anselli represented
well supported (Figure 3) and closely related sister lineages
within clade 5 (uncorrected p: COI 14.9%, 28S rRNA 4.5%).
Xyloredo sp. 1 was well separated from all other species in
this study (uncorrected p: COI > 21.1%, 28S rRNA > 7.1%).
Its position within Xyloredo (clade 7) was well supported by
ML and BI analyses and this position was also confirmed by
the close relationship to Xyloredo nooi from New Zealand (28S
rRNA uncorrelated-p distance 1.6; COI sequence not available
for X. nooi). The 28S rRNA uncorrelated-p distance between
Xyloredo sp. 1 and X. nooi exceeded significantly any value we
measured within any other species (max. 0.1). Xyloredo sp. 1 and
X. nooi therefore appear to represent two separate species.

Morphological Observations

Our specimens of X. dorsalis, X. atlantica new comb. and A. brava
match the original descriptions and additional observations are
highlighting the intraspecific variability of their mesoplax and
siphons (Romano et al., 2014). The specimens of Abditoconus
cf anselli from the Avilés Canyon matched to certain degree
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FIGURE 4 | Examples of Xylophagaidae in experimentally deposited wood. (A) Xyloredo sp. 1 in pine wood from Avilés Canyon, 2,000 m depth. (B) Xylophaga
dorsalis in wood from La Fonera Canyon, 130 m deep. (C,D) Living Xylophagaidae from La Fonera Canyon, 1100 m deep, kept in aquarium for several days after
recovery. (C) Siphons emerging from wood and (D) fecal chimneys around the siphons. (E) Xylonora sp. 2 in a Chemecoli fir wood cube from the Rainbow
hydrothermal vent field with small individuals attached on the dorsal shell posterior to umbo. (F) Close-up of the small individuals attached to Xylonora sp. 2.
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TABLE 3 | Pairwise genetic divergence for the species of Xylophagaidae.

(A) A. brava A. cf. anselli X. atlantica X. dorsalis Xylonora sp.1  Xylonora sp.2 Xyloredo sp.1  Average Max.

n=12 n=1 n=20 n=234 n=1 n=4 n=4 within within
species species
(con (Col)

Abditoconus - 0.149 + 0.005 0.273 + 0.0047 0.264 + 0.004 0.281 +£0.001 0.285 + 0.004  0.286 + 0.001 0.01 0.052

brava

Abditoconus cf. 0.045 4 0.001 - 0.24 + 0.003 0.241 + 0.004 0.265+ 0.001 0.295 + 0.001  0.284 + 0.000 n.a. n.a.

anselli

Xylonora 0.096 + 0.001 0.085 + 0.002 - 0.221 + 0.004 0.123 +0.0026 0.203 + 0.001  0.211 + 0.005 0.014 0.036

atlantica

Xylophaga 0.150 £ 0.001 0.146 £0.00  0.15 £ 0.001 - 0.225 + 0.0018 0.267 + 0.003  0.258 + 0.004 0.005 0.021

dorsalis

Xylonora sp.1 0.085 4+ 0.001 0.081 +£0.00 0.037 +£0.002 0.146 + 0.000 - 0.2250 + 0.0018 0.22 + 0.002 n.a. n.a.

Xylonora sp.2 0.095 4+ 0.000 0.093 +£0.00 0.059 £+ 0.003 0.153 +0.000 0.046 + 0.000 - 0.211 + 0.001 0.005 0.008

Xyloredo sp.1 0.088 £ 0.000 0.080+0.00 0.082+0.001 0.141 £0.000 0.076 £0.000 0.071 £+ 0.000 - 0 0

Average within 0.0002 n.a. 0.0019 0.0002 n.a 0 0

species (28S)

Max. within 0.001 n.a 0.0096 0.0039 n.a 0 0

species (28S)

(B) A. brava A. cf. anselli X. atlantica X. dorsalis Xylonora sp. 1 Xylonora sp. 2 Xyloredo sp. 1

Xylophaga washingtona 0.141 0.141 0.129 0.136 0.131 0.139 0.134

Xylophaga oregona 0.130 0.129 0.118 0.135 0.118 0.124 0.121

Xylophaga sp. GB 0.099 0.089 0.047 0.143 0.045 0.054 0.085

Feaya dostwous 0.127 0.138 0.147 0.166 0.131 0.13 0.144

Abditoconus heterosiphon 0.055 0.043 0.067 0.124 0.056 0.066 0.052

Xylonora muraokai NP 0.080 0.074 0.038 0.139 0.014 0.048 0.066

Xylonora zierenbergi 0.079 0.074 0.045 0.142 0.034 0.032 0.066

Xyloredo nooi SWAt! 0.102 0.086 0.077 0.136 0.069 0.075 0.029

Xyloredo nooi NZ 0.102 0.086 0.077 0.136 0.069 0.075 0.016

Xylopholas crooki 0.11 0.101 0.095 0.134 0.082 0.088 0.082

(A) Uncorrected p distances (mean =+ standard deviation) are represented above the diagonal for COI (bold) and below for 28S rRNA sequences; average and maximum
within-lineage divergences are included; (B) Uncorrected p distances between the 28S rRNA sequences of species analyzed in this study and previously published

species (see Supplementary Table S3 for accession numbers).

the description of the type material from the Hebridean Slope
(NW Scotland) and they clearly differed from A. brava (Romano
et al., 2014). However, the original description of A. anselli was
based on juveniles (<1 mm) and the description was generally
poor. Thus the identity of our material cannot be formally
confirmed. The specimens of Xylonora sp. 2 from Mid-Atlantic
Ridge and Avilés Canyon (Figure 3) resemble the East Pacific
Xylophaga microchira Voight, 2007 in shell shape and in having
cirri at both siphon openings (Janet Voight, pers. obs.). However,
Xylonora sp. 2 differs in having a small mesoplax with two plates
joining at acute angle and subequal siphons, closely associated,
shorter than shell length, the excurrent siphon without long
and curved cirri and opening subterminally and dorsally to
incurrent siphon. Larger individuals have small individuals
attached dorsally (Figures 4E,F), but the taxonomic relevance of
this character is doubtful. These dissimilarities, combined with
the geographical separation, suggest that our specimens represent
a different species. Unfortunately, no molecular data are available
for the type specimens of Xylophaga microchira and further
analyses are required to confirm the identity of our material.

The morphology of the single juvenile of Xylonora sp. 1 found
in Avilés Canyon largely resembled X. atlantica new comb., but

the separation from that species was supported by the presence
of two small elongated and curved mesoplax plates resembling
those of X. gagei instead of the triangular plates present in
X. atlantica new comb. However, its small size (0.6 mm) and the
fact that siphons were destroyed during sample handling actually
prevented a consistent morphological assignation.

Xyloredo sp. 1 (Figure 4A) had calcareous tubes lining the
burrows and differed in the shapes of shells and posterior
adductor muscle scars from the previously known Atlantic
species Xyloredo mnooi and Xyloredo ingolfia Turner, 1972.
However, its correct identification would require comparison
with type material of all known species, which is beyond the
scope of this paper.

Geographic Distribution and
Intraspecific Genetic Structure of the
COlI Gene

We recovered seven xylophagaid species. Four of them occurred
exclusively in the Atlantic (Abditoconus cf. anselli, Xylonora sp. 1,
Xylonora sp. 2 and Xyloredo sp. 1), while no species was restricted
to the Mediterranean.
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Xylophaga dorsalis (Figures 4B, 5) showed the widest
geographic distribution, being present in all locations in the
Mediterranean and Atlantic Ocean, except for the northernmost
Haakon Mosby Mud Volcano. Its distribution covered a wide
bathymetric range from 2,000 m depth to our shallowest sites
(Morocco mud volcanoes: 350 m depth; Western Mediterranean
canyons: 130-550 m depth; Figures 1, 3 and Table 1) and a
temperature range of 4 to 14°C (Table 1).

The COI sequence analysis indicated genetic connectivity
across a large geographic range from Mid-Atlantic Ridge,
Morocco Mud Volcanoes and throughout the Mediterranean. 29
individuals covering all sampling sites yielded 10 haplotypes (16
segregating sites, maximum within-clade uncorrected p distance:
2.1%). The dominant haplotype was shared by 62.1% of the
individuals and it occurred in all sites except for Avilés Canyon.
At this site we analyzed a single individual which diverged from
the major haplotype by a single substitution (Figure 6). Half of all
other haplotypes which were all collected in the Mediterranean
were similarly closely related.

Xylonora atlantica occurred in the temperate Atlantic Ocean
(Mid-Atlantic Ridge and Avilés Canyon) and in the western
Mediterranean, while it was not retrieved from Morocco mud
volcanoes and the Eastern Mediterranean (Figures 1, 5). Its
distribution covered an intermediate bathymetric range (870-
2,000 m depth), with temperatures ranging from 4 to 13°C.
The COI haplotype analysis of 19 sequences revealed five
haplotypes (S = 16) displaying intraspecific divergence between
the Mediterranean and Atlantic populations (Figure 6B). The
dominant haplotype (47.4%) was present in Avilés Canyon and in
the Western Mediterranean, but not on the Mid-Atlantic Ridge
(Figure 6B). The second dominant haplotype (31.6%, within-
clade divergence <3.6%) diverged by 13 substitutions from the
dominant one and was exclusively recovered from the Atlantic,
at Mid-Atlantic Ridge and Avilés Canyon (Figure 1). Three
satellites of the dominant haplotype (1 substitution) occurred in
four individuals from Western Mediterranean (Figure 6B).

Abditoconus brava was recovered from Eastern and Western
Mediterranean and from the adjacent Morocco mud volcanoes,
but not from any other Atlantic location (Figures 1, 5). The depth
range was 700-1,700 m (Figure 3) and all collection sites shared
the same habitat temperature of 13°C. The COI analysis (15
individuals) showed a clear separation between Mediterranean
and Atlantic haplotypes, suggesting limited gene flow across
the Gibraltar Strait. Among the six haplotypes recovered
(S = 23), three occurred exclusively in the Mediterranean, while
the other three were retrieved from Morocco mud volcanoes
(Figure 6C). The two haplotype groups were well separated (17-
19 substitutions). The largest intraspecific divergence occurred
between the two haplotypes from the most distantly separated
sites (Morocco mud volcanoes and Eastern Mediterranean,
5.15%). The most dominant haplotype (66.7%) was collected
in Western and Eastern Mediterranean suggesting genetic
connectivity throughout this oceanic basin.

Two species were recovered from two collection sites.
Xylonora sp. 2 was found on the Mid-Atlantic Ridge (2,300 m
depth, 3.5°C) and in the Avilés Canyon (2,000 m depth, 4-
9°C). Three COI haplotypes recovered from four individuals

of Xylonora sp. 2 were closely related to each other (S = 3,
<2 substitutions) and different haplotypes occurred in the two
collections sites. Xyloredo sp. 1 occurred in the Avilés Canyon
in the Bay of Biscay (1200-2000 m depth, 4-9°C) and at the
3,300 km distant Haakon Mosby Mud Volcano (1240 m depth,
at —1°C; COI sequences only available from this site). Two other
species, Abditoconus cf. anselli (Figure 5) and Xylonora sp. 1, were
exclusively recovered from the Avilés Canyon (2,000 and 1,200 m
deep, respectively, 4-9°C).

DISCUSSION

This study provides the first DNA barcode approach to
identifying Xylophagaidae, where we combined molecular
data (based on COI, 18S and 28S rRNA sequences) with
morphology to discriminate between species and to assess their
geographic distributions. Our analyses revealed: (i) a reliable
species discrimination based on COI; (ii) a robust sequence
divergence supporting the existence of seven species, three of
them unidentified (two morphologically similar to X. atlantica
new comb. and a possible undescribed Xyloredo); (iii) wide
genetic connectivity throughout the North Atlantic and the
Mediterranean for Xylophaga dorsalis, the most abundant species
in our samples, and for Xylonora atlantica new comb.; and
(iv) limited genetic connectivity between the Atlantic and
Mediterranean populations of A. brava.

Phylogeny of Xylophagaidae

Our results (based on 18S rRNA, 28S rRNA and COI genes)
agree with those based on 18S and 28S rRNA by Distel
et al. (2011) in showing the Teredinidae and Xylophagaidae
as sister taxa sharing a xylotrophic common ancestor. Reports
considering xylophagaids as a family referred to the names
Xylophaginidae, Xylophagidae, and Xylophagaidae (Purchon,
1941; Knudsen, 1961). In order to avoid homonymy with a
taxon of Diptera [Xylophagide Fallén (1810), Insecta], the name
was amended to Xylophagaidae (International Commission on
Zoological Nomenclature, 2018) that has been used most recently
(Gaudron et al., 2010; Coan and Valentich-Scott, 2012; Haga and
Kase, 2013; Romano et al.,, 2014; Rosenberg and Gofas, 2015;
Voight et al., 2019).

Our phylogenetic reconstruction (Figure 3) revealed that
Xylophaga is polyphyletic, unless the new genus Xylonora is
erected for the species in clade 4. Our decision to separate it
from Xylophaga (clade 3) is supported by robust morphological
and taxonomic arguments. The rapid evolutionary substitution
rate of the mitochondrial COI, compared to the nuclear 18S
and 28S rRNA genes, allows for discriminating closely allied
species and also different phylogeographic groups within species.
For the same reasons, its phylogenetic signal is weak (Hebert
et al.,, 2003; Cunha et al., 2009). However, a number of studies
on bivalve phylogenies proved that combining nuclear and
COI markers improved the signal (Giribet and Distel, 2003;
Bieler et al., 2014; Johnson et al., 2017). Our data support the
monophyly of Xylophaga sensu stricto and Xylopholas. This is
in contrast to previous results that were based on 18S and 28S
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FIGURE 5 | Lateral views of shell with soft parts and inner shells: (A,B) Abditoconus cf. anselli; (C,D) Abditoconus brava; (E,F) Xylonora atlantica new comb.; (G,H)
Xylophaga dorsalis. PAS = posterior adductor scar; PR = pedal retractor scar; SR = siphonal retractor scar. Redrawn from Romano et al. (2014).

A X. dorsalis 1

B X. atlantica 1

¢ A. brava

abbreviations see Figure 1.

FIGURE 6 | COI haplotype networks. (A) Xylophaga dorsalis (388 bp, 29 individuals). (B) Xylonora atlantica new comb. (388 bp, 19 individuals). (C) Abditoconus
brava (389 bp, 15 individuals). Location colors as in Figure 1, except for MAR = Menez-Gwen hydrothermal vent filed at Mid-Atlantic Ridge, for location
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rRNA analyses, but did not include COI (Voight et al., 2019).
Additional support for the separation of Xylonora new genus
and Xylophaga sensu stricto may come from recent observations
on different trophic ecology of the two genera (Voight et al.,
2020). Three members of the Xylophaga sensu stricto clade
(X. dorsalis, X. washingtona, and X. alexisi) presented higher
815N signatures than other Xylonora-clade species in which 3'°N

values were consistent with strict xylotrophy. This may suggest
that Xylophaga sensu stricto can filter feed as an opportunistic
alternative to xylotrophy, while members of Xylonora are strict
xylotrophs (Voight et al, 2020). Our data are furthermore
decisive enough to confirm the sister-taxa relationship between
representatives of Xylophaga in the Atlantic (X. dorsalis) and the
Pacific (X. washingtona/X. oregona).
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Species ldentification Based on

Molecular Markers

DNA barcoding allowed us to improve taxonomic resolution
to assess the species richness and diversity within xylophagaids.
As in shipworms, the high intraspecific phenotypic plasticity
of xylophagaids is often not well documented and it makes
identifications difficult. Shell morphology often appears to vary
in relation to environmental conditions. For instance, shell
shape in X. washingtona recovered from wood deployments at
2,370 m depth off California varied in relation to different wood
substrates (i.e., cedar, pine, ash, maple, oak). The variations
included valve size and number of denticulated ridges on the
anterior slope in relation to valve length (Turner, 2002). Xylonora
atlantica new comb. from wood deployments oft Cape Cod (MA,
United States) revealed different growth rates and a morphology
varying during the year as well as with site, substrate, and animals’
crowding on wood (Romey et al., 1994). Xylophaga dorsalis
and Xylonora atlantica new comb. recovered from pine and
oak in the submarine canyons of Avilés (Bay of Biscay), Blanes
and Lacaze-Duthiers (Western Mediterranean) also showed
phenotypic variability in a previous study (Romano et al., 2014).
Our materials of X. dorsalis, X. atlantica new comb, and A. brava
exhibited comparable phenotypic variations among conspecifics
collected from pine and oak in an even wider geographic
and environmental range in the Atlantic and Mediterranean
(Table 1). However, ambiguities were well-resolved by the three
molecular markers used, which all showed clear and identical
clustering (Figure 3).

Interspecific disparity can be characterized with thresholds of
genetic distance between sequences, which may vary according
to the compared taxa and the molecular markers. In COI
of birds, an interspecific genetic distance of ten times the
average distance within species was suggested (Hebert et al.,
2004), while in marine gastropods 4.9-7.8 times revealed to
be conservative enough to eliminate false positive species
discrimination (Meyer and Paulay, 2005). The wide range of
species attributes among these gastropods (e.g., fertilization
modes, larval dispersal and feeding strategies) allowed for
suggesting that these findings should be applicable to a wide range
of marine taxa (Meyer and Paulay, 2005).

The 28S rRNA and COI genetic distances clearly characterized
species disparity in our materials based on the “ten times-
threshold” criterion. Both markers showed clear barcoding gaps
between species without overlapping ranges of intraspecific and
interspecific distances (Meyer and Paulay, 2005) and the average
distance between two species was as a rule >10 times larger
than the average distance within each species (Table 1). The only
exception occurred in the comparison of the single specimen
of Xylonora sp. 1 (initially misidentified as X. atlantica) and
Xylonora atlantica new comb., which revealed an interspecific
distance of only 8.2 the distance within X. atlantica new comb.
However, this was well beyond the 4.9-7.8 threshold derived
from marine gastropods and we are very confident in that they
are two separate species. Xylonora sp. 2 and Xyloredo sp. 1 are
also well separated from the other species within the respective
genera. Overall, more individuals of these three morphotypes are
needed to allow precise morphological identifications or formal
new species descriptions.

Diversity of Xylophagaidae in European
Deep Waters and Ecological

Considerations
Thirteen xylophagaid species are currently recognized from the
North-Eastern Atlantic and adjacent marginal seas. Apart from
the seven species covered by this study, there are Xylophaga
praestans, Xylophaga nidarosiensis Xylophaga noradi, Xylophaga
ricei, Xylophaga gagei and Xyloredo ingolfia. Xylophagaid
diversity in European waters thus exceeds the diversity of
teredinids in the same area that consists of nine species
(Borges et al., 2014). The higher diversity of Xylophagaidae is
remarkable with regard to the, at first glance, very similar habitat
requirements and feeding ecologies of the two families and also
because abundance and variety of wood are assumed much
less in the deep sea than in coastal-near shallow regions. This
difference in species diversity cannot be explained by an artifact
from sampling bias because xylophagaids from the deep-sea floor
are difficult to access and have been investigated far less than
shallow water Teredinidae. We hypothesize that factors such as
differential adaptation to depth, temperature and salinity and
related water mass chemistry are leading to habitat partitioning,
which may affect species diversity differently in the two families.
While teredinids are bound to shallow waters, most European
xylophagaids cover either very broad bathymetric ranges from
the littoral to the abyss (e.g., X. atlantica new comb. and
X. dorsalis) or were exclusively recovered from bathyal or abyssal
depths (Table 4). Only Xylophaga nidarosiensis and Xylophaga
noradi were solely recovered from shallow waters. However, both
species are only known from single records and our view on their
bathymetric distributions may change with future collections.
Shallow water species from temperate oceans are generally
eurythermic because they must cope with seasonally changing
water temperatures. This applies to teredinids and also some
xylophagaids. Eurythermic xylophagaids additionally covering
broad depth ranges in the north-eastern Atlantic must also
tolerate constant low temperatures. Examples are Xylonora
atlantica new comb. and Xylophaga dorsalis which can tolerate
23 and 20°C, respectively (Borges et al., 2014), and they also live
in bathyal to abyssal depths where temperatures are constantly
low (Table 4). Other species may be cold-stenothermic, e.g.,
Xyloredo sp. 1 which we recovered at —1 to +4°C, or Xyloredo
ingolfia, which occurs only in the deep northern Atlantic. Most
other European xylophagaids may be also cold-stenothermic with
regard to the depths from which they were retrieved, however,
only sporadic or single collections of many xylophagaid species
prevent clear interpretations of their temperature tolerances.
North East Atlantic mid- and deep-water fauna is adapted to a
salinity range of 34.4-35.3%o (Bouchet and Taviani, 1992; Emery,
2001). Atlantic xylophagaids living exclusively below 500 m depth
may therefore be typical stenohaline deep-sea organisms. Species
living in shallower Atlantic waters must tolerate higher salinities
of 35.2-36.7%0 (Emery, 2001) and species living in the deep
Mediterranean must cope with >38.0%0 (Miller et al., 1970).
Xylophagaids covering broad salinity ranges in the Atlantic
and occurring also in the Mediterranean such as Xylonora
atlantica new comb., Xylophaga dorsalis and Abditoconus brava
are therefore considered euryhaline marine species (Table 4).
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TABLE 4 | Depth distributions (minimum/maximum) of the xylophagaid species recorded in the North East Atlantic and adjacent marginal seas.

Species Depths in this study

(minimum/maximum) Locations

Previously known
depths
(minimum/maximum)

Geographic
distribution

References

Xylophaga dorsalis 130/2,000 m NW Mediterranean
(LFC)/ Bay of
Biscay (AC)

Xylophaga praestans

Xylophaga nidarosiensis

Xylophaga noradi

Xylonora atlantica 870/2000 m MAR (MG)/Bay of
Biscay (AC)

Xylonora sp. 1 1200 m Bay of Biscay (AC)

Xylonora sp. 2 2000/2300 m Bay of Biscay
(AC)/MAR (RB)

Xylophaga ricei

Xylophaga gagei

Abditoconus brava 700/1800 m MMV (Mek)/NW
Mediterranean (BC)

Abditoconus anselli

Abditoconus cf. anselli 1200-2000 m Bay of Biscay (AC)

Xyloredo ingolfia

Xyloredo sp. 1 1200/2000 m Bay of Biscay (AC)

Tidal zone to 2,700 m

ca. 50-2,1773 m

10m
10m
156-2,279 m

5,000 m
1,370 m
900-1,800 m

1,370 m
1,200 m

1,783-2,906 m

Lofoten Islands
(Norway) to Canary and
Madeira Islands, MMV,
W and E Mediterranean
Shallow: eastern
England, Norway and
W Mediterranean
(Tyrrhenian Sea); Deep:
E Mediterranean
Western Norway
Western Norway

W Atlantic
(Newfoundland to
Virginia), MAR, E
Atlantic (Bay of Biscay),
W Mediterranean

E Atlantic (Bay of
Biscay)

MAR(RB), E Atlantic
(Bay of Biscay)
Madeira abyssal plane
Hebridean Slope

MMV (Mek), W and E
Mediterranean
Hebridean Slope

E Atlantic (Bay of
Biscay)

Iceland to Scotland

E Atlantic (Bay of
Biscay), Norwegian Sea
(HMMV)

Turner, 1955; Janssen,
1989; Zenetos et al.,
2005; this study

Smith, 1903; Dons,
1929, 1933; Carrozza,
1975; Janssen, 1989;
Turner, 2002; Janssen
and Krylova, 2014

Santhakumaran, 1980
Santhakumaran, 1980

Turner, 1955, 2002;
Romano et al., 2014,
Gaudron et al., 2016;
this study

This study

This study

Harvey, 1996
Harvey, 1996

Romano et al., 2014;
this study

Harvey, 1996

Romano et al., 2014;
this study

Turner, 1972; Harvey,
1996; Turner, 2002

This study

Single depth values indicate single collections. AC, Avilés Canyon; BC, Blanes Canyon; HMMV, Haakon Mosby mud volcano,; LFC, La Fonera Canyon, LDC, Lacaze-
Duthiers Canyon, MAR, Mid-Atlantic Ridge; MG, Menez Gwen hydrothermal vent field; MMV, Morocco mud volcanoes; Mek, Meknés mud volcano, RB, Rainbow

hydrothermal vent field.

Species diversity estimations can be affected by factors that
influence seasonal colonization times such as variations of local
current regimes or different reproduction and spawning times in
different species. Temporal effects became apparent in the eastern
Mediterranean because X. dorsalis was the only colonizer in 2007
while A. brava appeared only in 2009 and became the dominant
species. Different colonizers may also be able to select different
types of wood. A. brava for example was almost exclusively
found in pine and not in oak when both types of wood were
simultaneously deployed in the Western Mediterranean canyons.

Our study counteracted the risks of ignoring seasonally
occurring species by repeated sampling in most sites (Table 1).
Among them, the highest diversity of six species occurred in
Avilés Canyon (Figure 1). This site provided various depth and
temperature conditions of 1,200 to 2,000 m and 4 and 9°C,
respectively, and thus it certainly combined suitable conditions
for the generalists X. atlantica new comb. and X. dorsalis and also

for putatively cold-stenothermic/stenohaline deep-water species
such as Abditoconus cf. anselli, Xylonora sp. 1, Xylonora sp. 2,
Xyloredo sp. 1. Furthermore, the close vicinity of Avilés Canyon
to the coast should support a regular and sufficient reception
of wood allowing for continuous maintenance of high species
diversity. Our Eastern Mediterranean site showed low diversity of
only two species suggesting that only eurythermic and euryhaline
species like X. dorsalis and A. brava were able to tolerate the
high salinity and temperature of 13°C at 1200 water depth
(Miller et al., 1970).

Dispersal Capabilities

Our results prove that xylophagaids occur in the entire North
East Atlantic, from the Barents Sea in the Arctic, along the
northern European continental margin and over the temperate
Mid-Atlantic Ridge, to the far Eastern Mediterranean. This is
a remarkable distribution range if we assume that land-derived

Frontiers in Marine Science | www.frontiersin.org

15 November 2020 | Volume 7 | Article 579959


https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

Romano et al.

Diversity and Biogeography of North-East Atlantic Xylophagaidae

wood is only scarcely available in remote areas such as Arctic deep
waters or the Mid-Atlantic Ridge.

Colonization of experimentally deployed wood proves that
xylophagaids disperse in the deep ocean and not by colonizing
driftwood before it sinks down. The colonization of wood
in remote oceanic regions is a strong indication for high
dispersal capabilities and for bridging large distances by
xylophagaid larvae.

Deep-sea species with long-distance dispersal are usually
assumed to have planktotrophic larvae, particularly when
they inhabit fragmented and widely separated habitats (Tyler
and Young, 1999). Overall knowledge on xylophagaids’ larval
biology remains scant. Planktotrophic development has been
documented at least for the Atlantic X. atlantica new comb.
and the Western Pacific Xylophaga supplicata (Taki and Habe,
1950), both exhibiting typical shell morphologies of long-lived
pelagic larvae (Gaudron et al, 2010; Haga and Kase, 2013).
Laboratory experiments with reared larvae of X. atlantica new
comb. showed that metamorphosis can be delayed for up to
6 months (Culliney and Turner, 1976), mirroring the larval
trophic strategies, planktonic larval duration and dispersal
capacities of other deep-sea bivalves such as the hydrothermal
vent and cold seep subfamily Bathymodiolinae. They also live
in fragmented habitats, sometimes separated by hundreds of
kilometers, and disperse with planktotrophic larvae that can
remain up to 13 months in the plankton (Arellano and Young,
2009). We may thus reasonably assume that xylophagaids other
than X. atlantica new comb. and X. supplicata may also have
equivalent dispersal strategies.

Biogeography of European
Xylophagaidae
All thirteen European xylophagaids occurred in the temperate
North East Atlantic, while only four occurred also in the
Mediterranean (Xylophaga dorsalis, Xylophaga praestans,
Xylonora atlantica new comb., Abditoconus brava). Compared
to the nearby Atlantic, the Mediterranean deep sea generally
harbors an impoverished fauna and cold stenothermic species
are lacking (Fredj and Laubier, 1985; Breusing et al., 2016).
This appears to result from the isolation of the Mediterranean
and its desiccation during the Messinian Salinity Crisis in the
late Miocene (Cita, 1973; Hsti et al., 1973), followed by its
recolonization only after reconnection with the Atlantic (Péres,
1985; Bouchet and Taviani, 1992). Since then, the Gibraltar
Strait and the Siculo-Tunisian sills in combination with the
significantly different hydrological conditions supposedly
acted as biogeographic barriers controlling the Atlanto-
Mediterranean benthic exchanges and preventing establishment
of cold-stenothermic and stenohaline deep-sea fauna in the
Mediterranean (Bouchet and Taviani, 1992). All xylophagaids
occurring in the Mediterranean are considered eurythermic and
euryhaline and it is reasonable to assume an Atlantic origin.
Xylophaga dorsalis has a wide distribution range in the East
Atlantic, from the Lofoten Islands in the northern Norwegian
Sea and the British Isles to the Canary and Madeira Islands and
the Western and Eastern Mediterranean (Turner, 1955; Romano
et al., 2013, 2014; this study). We recorded this species for the

first time on the Mid-Atlantic Ridge. Its bathymetric range covers
littoral to abyssal depths (Table 4) and it is considered eurybathic,
eurythermic and euryhaline. It was also the most common and
abundant species in our study sites.

Xylophaga praestans was recorded in shallow northern
European waters (British Isles to Norway) and in the
Mediterranean down to bathyal depths (Table 4). There are
doubts on its previous identification and depth range in the
deep Eastern Mediterranean (Mienis, 2003). Re-examination
of this material is beyond the scope of this study, and we
therefore preliminarily consider this species as eurybathic,
eurythermal, and euryhaline.

Xylonora atlantica new. comb. is a pan-Atlantic species,
well known from the North West Atlantic margin (Turner,
1955; Culliney and Turner, 1976; Romey, 1991; Romey et al.,
1994; Voight, 2008; Distel et al, 2011) and only recently
recovered from the south European Atlantic margin and the
Western Mediterranean (Romano et al, 2014). We found
this species also on the Mid-Atlantic Ridge, while it appears
to be absent from the Eastern Mediterranean and northern
European waters. Its bathymetric distribution ranges from littoral
to abyssal depths (Table 4) and it is therefore considered
eurythermic and euryhaline.

We recovered Xylonora sp. 2 from bathyal depths in two
locations, the Avilés Canyon and the Mid-Atlantic Ridge and
we therefore consider it as a stenothermic and stenohaline deep-
sea species.

Abditoconus brava was previously known from the Western
Mediterranean (Romano et al., 2014). We recorded it also in the
adjacent Atlantic (Morocco mud volcanoes) and in the Eastern
Mediterranean. A. brava appears to be a bathyal species (Table 4)
tolerating also the high temperatures and salinities in the deep
Eastern Mediterranean.

We found Xyloredo sp. 1 in Avilés Canyon and the
Haakon Mosby Mud Volcano in the Arctic which represents
the northernmost record for a Xylophagaidae. This species
occurs in bathyal depths and it is considered cold-stenothermic
and stenohaline.

Xyloredo ingolfia is a bathyal species occurring from Iceland
to Scotland in the North East Atlantic (Turner, 1972, 2002;
Harvey, 1996) and it is therefore considered cold-stenothermic
and stenohaline.

All other European xylophagaids were recovered only once,
all of them from littoral to abyssal depths at different locations
among Norway, the British Isles and Avilés Canyon (Table 4).

Inter-Population Connectivity
Our discovery of identical COI haplotypes among the
populations of X. dorsalis, X. atlantica new comb., and
A. brava sampled in distant locations in the Atlantic and the
Mediterranean strongly suggest gene flow over large distances.
The presence of an identical major COI haplotype in
X. dorsalis across most of our study sites indicated unhindered
genetic connectivity between the Mid-Atlantic Ridge and
Morocco mud volcanoes, across the Gibraltar Straight and
throughout the entire Mediterranean. This is in accordance with
the above hypothesized eurybathic, eurythermic and euryhaline
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nature of this species which also accounts for tolerance of
their larvae toward contrasting environmental conditions in
shallow and deep environments of the temperate Atlantic and
the warm Mediterranean. The single haplotype retrieved from
Avilés Canyon in the Bay of Biscay diverged by only one
substitution, and it is likely that more extensive sampling at this
site would have revealed the major haplotype as well. We may
therefore reasonably assume unimpeded genetic exchange among
the populations of X. dorsalis in an area exceeding the coverage of
our study, within its entire distribution range between northern
Europe and the Canary Islands.

Genetic connectivity between the Atlantic and the
western Mediterranean was also evidenced for eurybathic
and eurythermic X. atlantica new comb. Its major haplotype was
sampled in Avilés Canyon and in the Western Mediterranean
submarine canyons. One divergent haplotype was recovered
exclusively in the Atlantic on the Mid-Atlantic Ridge and the
Avilés Canyon (Figure 6). Future research must reveal if this
haplotype is probably representing a typical one for western
Atlantic populations and if this may indicate limited connectivity
between the Atlantic and the Mediterranean populations.

In A. brava, the presence of an identical major haplotype in
the Western and Eastern Mediterranean populations suggests
unobstructed gene flow throughout the entire Mediterranean.
This haplotype and a few closely related ones were limited to the
Mediterranean, while a clearly divergent haplotype was recovered
exclusively at Morocco mud volcanoes in the adjacent Atlantic.
We cannot discard that our limited sampling effort caused a bias
and that future research may recover the “Atlantic haplotype
group” in the Mediterranean and vice versa. However, the 16-
substitution divergence strikingly exceeded what we observed in
Xylonora atlantica new comb. and Xylophaga dorsalis across the
Atlantic-Mediterranean transition. A. brava was not recovered
from shallower than 700 m depth, and it is possibly a strictly
bathyal species. The less than 300-m deep Gibraltar Strait at the
entrance of the Mediterranean (Gascard and Richez, 1985) could
then represent a real biogeographic barrier, significantly limiting
gene flow. If so, we may assume a continuing divergence in the
Atlantic and Mediterranean populations, which may eventually
lead to speciation.

CONCLUSION

Our study integrates morphological and molecular data,
including DNA barcoding of deep-sea wood boring bivalves.
We thus provide a molecular baseline that is significantly
facilitating species discrimination and will greatly enhance
taxonomic knowledge in the future. Molecular data confirmed
the Xylophagaidae as being composed of seven well-supported
major clades corresponding to independent taxa with clear
morphological differences. This leads us to erect Xylonora as a
new genus to resolve the polyphyly of Xylophaga.

Repeated recoveries of Xylophagaidae from wood deployed
experimentally over wide geographic, bathymetric, temperature
and salinity ranges gave insights into the biogeography of
European species for the first time, allowing for conclusions
on the ecological requirements reaching far beyond what

can be drawn from single records. We recovered seven
species, some of them occurring regularly (e.g., Xylophaga
dorsalis and Xylonora atlantica new comb.), showing wide
Atlanto-Mediterranean  distributions, broad bathymetric,
temperature and salinity ranges, and genetic connectivity
among their widely separated populations. This allowed
us to conclude that a broad tolerance toward different
hydrographic regimes may be a major clue for their
dispersal success.

The biogeographic patterns of other Xylophagaidae may be
linked to lower tolerance toward shallow water environments or
temperature and salinity variations. Xyloredo sp. 1, for example,
was exclusively collected in bathyal sites in the temperate North
Atlantic, while A. brava occurred in bathyal regions throughout
the Mediterranean and nearby Atlantic. For this species, the
shallow Gibraltar Strait is likely representing a biogeographic
barrier limiting gene flow.

The presence of xylophagaids in remote deep-sea locations
such as Haakon Mosby Mud Volcano in the Arctic or the
Mid-Atlantic Ridge where wood is presumably a scarce habitat
suggests that distance alone is not a limiting factor for their
dispersal. Rising frequencies of major storms and related flooding
of the coasts caused by changing climate conditions may probably
enhance the future availability of wood as stepping stones for
the dispersal of wood-colonizing benthic organisms on the deep-
sea floor. This may also affect the distribution of other wood
colonizing deep-sea fauna.

Our results prove that experimentally deployed wood-falls
could be used as efficient tools to collect wood specialists,
highlighting their potential in future deep-sea studies addressed
to improve our knowledge on their population dispersal abilities
and connectivity. This may certainly include also macrofaunal
taxa not specialized to wood and such research could provide
crucial knowledge for planning strategies for a sustainable
management of deep-sea species and ecosystems.
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