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Research Article

A new genus and species of abyssal sponge commonly encrusting
polymetallic nodules in the Clarion-Clipperton Zone, East Pacific Ocean
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KOH-SIANG TAN1

1Keppel-NUS Corporate Laboratory, Tropical Marine Science Institute, National University of Singapore, 18 Kent Ridge Road,
Singapore 119227
2Life Sciences Department, The Natural History Museum, Cromwell Road, London SW7 5BD, UK
3Uni Research, Thormølensgate 49B, Bergen, Norway
4Gothenburg Global Biodiversity Centre, Department of Marine Sciences, University of Gothenburg, Box 463, 40530 Gothenburg,
Sweden

(Received 19 January 2017; accepted 4 July 2017; published online 25 September 2017)

The Clarion-Clipperton Zone (CCZ) in the East Pacific is a vast region targeted for deep-sea mineral exploration, for which
there are almost no published taxonomic data. Here we describe Plenaster craigi gen. nov. sp. nov. from depths of
»4000 m in the eastern CCZ polymetallic nodule province. Despite over 40 years of intense exploration in the area, we
reveal that P. craigi sp. nov. is the most abundant sponge and the most common metazoan encrusting on nodules in our
study area at the eastern CCZ. It has a mean abundance of 15.3 § 8.9 individuals per m2 across 11 stations in a 30 £ 30 km
study site nested within the Singapore exploration area. The white encrusting sponge is filled with spheroxyasters with
occasional styles protruding the surface. Plenaster craigi sp. nov. is morphologically similar to genera from three different
families in two orders: Timea (Timeidae; Tethyida); Hemiasterella and Leptosastra (Hemiasterellidae; Tethyida); and
Paratimea (Stelligeridae; Axinellida). However, based on the molecular (COI and 28S) phylogenetic trees generated in this
study, P. craigi sp. nov. was located in the Order Axinellida and appeared to be distant to Timea, Hemiasterella,
Leptosastra, and Paratimea. We propose a new genus for our material to be placed provisionally in the family
Stelligeridae, as it is the only family in the order Axinellida whose members possess euasters. This provisional placement
may change when sequences of the type specimens of these genera and advanced phylogenetic reconstruction methods
become available in the future. However, we have shown clearly that Plenaster gen. nov. is unique and distinct from all
currently known taxa. Plenaster craigi sp. nov. being an abundant metazoan encrusting on nodule and easily identified
filter-feeding animal is a potentially indicator species for future mining impacts in the eastern CCZ, and possibly across the
entire CCZ.

LSID: urn:lsid:zoobank.org:act:99D2DDBA-4643-4752-8C8A-AFF314E6B6E3

Key words: 28S, abyss, deep-sea mining, manganese nodule, new species, Plenaster gen. nov., Porifera

Introduction
The Clarion-Clipperton Zone (CCZ) in the Eastern Pacific

Ocean (Fig. 1) has vast quantities of polymetallic nodules

(as nodules hereafter) on the seafloor at abyssal depths of

4000–6000 m. The International Seabed Authority (ISA)

has designated the area, approximately between longi-

tudes 115�–160� W and latitudes 5�–20�N, for nodule

exploration and eventual exploitation. These nodules are

rock concretions containing manganese, iron, copper,

nickel, cobalt, zinc, silver, and numerous other metals,

which can be over 20 cm in size but are usually 5–10 cm

in diameter (see Glasby, Li, & Sun 2015; Thiel, Angel,

Foell, Rice, & Schriever, 1998). Nodules at the CCZ often

exhibit a smooth upper surface resulting from hydroge-

netic growth (Halbach, Friedrich, & von Stackelberg,

1988; Thiel et al., 1998). They lie on the seafloor, gener-

ally half buried, providing a small hard surface for growth

of sessile organisms such as foraminifera, bryozoans, cni-

darians, polychaetes, and sponges (see Gooday, Goineau,Correspondence to: Swee-Cheng Lim. E-mail: sponging@gmail.
com
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& Voltski, 2015; Kamenskaya, Gooday, Tendal, & Mel-

nik, 2015; Mullineaux, 1987; Tilot, 2006; Veillette et al.,

2007; Wendt, 1974). The environment at the abyssal

depth is characterized by perpetual darkness, low temper-

ature of less than 4�C, immense hydrostatic pressure and

low nutrient levels, supporting a highly diverse but

numerically impoverished marine fauna (Bruun, 1956;

Frankenberg & Menzies, 1968; Glover, Dahlgren,

Wiklund, Mohrbeck, & Smith, 2016a; Hessler & Jumars,

1974).

There are over 500 species of sponges reported from

depths exceeding 500 m worldwide (Glover, Higgs, &

Horton, 2017); this is approximately 5% of the total

sponge species described. Historically, the abyssal depths

of the North Pacific Ocean have only been sporadically

sampled for sponges due to high costs and technical diffi-

culties. As a result, very little is known about the sponge

fauna throughout the abyssal North Pacific Ocean, and

even less is known of the sponges of the Clarion-Clipper-

ton Zone (see Downey & Janussen, 2015; Koltun, 1970;

Lendenfeld, 1915; L�evi, 1964; Ridley & Dendy, 1887;

Reiswig & Stone, 2013; Schulze, 1887; Vacelet, 2006).

Recent efforts to establish biodiversity baselines in the

CCZ (see Amon et al., 2016; Dahlgren et al., 2016;

Glasby, 2000; Glover et al., 2016a, 2016b; ISA, 1999,

2015; Vanreusel, Hilario, Ribeiro, Menot, & Arbizu,

2016) by countries or commercial entities, with the ulti-

mate objective of assessing the commercial feasibility of

collecting nodules, have given us a better picture of the

abyssal environment and fauna. However, detailed sponge

records are lacking, despite more than 100 scientific

cruises to the central east Pacific Ocean in the last 40 years

(ISA, 2015; ISA, pers. comm., 2015; Nimmo, Morgan, &

Banning, 2013).

The majority of the sponge records are from photo-

graphic assessments of the seafloor (see Amon et al.,

2016; Bluhm, 1994; Foell & Pawson, 1986; Owen, Sand-

ers, & Hessler, 1967; Tilot, 2006; Vanreusel et al., 2016)

with the purpose of documenting nodule density and the

associated fauna. Such sponge records only provide a

cursory view of the diversity of sponges present. Small

sponges less than 5 cm wide were often ignored, as they

would appear as indeterminate spots on imaging devices.

In 2013, on a research cruise to the eastern CCZ UK-1

exploration area, a very small but highly abundant white,

nodule-dwelling sponge was photographed and recorded

during careful processing of a large number of nodules

from samples collected as part of the project

‘ABYSSLINE’. During the second ABYSSLINE cruise in

2015, additional sites were visited including the Ocean

Mineral Singapore (OMS) exploration area and a large

number of box core samples were collected and examined.

To the best of our knowledge, this abundant new sponge

species has never been documented from previous CCZ

cruises. Here we describe a common and abundant sponge

encrusting on nodules in the eastern CCZ. Morphological

and molecular data support the erection of a new genus

Plenaster gen. nov. for this sponge. We believe the

sponge to be of significant ecological importance in

understanding the potential impacts of future mineral

extraction in the eastern CCZ.

Materials and methods
Material was collected during the ABYSSLINE 02 Cruise

at a 30 £ 30 km study area in the OMS exploration area in

the East Pacific Ocean (Fig. 1) between 12 Feb–25 Mar

2015 on R/V Thomas G. Thompson. An Ocean Instruments

USNEL spade box core, with core size of 0.25 m2

(50 cm £ 50 cm area) was used to sample the sea floor at

11 stations at the following coordinates and depths: S01,

12 07.06233N, 117 20.62027W, 4183 m; S02, 12

04.90838N, 117 10.69245W, 4072 m; S03, 12 10.86618N,

117 15.65712W, 4115 m; S04, 12 00.56092N, 117

10.69237W, 4148 m; S05, 12 13.03998N, 117 19.52705W,

4093 m; S06, 12 08.69268N, 117 19.52758W, 4041 m;

S07, 12 08.15358N, 117 12.90369W, 4082 m; 4172 m;

S09, 12 05.98863N, 117 11.79682W, 4051 m; S10,

12 03.27587N, 117 15.10293W, 4100 m; S11, 12 00.559N,

117 22.819W, 4148 m; S12, 12 01.64111N, 117

19.51136W, 4127 m. All nodules brought up by the box

core were examined carefully for encrusting organisms fol-

lowing the protocol described by Glover et al. (2016a). All

visible organisms encrusting on the nodules were docu-

mented and sampled for their abundance. Sponge speci-

mens were photographed on nodules kept under cold

filtered seawater, carefully removed from the surface of the

nodules with a scalpel and photographed again through a

stereomicroscope. Sponge specimens were preserved in

80% molecular-grade ethanol and kept chilled.

For morphological examination, thick sections of

sponge preserved in ethanol were made with a surgical

blade and these sections were soaked in xylene-phenol

solution before mounting on glass slides in DPX�. These

Fig. 1. Location of Ocean Mineral Singapore exploration area
and the ABYSSLINE cruise AB02 survey site (30 £ 30 km) in
the Clarion-Clipperton Zone (East Pacific Ocean).
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preparations were examined under the light microscope at

40–400£ magnification. Dissociated spicule suspensions

were obtained by boiling sections in concentrated nitric

acid. These spicules were subsequently mounted on brass

stubs for examination under a JEOL 6510 scanning elec-

tron microscope (SEM). Residues of the spicule suspen-

sions were also mounted on glass slides in DPX� for

measurements of spicule dimensions under the light

microscope. Spicule size data are given as minimum–

average–maximum based on a minimum of 25 measure-

ments for each spicule type unless otherwise indicated.

Systematics and the order of treatment of sponge families

and genera follow Systema Porifera (Hooper & Van

Soest, 2002) and the World Porifera Database (Van Soest

et al., 2017). Voucher specimens were deposited at the

Lee Kong Chian Natural History Museum (Singapore)

and The Natural History Museum, London (NHMUK).

DNA sequencing

DNA extractions were performed on a Hamilton Microlab

STAR Robotic Workstation at the Sequencing Facility,

NHM, using Qiagen DNeasy Blood and Tissue Kit.

Approximately 660 bp of the mitochondrial gene COI

were amplified using the primers LCO1490 5 0-GGTCAA-
CAAATCATAAAGATATTGG -3 0 and HCO2198 5 0-
TAAACTTCAGGGTGACCAAAAAATCA -3 0 (Folmer,

Black, Hoeh, Lutz, & Vrijenhoek, 1994), and approxi-

mately 800 bp of the nuclear gene 28S rDNA (D1-D2

region) were amplified using C1 0 5 0- ACCCGCTGAATT-
TAAGCAT-3 0 (Lê, Lecointre, & Perasso, 1993) and D1R

5 0-AACTCTCTCMTTCARAGTTC-3 0 (Colgan, Ponder,

Beacham, & Macaranas, 2003). PCR mixtures contained

1 mL of each primer (10mM), 2 mL of DNA template, and

21 mL of Red Taq DNA Polymerase 1.1X MasterMix

(VWR). The PCR profile was as follows: 94�C/300s,
(94�C/60s, 55�C/60s, 72�C/120s)£35 cycles, 72�C/300s.
PCR purification was done using a Millipore Multiscreen

96-well PCR Purification System, and sequencing was

performed on an ABI 3730XL DNA Analyser (Applied

Biosystems) at the NHM Sequencing Facility, using the

primers mentioned above. Overlapping sequence frag-

ments were concatenated into consensus sequences using

Geneious v.6.1.7 (https://www.geneious.com, Kearse

et al., 2012).

Phylogenetic analyses

In total 70 terminal taxa from a range of families and gen-

era with asterose microscleres were used in the phyloge-

netic analyses of 28S, and 101 taxa for COI. Sequences

downloaded from GenBank were aligned with the new

species using MAFFT (Katoh, Misawa, Kuma, & Miyata,

2002) for the 28S and MUSCLE (Edgar, 2004) for COI,

both programs as plug-ins in Geneious, with default set-

tings. Bayesian phylogenetic analyses (BA) were con-

ducted with MrBayes 3.2 (Ronquist et al., 2012), analyses

were run three times for 10 million generations of which

2.5 million generations were discarded as burn-in. The

evolutionary model, GTRCICG, used for the molecular

data in BA was obtained using jModelTest (Posada,

2008).

Results and Systematics

Phylum Porifera Grant, 1836

Class Demospongiae Sollas, 1885

Subclass Heteroscleromorpha C�ardenas, Perez, &
Boury-Esnault, 2012

Order Axinellida L�evi, 1953
Family Stelligeridae Lendenfeld, 1898

Plenaster gen. nov. Lim &Wiklund

Diagnosis. Skeleton comprising mainly of dense spherox-

yasters, with occasional styles arranged in a haphazard

fashion and, with most protruding the surface. Thinly

encrusting growth form with hispid surface. Megascleres

are exclusively styles. Microscleres are euasters with

numerous tapering rays (>20) with recurved spines. Type

species. Plenaster craigi sp. nov. (designation herein).

Etymology. The generic name Plenaster is used as a

noun, derived from the Latin plenus (plenty, filled) and

aster (star), in reference to the abundant spheroxyasters

(star-shaped microscleres) making up the entire sponge.

Remarks

Stelligeridae is the only family in Order Axinellida that

has members bearing styles and euasters like Plenaster,

and this new genus is provisionally placed in this family.

There are currently four genera (Halicnemia, Higginsia,

Paratimea, and Stelligera) assigned to the family Stelli-

geridae according to Van Soest et al. (2017). Members of

Halicnemia and Higginsia do not have euasters and

instead have microxeas that are acanthose, centrangulate

or straight. Only Paratimea and Stelligera have euasters

with smooth rays. Paratimea can be further distinguished

from Plenaster in having tylostyles and centrotylote tor-

notes or oxeas. Stelligera has oxeas in addition to styles

as megascleres and a more complex skeleton comprising

a lightly compressed axial skeleton, reticulated extra-axial

skeleton and styles that radiate from the core of the

sponge to the periphery.

Plenaster craigi sp. nov. Lim &Wiklund

Figs (2–6)
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Holotype. ZRC.POR.0280, ABYSSLINE 02 Cruise

(OMS), 27 February 2015, 4148 m depth, on polymetallic

nodule in box core (BC10) at study site (S04),

12�00.560 0N 117�10.692 0W. Coll: T.G. Dahlgren, H.

Wiklund, A.G. Glover, M.J. Brasier, K.S. Tan, and S.C.

Lim.

Paratype. NHMUK2017.3.1.1, ABYSSLINE 02 Cruise

(OMS), 25 March 2015, 4146 m depth, on polymetallic

nodule in box core (BC25) at study site (S11), 12�00.559 0N
117�22.819 0W. Coll: T.G. Dahlgren, H. Wiklund, A.G.

Glover, M.J. Brasier, K.S. Tan, and S.C. Lim.

Description

Sponge thinly encrusting on the top surfaces of polymetal-

lic nodules, typically 1–2 mm in thickness (not more than

4 mm) and 5 mm wide (not more than 10 mm) (Figs 2, 3).

Sponge irregularly shaped, snow-white in colour; surface

appears smooth and glistening from afar but hispid when

observed in detail. Oscules not observed in all the speci-

mens brought up to surface.

Skeleton. Consists of dense mass of spheroxyasters and a

small number of styles with the pointed end protruding

through the surface (Fig. 4), in excess of 500 mm in

length. Numerous interconnecting canals 10–100 mm in

diameter in the choanosome.

Spicules. Comprises of styles and spheroxyasters. Styles

(Fig. 5) straight, sometimes slightly bent, with a fairly

large size range, 1500–1850–2200 mm £ 10–14.7–17 mm
(N D 10). Spheroxyasters 11.6–12.5–13.9 mm in diameter

Fig. 2. Individuals of Plenaster craigi sp. nov. encrusting on
polymetallic nodules (indicated by arrows) obtained from a box
core sample at sampling site S07, Ocean Mineral Singapore
exploration area in the Clarion-Clipperton Zone (East Pacific
Ocean). Scale bar D 10 mm.

Fig. 3. Plenaster craigi sp. nov. holotype after it was retrieved
from a box core sample at sampling site S04 in Ocean Mineral
Singapore exploration area, Clarion-Clipperton Zone (East
Pacific Ocean). The hispid surface of the sponge is due to the
protruding styles. Scale bar D 1 mm.

Fig. 4. Plenaster craigi sp. nov. cross-section of skeleton. Scale
bar D 100 mm.

Fig. 5. Styles in Plenaster craigi sp. nov. Scale bar D 10 mm.
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bearing 22–27 rays, each ray may bear up to five recurved

spines at the distal end (Fig. 6).

Molecular identification. The sequences of material

have been deposited in GenBank with the accession num-

bers KY748655–57 for 28S (Paratype KY748657) and

KY748658–63 for COI (Holotype KY486558; Paratype

KY748661). Three of the sequenced specimens, including

the paratype, have been deposited at NHMUK (NHMUK

2017.3.1.1–3).

Etymology. The specific epithet; craigi; is in honour of

Prof. Craig R. Smith, University of Hawaii, who worked

tirelessly on both long research cruises of the ABYSS-

LINE programme (2013–2016) as Chief Scientist respon-

sible for the highly successful sampling programme.

Distribution and abundance. So far known only from

the eastern region of the Clarion Clipperton Zone, encrust-

ing on polymetallic nodules at abyssal depths of between

4041–4183 m. A total of 42 individuals were obtained

from 11 box cores in our 900 km2 study area with a mean

density of 15.3§8.9 (minimum D 4, maximum D 32)

individuals per m2. The nodule coverage in the 11 box

cores was between 20.1–42.8% with an average of 32.8§
7.7%. It should be noted that estimated nodule coverage is

based on nodules visible on the surface.

Remarks

In morphological terms, Plenaster craigi sp. nov. is most

similar to species in the genus Timea (Timeidae,

Tethyida). All Timea species are known to be thinly

encrusting (1 mm thick, or thinner), with tracts of tylos-

tyles and/or styles rising from the substratum toward and

beyond the surface (ectosome) and dense euasters forming

a protective crust at the surface (see Carballo & Cruz-Bar-

raza, 2006; R€utzler, 2002). Perhaps the closest Indo-

Pacific species in morphological terms is Timea tethya (de

Laubenfels, 1954), which has only styles as megascleres

(700 £ 14 mm) and three categories of spheroxyasters

(38 mm, 20 mm, and 5–7 mm in diameter). Plenaster

craigi sp. nov. is clearly distinct, having much longer

styles and possessing only a single category of spherox-

yasters (11.6–13.9 mm). There are four Timea species that

have both styles and tylostyles as megascleres; T. trigo-

nostellata (Carter, 1880) from Sri Lanka, T. lophastrea

Hentschel, 1909 from Australia, T. authia de Laubenfels,

1930 from California (see de Laubenfels (1932) for full

description), and T. intermedia (L�evi, 1958) from the Red

Sea. Apart from the conspicuous absence of tylostyles, P.

craigi sp. nov. possess considerably longer styles (up to

2200 mm in length) than Timea species. The preceding

four species can be further differentiated from P. craigi

sp. nov. by the following characters: T. authia has tylast-

ers 6–23 mm in diameter; T. trigonostellata has distinctive

tylasters 12.7 mm in diameter with four rays; T. lophastrea

has oxeas and lophasters with a branching broad distal end

of each ray; and T. intermedia has subtylostyles and

tylasters. In the Atlantic Ocean, Timea chondrilloides

(Topsent, 1904) from the Azores also contains only styles

as megascleres but it has much larger spherasters (27–

42 mm in diameter) instead of spheroxyasters and those

spherasters have much fewer rays. The recently described

Timea clippertoni (Van Soest, Kaiser, & Van Syoc, 2011)

from shallow waters off the Clipperton Island at 55 m

depth, has distinctive calthrops-like asters (Van Soest

et al., 2011).

Three species of Hemiasterella (H. aristoteliana, H.

digitata, and H. typus) from the family Hemiasterellidae

(Tethyida) are also similar in spicular composition to our

material, while the rest of the Hemiasterella members

have additional megascleres. Plenaster craigi sp. nov. dif-

fers from H. aristoteliana, H. digitata, and H. typus in

having spheroxyasters which have a much larger centrum

and pointed rays with prominent, robust recurved spines,

while all three members of Hemiasterella have oxyasters

with strongylote rays. All members of the genus Hemias-

terella have exclusively vasiform or cup-shaped growth

forms and more-or-less plumo-reticulate choanosomal

skeletons (Hooper, 2002). Many thinly encrusting species

are related to erect forms (Morrow et al., 2012) and

Fig. 6. 6.1, Spheroxyasters from holotype of Plenaster craigi sp. nov. Scale bar D 5 mm. 6.2, Magnified photograph shows a recurved
spine (arrow). Scale bar D 1 mm.
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similarities in overall body shape do not always imply

relatedness. The monotypic Leptosastra (Hemiasterelli-

dae), is similar to P. craigi sp. nov.; Leptosastra constel-

lata Topsent, 1904 (from the Atlantic Ocean) is a white

and thinly encrusting sponge with a loosely constructed or

a sub-hymedesmioid skeleton. However it has small acan-

thostyles (80–100 £ 7 mm) and rhabds (135 £ 2 mm)

whereas P. craigi sp. nov. only has large styles. Parati-

mea, a former member of Hemiasterellidae before it was

transferred to Stelligeridae (Axinellida) by Morrow and

C�ardenas (2015), is also an encrusting sponge with a

loosely constructed or a sub-hymedesmioid skeleton, but

all Paratimea species have centrotylote tornotes or oxeas

which are absent in P. craigi sp. nov.

Based on our molecular analyses, both 28S and COI

trees (Figs 7, 8) Plenaster craigi sp. nov. was nested in

Axinellida sensu lato clade and was sister to Axinellidae,

Heteroxyidae, Raspailiidae, and Stelligeridae clades. The

Axinellida s.l. clade was well supported in the 28S tree

(Fig. 7) and to a lesser extent also in the COI tree (Fig. 8).

This is not surprising, as 28S sequences are widely known

to have higher variability and phylogenetic signal in lower

taxonomic level than those of COI sequences (see

C�ardenas, Menegola, Rapp, & Diaz, 2009; Chombard,

Boury-Esnault, & Tillier, 1998; Erpenbeck et al., 2007,

2012, 2016; Morrow et al., 2013; Schuster et al., 2015).

For example, the families of Order Bubarida were well

resolved in the 28S tree but not in the COI tree (Figs 7, 8).

Plenaster craigi sp. nov. has the closest affinity to Hemias-

terellidae sp. ‘KC869615’ but there was another Hemiaster-

ellidae clade comprising of Adreus fascicularis

‘HQ379239’, Axos cliftoni ‘AY626308’, Hemiasterella sp.

‘AY561901’, and Tethyidae sp. ‘HQ379236’ was also pres-

ent in Tethyida in the 28S tree. Similarly, in the COI tree,

P. craigi sp. nov. displayed the closest affinity to a Hemias-

terellidae clade comprising Adreus fascicularis

‘HQ379428’ and Tethyidae sp. ‘AY561986’ in Tethyida.

Our results showed that there is an Adreus C Axos clade in

Tethyida for Hemiasterellidae (Tethyida) but also aHemias-

terella/Hemiasterellidae clade in another order, the Axinel-

lida s.l. These results suggest that Hemiasterellidae is a

polyphyletic clade, as also shown by Morrow and C�ardenas
(2015). Plenaster craigi sp. nov. is a sister taxon to a clade

comprising Cymbastela coralliophila ‘JQ034537’ (Axinelli-

dae, Axinellida) and Petromica pacifica ‘LN624194’ (Des-

manthidae, Bubarida). All Timea sequences were distant

from Plenaster clade in both trees. Timeidae formed a poly-

phyletic group in both trees. In the 28S tree, a clade com-

prising three Timea species (Timea sp. ‘AY626303’, Timea

sp. ‘AY561907’ and Timea cf. centrifera ‘AY626304’),

while Timea lowchoyi ‘AY561871’ clustered with Tethyi-

dae. Similarly, in the COI tree, Timea sp. ‘AY561968’ and

Timea unistellata ‘KC869427’ did not cluster together.

All families bearing euasters and most other families

bearing asters were represented in our trees (Figs 7, 8) and

these were largely congruent with major demosponge

phylogeny studies (Morrow & C�ardenas, 2015; Morrow

et al., 2012, 2013; Redmond et al., 2013; Thacker et al.,

2013) as well as the current demosponge classification

adopted in the World Porifera Database (Van Soest et al.,

2017). We attempted to include as many sequences of

taxa with asterose microscleres as possible in our trees in

view of the homoplasious nature of asterose microscleres

(see C�ardenas, Xavier, Reveillaud, Schander, & Rapp,

2011; Morrow et al., 2012, 2013). Euasters are asters with

rays that radiate from a central point whilst asters have

rays projecting from an axis that can be straight or spiral

(Boury-Esnault & R€utzler, 1997 and see also C�ardenas
et al., 2011). Not all the genera in the families above con-

tain asterose microscleres, e.g., only Paratimea and Stelli-

gera in Stelligeridae contain asterose microscleres but not

the other two genera, Higginsia and Halicnemia. The Tra-

chycladidae clade presented in Morrow et al.’s (2013)

work on the distribution of asterose microscleres is absent

in our trees but it is not critical as its members only have a

very peculiar form of asterose microscleres known as

spined vermiform spinispirae and not true euasters. It

seems asterose microscleres can be very variable and plas-

tic. Sterrasters in Geodiidae are derived from euasters,

whilst those in Placospongiidae are from spirasters

(Vosmaer & Vernhout, 1902) and a vastly different

acanthoxea could have been derived from asterose micro-

scleres (Topsent, 1897). It was also necessary to include

Bubarida (an order that does not contain taxa with aster-

ose microscleres) in our trees because of its close affinity

to Axinellida exhibited as shown by Morrow, Picton,

Erpenbeck, Boury-Esnault, Maggs, and Allcock, (2012,

2013), Redmond et al. (2013), and Thacker et al. (2013).

Discussion
Despite over 100 cruises to the CCZ since the start of pol-

ymetallic nodule exploration in the late 1970s (Nimmo

et al., 2013; ISA pers. comm., 2015; ISA, 2015), it

appears that one of the most abundant and potentially eco-

logically important nodule-dwelling species has been

overlooked. We make this taxonomic description and

associated molecular and morphological data available to

facilitate future studies in the region, and to encourage the

establishment of a sustainable conservation strategy.

Plenaster craigi sp. nov., being simple in skeletal struc-

ture and bearing only two types of spicules, could be

related to taxa from three different families in two orders;

Timea (Timeidae; Tethyida); Hemiasterella and Leptosas-

tra (Hemiasterellidae; Tethyida); and Paratimea (Stelli-

geridae; Axinellida). However our molecular data (Figs 7,

8) suggest that P. craigi sp. nov. is sister to Axinellidae,

Heteroxyidae, Raspailiidae, and Stelligeridae nesting in

Axinellida s.l. clade. Taxa with the closest affinity to

512 S.-C. Lim et al.

D
ow

nl
oa

de
d 

by
 [

71
.2

06
.4

8.
16

2]
 a

t 1
2:

37
 1

7 
N

ov
em

be
r 

20
17

 



P. craigi sp. nov. were revealed in both trees. In the 28S

tree (Fig. 7), Hemiasterellidae sp. ‘KC869615’ is a sister

species to P. craigi sp. nov. with good support. Similarly

in the COI tree (Fig. 8), another Hemiasterellidae mem-

ber, Hemiasterella sp. ‘AY561977’, was sister to P. craigi

sp. nov. Although we were not able to examine the mor-

phological characters of these undetermined hemiasterell-

ids, we have compared the morphological characters of

four taxa (Hemiasterella aristoteliana, H. digitata,

H. typus, and Leptosastra constellata) in Hemiasterellidae

Fig. 7. Consensus tree from Bayesian analysis of 28S rRNA and 70 species in all the families and genera containing taxa (as far as possi-
ble) with both asterose microscleres. Asterisks denote posterior probabilities of 95 or higher. Taxon names are followed by their Gen-
Bank accession numbers.
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Fig. 8. Consensus tree from Bayesian analysis of COI and 101 species in all the families and genera containing taxa (as far as possible)
with both asterose microscleres. Asterisks denote posterior probabilities of 95 or higher. Taxon names are followed by their GenBank
accession numbers.
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most similar to P. craigi sp. nov., and they are clearly dis-

tinct from P. craigi sp. nov. Our trees based on 28S and

COI sequences also showed that Hemiasterellidae is poly-

phyletic (Figs 7, 8) in agreement with Morrow and

C�ardenas (2015) and Morrow et al. (2012). There is one

clade comprising undetermined Hemiasterella/Hemiaster-

ellidae species that clustered with P. craigi sp. nov. and

another clade comprising of Adreus C Axos clade in

Tethyida. Currently, only the clade in Tethyida is recog-

nized (see Morrow & C�ardenas, 2015; Van Soest et al.,

2017). However, the sequence for the type species for

Hemiasterella, i.e., H. typus Carter, 1879, and other Hemi-

asterella species have not been sequenced to determine

the true phylogeny of Hemiasterellidae. All Timea

sequences were distant from P. craigi sp. nov. but Timei-

dae is polyphyletic and the type species for Timea,

T. stellata Bowerbank, 1866, has not been sequenced. In

our COI tree, there are two taxa, Cymbastela corallio-

philia ‘JQ034537’ and Petromica pacifica ‘LN624194’,

forming a sister clade to P. craigi sp. nov. C Hemiaster-

ella sp. ‘AY561977’. Both Cymbastela (Axinellidae,

Axinellida) and Petromica (Desmanthidae, Bubarida) are

very different morphologically to each other and very dif-

ferent from Plenaster. Cymbastela are cup-shaped

sponges having exclusively oxeas and without asters, and

Petromica are massive sponges with desmas and without

microscleres. It is important to note that Cymbastela cor-

alliophila ‘JQ034537’ is unrelated to other Cymbastela

species (Erpenbeck et al., 2012) so its generic assignment

is uncertain. Petromica pacifica ‘LN624194’ formed a

Desmanthidae clade in a Axinellida s.l. clade together

with two other Petromica sequences in Schuster et al.

(2015) but sequences of three other genera including the

type species were absent (Desmanthus, Paradesmanthus,

and Sulcastrella), so it is not a robust Desmanthidae clade.

Examination of these materials is required to understand

their affinities with P. craigi sp. nov.

Plenaster craigi sp. nov. has the closest affinity to Axi-

nellidae in Axinellida s.l. clade (Figs 7, 8) amongst the

four families but only Stelligeridae has members (Parati-

mea and Stelligera) containing styles and euasters like

Plenaster. It is important to note that the classification of

the current four families in the Order Axinellida is still

equivocal (see Alvarez, De Voogd, Van Soest, & R. W.,

2016; Morrow & C�ardenas, 2015; Morrow et al., 2012;

Morrow et al., 2013; Redmond et al., 2013; Thacker et al.,

2013). The family Stelligeridae Lendenfeld, 1898 was

erected recently by Morrow et al. (2012) with Halicnemia

and Higginsia (formerly in the now obsolete family Des-

moxyidae), and Paratimea and Stelligera (formerly from

Hemiasterellidae). Order Axinellida L�evi, 1953 was also

recently resurrected by Morrow and C�ardenas (2015). It

comprises existing Axinellidae (formerly from Order Hal-

ichondrida) and Raspailiidae (formerly from Order Poeci-

losclerida) and also the newly resurrected families

Stelligeridae and Heteroxyidae. The hypotheses derived

from the above studies have consistently demonstrated

that Axinellidae contains non-monophyletic genera with

members that are unrelated to each other, including Axi-

nella, the type genus of the family (Alvarez et al., 2016).

Alvarez et al. (2016) were not convinced that the use of

the Order Axinellida is appropriate as it appears not defin-

able by clear morphological markers and has no practical

use yet for classifying sponges without homologous DNA

sequences. The erection of Order Axinellida and its fami-

lies are based on phylogenetic analyses, which did not

include all the type species of the genera. Morrow and

C�ardenas (2015) acknowledged that a large degree of

incongruence still exists between sponge phylogenies

reconstructed on the basis of molecular sequences and

those based on cladistic analysis of morphological charac-

ters (see also Morrow et al., 2012, 2013). There is still

much work to be done in estimating phylogenetic hypoth-

eses with sequences from type specimens and reconciling

differences in morphological characters and molecular

data. Many groupings proposed will continue to change

with descriptions and sequencing of new species, use of

new datasets and improvements in phylogenetic recon-

struction methods (Morrow & C�ardenas, 2015).
Plenaster has an entire skeleton comprising of dense

spheroxyasters with recurved spines, which is a strong

apomorphy for a new genus or even a new family. How-

ever, Plenaster is a phylogenetic ‘orphan’ with no similar

species and the erection of a new family may be better

supported after similar taxa are discovered, perhaps from

other abyssal environments. When the sequences of Hemi-

asterella type species, H. typus, and other Hemiasterella

species are known, they might cluster with the existing or

unknown Hemiasterella/Hemiasterellidae species in our

trees in Axinellida s.l. clade to establish the validity of

Hemiasterellidae in Order Axinellida. However, placing

Plenaster in the current Hemiasterellidae which is in the

Tethyida in the light of its location in Axinellida s.l. clade,

is akin to placing Plenaster further away from its true

phylogenetic position. With all these considerations, we

have refrained from erecting a new family in the order

Axinellida. Instead we have provisionally placed the new

species in the family Stelligeridae, until more sequences

and advanced phylogenetic reconstruction methods are

available to reveal the true phylogeny of Plenaster.

Our study has also shown that Plenaster craigi sp. nov.

was by far the most common metazoan organism attached

to the nodules in our study area with a mean abundance of

15.3 § 8.9 individuals per m2. Data (in preparation) from

the UK-1 exploration area that is adjacent to the OMS

area also suggests that P. craigi is the most common meta-

zoan encrusting the nodules. This is corroborated by

observations from subsequent research cruises to other

areas in the eastern CCZ, suggesting that this species is

possibly the most abundant metazoan on the nodules
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(D. Jones, pers. comm., 2017; S. Taboada, pers. comm.,

2017). High-definition imagery is now increasingly used

to determine megafaunal abundance, but the available res-

olution is still insufficient to allow positive identification

of small organisms such as P. craigi. For example, mega-

faunal abundance based on imagery at the adjacent UK-1

area averaged only 1.48 individuals per m2 (Amon et al.,

2016), much less abundant than P. craigi. The likely rea-

son that P. craigi was not reported previously is not for

the lack of sampling (there have been many sampling

cruises to the CCZ) but due clearly to insufficient observa-

tional and taxonomic work being carried out (e.g., Glover

et al., 2016a), and the fact that the species is quite small

and requires careful specimen handling. In some CCZ

areas, nodules can cover up to 99% of the seafloor surface

area (ISA, 2010) which is much higher than the average

nodule coverage (32.8§7.7%) in our study. The abun-

dance of P. craigi could be higher at these higher nodule

density areas as it is expected to correlate positively with

the surface area of nodules available for attachment.

Besides seamounts and occasional magmatic outcrops,

the nodules are the only hard substratum available for ses-

sile species to attach to in the CCZ (see Wendt, 1974), as

there are hardly any other forms of hard substrata on the

soft and muddy seafloor. The abundant and valuable nod-

ules that might be extracted from CCZ in the future (see

Glover & Smith, 2003; ISA, 2015) could result in loss of

substratum for P. craigi and other sessile organisms, and

consideration of this fauna is vital to making conservation

decisions in the deep sea. As filter-feeders, P. craigi are

also likely to be affected by sediment plumes generated

from nodule collection. Owing to their abundance and

wide distribution, they may prove to be an ideal

‘indicator’ species for future monitoring operations at the

eastern CCZ, and possibly across the entire CCZ. Future

work could also include determining the ecological role

of P. craigi, as well as monitoring abundance and diver-

sity before, during, and after harvesting activities in adja-

cent areas. Knowledge of the taxonomy, species structure,

biogeography, and basic natural history of deep-sea ani-

mals is clearly essential for accurate assessment of the

risk of species extinctions from large-scale mining

(Glover & Smith, 2003).
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