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Abstract

The bryozoan genus Scrupocellaria comprises about 80 species in the family Candidae. We propose a hypothesis for the
phylogenetic relationships among species assigned to Scrupocellaria to serve as framework for a phylogenetic classification
using 35 morphological characters. Our results suggest that the genus Scrupocellaria is polyphyletic. Scrupocellaria s. str. is
redefined according to four morphological features: vibracular chamber with a curved setal groove, ooecium with a single
ectooecial fenestra, two axillary vibracula, and a membranous operculum with a distinct distal rim. Thus, the genus includes
only 11 species: Scrupocellaria aegeensis, Scrupocellaria delilii, Scrupocellaria harmeri, Scrupocellaria incurvata, Scrupocellaria
inermis, Scrupocellaria intermedia, Scrupocellaria jullieni, Scrupocellaria minuta, Scrupocellaria puelcha, Scrupocellaria scrupea,
and Scrupocellaria scruposa. The monophyly of Cradoscrupocellaria is supported and five new genera are erected:
Aquiloniella n. gen., Aspiscellaria n. gen., Paralicornia n. gen., Pomocellaria n. gen. and Scrupocaberea n. gen. Two other new
genera, Bathycellaria n. gen. and Sinocellaria n. gen., are erected to accommodate two poorly known species, Scrupocellaria
profundis Osburn and Scrupocellaria uniseriata Liu, respectively. Scrupocellaria congesta is tentatively assigned to Tricellaria.
Fifteen species are reassigned to Licornia: Licornia cookie n. comb., Licornia micheli n. comb., Licornia milneri n. comb.,
Licornia curvata n. comb., Licornia diegensis n. comb., Licornia drachi n. comb., Licornia mexicana n. comb., Licornia pugnax n.
comb., Licornia raigadensis n. comb., Licornia regularis n. comb., Licornia resseri n. comb., Licornia securifera n. comb., Licornia
spinigera n. comb., Licornia tridentata n. comb., and Licornia wasinensis n. comb. Notoplites americanus n. name is proposed
as a replacement name for Scrupocellaria clausa Canu & Bassler. Three fossil species are reassigned to Canda: Canda rathbuni
n. comb., Canda triangulata n. comb. and Canda williardi n. comb. A species is reassigned to Notoplites, Notoplites
elegantissima n. comb. The generic assignment of eleven species of Scrupocellaria, including Scrupocellaria macandrei,
remains uncertain.
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Introduction The genus Scrupocellaria was erected to include Sertularia scruposa
] Linnaeus, 1758 [1]. Later authors added more species and

The bryozoan genus Scrupocellaria van Beneden, 1845 [1], as described new characters [25]; consequently, the bryozoan genus
traditionally understood, comprises about 80 species in the family Scrupocellaria van Beneden, 1845 grew in size and morpholégical
Candidae d’Orbigny, 1851 [2], [3]. It has been widely reported in diversity over time. In its broad sense [5], [26], Scrupocellaria has
shallow marine environments, from tropical to polar areas [4-11]. been defined as having the following characteristics: erect, biserial,

A few species have been reported in deeper water [12-14], with branching colonies anchored to the substratum by rhizoids;

greatest recorded depth about 2,000 meters [13]. Species of  ombic autozooids with partially membranous frontal walls, with

Scrupocellaria have also been reported on artificial substrates [15— spines, including a modified lateral spine (the scutum); zooid

17]. A few species have been considered exotic and introduced for polymorphs often including lateral and/or frontal avicularia,

different localities [18-21], but a reassessment of their introduction almost always including baso-lateral vibracula, and subglobular

status and a refined taxonomy suggest the taxa named may be part hyperstomial ooecia. At least three genera were synonymized

of species complexes [22] or belong to different genera [23], [24]. under Scrupocellaria, viz. Cellarina van Beneden, 1848 [27], Crisina
van Beneden, 1850 [28], and Licornia van Beneden, 1850 [26],
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[28]. One of the previously synonymized genera, Licornia, has since
been treated as a distinct taxon and its generic status restored [23].
Recently, Vieira et al. [24] used some morphological features to
erect a new genus, Cradoscrupocellaria, for some additional species
previously assigned to Scrupocellaria and described 18 new species.

Neither a morphological nor a molecular phylogenetic hypoth-
esis has been published for any taxa of the family Candidae,
despite the molecular evidence for non-monophyletic status of
Serupocellaria [29], [30]. Thus, the goals of this study were (i) to
assess and provide data on the comparative morphology of
Scrupocellaria sensu lato, finding previously unrecognized homologies
of the character states in order to (ii) propose a hypothesis of the
phylogenetic relationships among Scrupocellaria to (iii) serve as
framework for a phylogenetic classification of the group and the
validation of new nomenclatural decisions.

Materials and Methods

Nomenclatural Acts

The electronic edition of this article conforms to the require-
ments of the amended International Code of Zoological Nomen-
clature, and hence the new names contained herein are available
under that Code from the electronic edition of this article.
This published work and the nomenclatural acts it contains
have been registered in ZooBank, the online registration system
for the ICZN. The ZooBank LSIDs (Life Science Identifiers)
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:8A2439E2-4B08-419C-
BDA2-804A675F8B7B. The electronic edition of this work was
published in a journal with an ISSN, and has been archived and is
available from the following digital repositories: PubMed Central
and LOCKSS.

Specimens examined

For morphologic phylogenetic analysis 85 species of Candidae
were included (Text S1). To prevent incompleteness of data and
mislead of the characters/character states in the matrix, we did not
include in the phylogenetic analysis: fossil species, species with bad
preserved type material, and poorly known species whose type
specimens have not been found or examined using scanning
electron microscopy. In the absence of any previous phylogenetic
hypothesis related to the family Candidae, we selected 8 species
from four genera to serve as outgroups for the analysis, viz.
Notoplites Harmer, 1923, Tricellaria Fleming, 1828, Canda Lamour-
oux, 1816 and Caberea Lamouroux, 1816. Incorporating these taxa
was also important in order to test the monophyly of Scrupocellaria.
We chose Notoplites marsupiatus (Jullien, 1882) to root the unrooted
cladogram of the analysis because of its distinct scutum shape
(when compared with other Candidae species) and the presence of
abfrontal avicularia rather than abfrontal vibracula (a vibracular
chamber is considered to be a defining characteristic of
Scrupocellaria species [5], [11], [26], [31]).

Examined specimens (Recent and Fossil) are deposited in the
following collections:

AMNH, American Museum of Natural History (USA)

LSL, Linnean Society of London (United Kingdom)

MCZ, Museum of Comparative Zoology, Harvard University
(USA)

MM, Manchester Museum (United Kingdom)

MNHN, Muséum national d’Histoire naturelle (France)

MOM, Musée océanographique de Monaco (Monaco)

MTQ, Museum of Tropical Queensland (Australia)
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MZUSP, Museu de Zoologia da Universidade de Siao Paulo
(Brazil)

NMYV, Museum Victoria (Australia)

NHMUK, Natural History Museum, London (United King-
dom)

NCB, Nederlands Centrum voor Biodiversiteit Naturalis
(Nationaal Natuurhistorisch Museum, Leiden; Netherlands)

SBMNH, Santa Barbara Museum of Natural History (USA)

USNM, National Museum of Natural History, Smithsonian
Institution (USA)

VMNH, Virginia Museum of Natural History (USA)

All necessary permits were obtained for the described field
studies in Brazil (collecting permit numbers 10186 and 19936
SISBIO/Instituto Chico Mendes de Conserva¢io da Biodiversi-
dade). The reported localities do not include protected areas and
did not involve endangered or protected species. Permissions from
all museums were obtained to access and study their collections.

Morphology and phylogenetic analysis

All specimens were examined under the stereomicroscope.
Selected specimens were mounted for examination in a scanning
electron microscope (SEM) (Zeiss EVO-60, Zeiss LEO 1455-VP
and Zeiss DSM 940) for description and selection of the
characters. We scored 35 characters for all terminal taxa; some
of these characters show homoplasies among the family members
(e.g. absence of scutum and rhizoids with hooks). All characters
were treated as unordered and equally weighted. Autapomorphies
of terminal taxa, which do not provide evidence to support
monophyly at supraspecific levels, were excluded from the
analysis. Unknown states were indicated as “?” in the data matrix,
inapplicable states were indicated as (“-). Whenever necessary,
polymorphisms were explicitly considered in the coding and are
marked in the data matrix. The list and discussion of characters
used are given below.

The character matrix (Table S1) was edited using Mesquite
v2.75 [32]. Maximum parsimony analyses were carried out using
TNT vI1.1 [33], adopting “New Technology” search algorithms
(sectorial search, ratchet, tree drifting, and tree fusion) for 3,000
random addition sequences, 10 random number seeds, opting for
collapsing trees after the search. The resulting forest of trees was
summarized in a semi-strict consensus [34] topology. Bremer
support [35] was calculated using the script Bremer.run in TN,
with configuration “search for trees 10 times longer”, “do 10
ratchet iterations in constrained searches”, and other settings
following the standard script. The length (L), consistency index
(CI) and retention index (RI) for both tree and characters were
calculated in TNT. Morphological characters were optimized in
the semi-strict consensus tree, and the list of state optimizations
was included in supporting information Text S2.

List of characters used for phylogenetic analysis
Rhizoids (Figures 1A-F).

1. Transverse tubes connecting adjacent branches (L.=2; CI=0.500;
RI=0.833): (0) absent, (1) present (Figure 1A). Remarks. The
presence of this character is typical of the species assigned to
the genus Canda [26] and some species of Licornia [23]. The
interconnective rhizoid [36] (Figure 1A) arises from a proximal
rhizoidal pore of the vibracular chamber and attaches to the
pore of the vibracular chamber in the adjacent branch or,
rarely, to the abfrontal surface of the zooid in the adjacent
branch. Such interconnective rhizoids are quite distinct in
function from the holdfast rhizoids that attach to the substrate,
that are often found in Candidae species (Figures 1B-D). In
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Licornia, smaller (presumably younger) colonies may not have
the connecting tubes, but they are present in more developed
colonies (L.M. Vieira, unpubl. data).

2. Rhizowd surface (L=10; CI=0.200; RI=0.600): (0) smooth
(Figure 1B), (1) with retroussé hooks (Figure 1C), (2) ringed
(Figure 1D). Remarks. Hooked rhizoids have been considered a
phenotypical variation among Scrupocellaria species [26]. This
character, however, distinguishes some species of Candidae
[23], [24], [37].

3. Rhizouds adjacent to the abfrontal surface of the colony (L=1;
CI=1.000; RI=1.000): (0) absent (Figure 1E), (1) present
(Figure 1F). Remarks. Character present in some species of
Candidae, e.g. Notoplites clausus and Notoplites marsupiatus [26].

Branch (Figures 2A-B, 3A-C).

4. Position of the joints at bifurcation (L. = 2; C1=10.500; RI=0.667): (0)
passing across zooids FD and GC (Figure 2B), (1) passing across
zooids ] and GK (Figure 2A). Remarks. Chitinous joints between
branches are often reported in Candidae species, maybe as a result
of branch fragmentation [26]. The feature is conspicuous in some
genera (Licormia, Tricellaria, Notoplites, and in most species of
Candidae). In Canda spp., the joints are often seen in older
branches; and in a few Licornia species (viz., Licornia curvata, Licornia
diegensis, Licornia drachi, Licormia regularis, and Licornia securifera) the

Polyphyly of the Genus Scrupocellaria (Bryozoa)

joints are inconspicuous due to heavier calcification in all parts of
the colonies of those species. The bifurcation pattern of the colony
and position of the joints have been adopted to differentiate some
genera of branching, erect bryozoans with membranous frontal
walls [25], [38], [39]. The notation system used here for the
ordering of the zooecia at a branching event is based on the
bifurcation of biserial colonies (Figures 2A,B): “A” and “B”, for
the two most proximal zooids which form the bifurcation; “C” and
“D”, those placed on the outer sides of the branches right before
the bifurcation, budding off from “A” and “B” respectively; “E”,
the axillary zooid, derived from “A” and lying on the inner side of
“C”; “F” and “G”, on the inner side of the branches right after
the bifurcation and adjacent to zooids “D” and “C” respectively;
“J]” and “K”, the zooids derived from “D’ and “C”, respectively
[25]. This character is not known for Aspuscellaria bellula because of
the absence of bifurcations in the colonies studied; the joints are
apparently rare, present in a single zooid at the base of the colony
(40].

5. Position of the joints in relation to zoowds C and D (L.=5; CI=10.200;
RI=0.889): (0) passing across the gymnocysts (Figure 3C), (1)
passing across the opesiae (Figure 3B).

6. Position of the joints in relation to zoowds J and K (L=1; CI=1.000;
RI=1.000): (0) passing across zooid gymnocysts, (1) passing across
the zooid opesiae.

Figure 1. Rhizoids found in Candidae species. Rhizoids found in Candidae species (arrows). A, NHMUK 1926.9.6.84, Licornia jolloisii (Audouin,
1826); interconnective rhizoids (white arrow). B-D, Holdfast rhizoids (white arrows). B, NHMUK 1963.3.6.7a, Cradoscrupocellaria ellisi (Vieira & Spencer
Jones, 2012); smooth rhizoids. C, NHMUK 2010.12.6.1, Cradoscrupocellaria arisaigensis Vieira, Spencer Jones & Winston, 2013; rhizoids with retroussé
hooks. D, NHMUK 1899.6.1.340, Licornia cyclostoma (Busk, 1852); ringed rhizoids. E, USNM 8426, Paralicornia sinuosa (Canu & Bassler, 1927) n. comb.;
colony without rhizoid on abfrontal surface. F, NHMUK 1887.12.9.83, Notoplites clausus (Busk, 1884); colony with adjacent rhizoids on abfrontal

surface (black arrow).
doi:10.1371/journal.pone.0095296.g001
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7. Adjacent zoouds along the axis (L=1; CI=1.000; RI=1.000): (0)
placed side by side in the same plane or slightly inclined in relation
to the axis (Figures 3B,C), (1) are abruptly inclined, about 250
degrees or more in relation to the axis (Figure 3A). Remarks.
Licornia  diadema, Cradoscrupocellaria bertholletii, Cradoscrupocellaria
macrorhyncha, and Cradoscrupocellaria reptans have the frontal surface
of adjacent zooids slightly inclined in relation to the axis in apical
region of the colony, but placed side by side at the same plane in
some branches at the basal region (coded with “0”).

Zooid morphology (Figures 3B-F).

8. Aperture area (L= 3; C1=0.333; RI=0.714): (0) continuous and
in the same plane as the frontal membrane (Figure 3B), (1) placed
in an obliquely truncate distal area and separated from the frontal
membranous area by two suborificial condyles (Figures 3C,E).
Remarks. In Scrupocaberea ornithorhynchus, the truncate distal area is
reduced and shorter than those of Scrupocaberea dongolensis,
Scrupocaberea gilbertensis, and Scrupocaberea maderensis.

9. Dustal edge of autozooid (.= 2; CI=1.000; RI=1.000): (0) smooth
(Figure 3D), (1) toothed only in ovicelled zooids (Figure 3E), (2)
toothed in ovicelled and non-ovicelled zooids (Figure 3F).
Remarks. A toothed distal edge in autozooids has not yet been
described for Candidae species, because it can only be observed
using scanning electron microscopy. The character is considered
unknown (‘?°) for Scrupocellaria harmert, whose type is embedded in a
Canada balsam preparation.

10. Morphology of operculum (L=3; CI1=0.333; RI=0.714): (0)
membranous and only rim distinctly chitinous (Figure 3B), (1)
operculum wholly chitinous (Figure 3C). Remarks. The majority
of Candidae species has a membranous operculum continuous
with the frontal membrane, but distinguished from it by its
mverted-U-shaped and slightly chitinous distal edge. The thick
and entirely chitinous opercula of Notoplites spp., Scrupocaberea
dongolensis, Scrupocaberea  gilbertensis, Scrupocaberea maderensis, and
Scrupocaberea ornithorhynchus are placed in the obliquely truncate
distal area.

Polyphyly of the Genus Scrupocellaria (Bryozoa)

11. Cryptoeyst (L=12; CI=0.077; RI=0.368): (0) vestigial, as a
very tiny rim around the opesia (Figure 3B), (1) forming a
conspicuous stripe around the opesia (Figure 3C).

Spines (Figures 1F, 4A-H).. In Candidac the oral spine is
characterized by the presence of a jointed base (sometimes with
external calcification and distinct from the distal zooecial
projections found in Bugula species [41]). Candidae species have
a variable number of oral spines (0—7 distal spines), some of those
may be distinguished by their position at the distal margin of the
opesia, viz. inner, outer and median spines. Both the presence of
polymorphic data and the lack of topographic correspondence
suggest that not all spines are homologous, but may be a product
of serial homology. Hence, it is only possible to homologize the
states between the spines of the same nature, as indicated by
topographical correspondence. For example, the most proximal
outer spines of different taxa are comparable with each other but
not with the proximal inner spines of different taxa or even those
in the same individual. Thus, we coded them as three separate
characters (Characters 12 and 13 and 14), ¢.e. proximal-most outer,
the proximal-most inner and distal-most oral spines.

12. Proximal-most outer spine (L=7; CI=0.429; RI=0.556): (0)
absent (Figure 4A), (1) present, unbranched (Figure 4B), (2)
present, branched in a bifid pattern (Figure 4D), (3) present,
branched in a non-bifid pattern (cervicorn) (Figure 4C).

13. Proximal-most inner spine (L=7; CI=0.429; RI=0.200): (0)
absent (Figure 4A), (1) present, unbranched (Figure 4B), (2)
present, branched in a bifid pattern (Figure 4D), (3) present,
branched in a non-bifid pattern (cervicorn).

14. Distal-most spines (LL.=8; CI=0.250; RI=0.625): (0) absent
(Figure 4A), (1) present, unbranched (Figure 4B), (2) present,
branched.

15. Scutal spine at the inner edge of opesia (L=10; CI=0.200;
RI=0.704): (0) absent (Figure 4A), (1) present, arising at the

median region (or slightly below) of the inner part of the opesia
(Figures 4C,E-H), (2) present, arising at distal third (Figures 4I-L).

Figure 2. Notation for the order of zooids at branch bifurcations. Abfrontal surface of colony showing the uniform notation for the order of
zooids at branch bifurcations proposed by Harmer [25] and the position of the joints (modified from Harmer [25]). A, Joints passing across zooids FD

and GC (type 15). B, Joints passing across zooids FJ and GK (type 8).
doi:10.1371/journal.pone.0095296.9g002
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Figure 3. Branch and zooid morphologies. A, NHMUK 1890.1.30.25-27, Canda retiformis (Pourtalés, 1867); adjacent zooids sharply inclined in
relation to the axis, characteristic of Canda. B-C, Position of the joints in zooids C and D at bifurcation; note the development of cryptocyst (white
arrows) and two distinct opercula (rectangle). B, NHMUK 1936.12.30.146, Licornia jolloisii (Audouin, 1826); the joints (j) pass across the opesiae in
zooids C and D; note the membranous operculum with its distinctly chitinous distal rim. C, NHMUK 1899.7.1.780, Scrupocaberea maderensis (Busk,
1860) n. comb.; the joints (j) are passing across the gymnocysts in C and D zooids; note the entirely chitinous operculum placed in an obliquely
truncate distal area. D-F, Distal edge of autozooid (black arrow). D, NHMUK 1987.1.18.41, Paralicornia limatula (Hayward, 1988) n. comb.; smooth
distal edge. E, NHMUK 1996.4.26.5, Scrupocaberea sp.; corrugated distal edge in ovicelled zooids. F, NHMUK 1934.10.8.1, Scrupocellaria minuta

(Kirkpatrick, 1888); corrugated distal edge in non-ovicelled zooids.
doi:10.1371/journal.pone.0095296.9003

16. Shape of scutum arising at the median region of opesia (L.=6;
CI=0.833; RI=0.957): (0) spine-like and unbranched (Figure 4E),
(1) forked to branched, branches homogeneous in width and with
sharp tips (Figure 4F), (2) branched and flattened in cross section,
branches heterogeneous in width, with a planar frontal surface and
truncated tips (Figure 4G), (3) branched and cylindrical in cross
section, branches heterogeneous in width, with a convex frontal
surface and truncated tips (Figure 4H), (4) forming a single ovoid
plate, but with internal channels (visible under light microscope
because of their transparency) (Figure 4C), (5) forming an
asymmetrical plate, without internal channels. Remarks. Licornia
diadema has variable shape of scuta, varying from a simple paddle-
shaped scutum to an incipient branched scutum bearing one or
more slits at the outer margin (coded with “4”).

17. Shape of scutum arising at the distal third of opesia (L =5; CI=0.800;
RI=0.800): (0) slender base, i.e. as wide as distal spines, with
unbranched asymmetrical enlarged portion in which the distal
region is less developed than the proximal one (Figures 41-]), (1)
slender base, ze. as wide as distal spines, with an irregularly
branched enlarged portion, (2) stout base, i.e. two or more times
wider than distal spines, enlarged portion developed proximally
(Figure 4K), (3) stout base, i.e. two or more times wider than distal
spines, enlarged portion more developed distally than proximally
(Figure 4L), (4) stout base, z.e. two or more times wider than distal
spines, enlarged portion continuous with edge of opesia and with
some slits at the outer margin (Figure 1F).

18. Development of the unbranched asymmetrical portion of the scutum at the
distal third of opesia (L=2; CI=0.500; RI=0.800): (0) narrow
paddle-shaped, curved towards the proximal region of opesia
(Figure 4I), (1) enlarged shield-shaped, not curved towards the
proximal region of opesia (Figure 4]).

Frontal and lateral avicularia (Figures 5A-F).

PLOS ONE | www.plosone.org

19. Sessile distolateral avicularium (L =5; CI1=0.200; RI=0.714): (0)
absent (Figure 5A), (1) present (Figures 5B—H).

20. Durection of rostrum of sessile lateral avicularium (L.=3; CI=10.667;
RI=0.889): (0) lateral (Figure 5C), (1) obliquely laterodistal
(Figure 5B), (2) obliquely lateroproximal. Remarks. In species
with a sessile laterodistally directed avicularium the avicularium is
often obscured by the outer distal spines, therefore more difficult
to see.

21. Rostrum of lateral avicularium (L.=4; CI=0.500; RI=0.900): (0)
serrated lateral edge, straight to slightly curved at its tips
(Figure 5D), (1) smooth lateral edge, with curved tips (Figure 5E),
(2) serrated lateral edge, strongly hooked (Figure 5F).

22. Guant lateral avicularium (L=4; CI=0.500; RI=0.667): (0)
absent, (1) present, with triangular to elongate mandible
(Figure 5G), (2) present, with trifoliate mandible (Figure 5H).

23. Dimorphic frontal avicularium (L.=12; CI1=0.250; RI=0.727): (0)
absent, (1) present, with triangular mandible (Figure 5I), (2)
present, with lanceolate mandible, (3) present, with trifoliate
mandible.

Ovicells (Figure 6A-C).
24. Surface of ectooecium (LL.=35; CI1=0.333; RI=0.867): (0) with a

single proximal fenestra (Figure 6A), (1) with a single wide fenestra
occupying the majority of the surface of the ooecium (Figure 6B),
(2) porous (Figure 6C). Remarks. The single fenestra is reduced to
a minute drop-shaped pore in Scrupocellaria scruposa (Figure 6A) and
one minute pore in Scrupocellaria aegeensis. Smooth ooecia were
described for Scrupocellaria delilii [42], but an uncalcified proximal
area, like those of Tricellaria arctica, is often seen in the proximal
border of the ectooecium (L.M. Vieira, unpubl. data; coded with
“07).
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Figure 4. Oral spines and scutum. Oral spines and scutum. A, NHMUK 1911.10.1.367, Scrupocellaria inermis Norman, 1867; zooid without distal
spines and scutum. B, NHMUK 1882.5.24.8-12, Cradoscrupocellaria gautieri Vieira, Spencer Jones & Winston, 2013; zooid with unbranched oral spines.
C, MZUSP 266, Aspiscellaria sp.; zooid with proximal-most outer spine branched (cervicorn) and additional unbranched spines; note the single ovoid
plate of scutum. D, MZUSP 532, Licornia drachi (Marcus, 1955) n. comb.; zooid with proximal-outer, outer and inner spines bifurcated, and distal
unbranched spines. E-L, Distinct morphologies of scutum at the inner edge of opesia, arising at the median region of opesia—Character 16: E, state O,
NHMUK 1936.12.30.146, Licornia jolloisii (Audouin, 1826); F, state 1, NHMUK 2010.10.6.1, Cradoscrupocellaria tenuirostris (Osburn., 1950); G, state 2,
NHMUK 1911.10.1.353, Cradoscrupocellaria ellisi (Vieira & Spencer Jones, 2012); H, state 3, NHMUK 2010.12.6.22, Cradoscrupocellaria odonoghuei Vieira,
Spencer Jones & Winston, 2013—or from its distal third—Character 17: |-J, state 0 (I, NHMUK 1968.1.18.110, Pomocellaria californica (Trask, 1857); J,
NHMUK 1911.10.1.373, Scrupocellaria delilii (Audouin, 1826)); K, state 2, NHMUK 1928.9.13.98, Scrupocaberea dongolensis (Waters 1908); L, state 3,
NHMUK 1934.10.8.1, Scrupocellaria minuta (Kirkpatrick, 1888).

doi:10.1371/journal.pone.0095296.9004

25. Sessile avicularium associated with ooectum (L=1; CI=1.000; 27. Lateral rhizoidal (rootlets) chamber associated with outer zooids at the

RI=1.000): (0) absent (Figures 6B,C), (1) present (Figure 6A).

Abfrontal heterozooids (Figures 7A-I).

26. Heterozooids on abfrontal surface of the colony (L=3; CI1=0.667;
RI=0.889): (0) absent (Figure 7A), (1) present, as vibracula
(Figures 7C,E-I), (2) present, as avicularia (Figure 7B). Remarks.
Some Candidae species have abfrontal avicularia, i.e. modified
zooids that lack a functional polypide and with modified
operculum (mandible) [43—45]. Two distinct types of avicularia
are found on the abfrontal surface of Candidae species:
adventitious avicularia, with acute mandibles and one pore in
the plane of the palate; and vibracula, with toothed setiform
mandibles (setae) and with a tubular orifice at the base of seta [45].
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bifurcation (L.=1; CI=1.000; RI=1.000): (0) absent, (1) present
(Figure 7D). Remarks. The relation between the joints and
holdfast rhizoids is not altered during the development of the
colony [25]. Species of Tricellaria produce holdfast rhizoids on the
proximal sides of the joints, while Notoplites species produce
holdfast rhizoids on the distal side of the joints [25], [26].

28. Palatal surface of setal groove in vibracular chamber (.= 4; CI=0.500;
RI=0.933): (0) present, complete, without foramen (Figures 7C,E),
(1) present, complete, with a foramen (opesium) (Figure 7F), (2)
absent (Figure 7I). Remarks. In some species the palatal surface is
variable, entirely complete to partially incomplete, near the
tubular orifice (coded with “0”; Figure 7E).
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Figure 5. Frontal and lateral avicularia. Frontal and lateral avicularia. A, NHMUK 1888.4.16.200, Aspiscellaria frondis (Kirkpatrick, 1890) n. comb.;
zooids without lateral avicularium. B-H, Zooids with sessile lateral avicularium (white and black arrows). B, NHMUK 2010.12.6.22, Cradoscrupocellaria
odonoghuei Vieira, Spencer Jones & Winston, 2013; zooid with avicularium positioned at outer distal corner and directed obliquely distolaterally. C,
NHMUK 1899.7.1.804, Scrupocaberea dongolensis (Waters 1908) n. comb.; zooid with avicularium positioned lateral to the opercular area and directed
laterally. D-F, Rostrum of lateral avicularium. D, NHMUK 1936.12.30.146, Licornia gaspari (Thornely 1907); serrated lateral edge, straight at its tips. E,
NHMUK 1968.1.18.110, Pomocellaria californica (Trask, 1857) n. comb.; smooth lateral edge, with curved tips. F, NHMUK 1899.7.1.804, Scrupocaberea
dongolensis (Waters 1908) n. comb.; serrated lateral edge, strongly hooked. G-I, Dimorphic lateral and frontal avicularia (black arrows). G, NHMUK
1968.1.18.110, Pomocellaria californica (Trask, 1857) n. comb.; dimorphic lateral avicularium with triangular mandible. H, NHMUK 1998.9.29.6,
Paralicornia sp.; dimorphic lateral avicularium with trifoliate mandible. |, NHMUK 1968.1.18.104, Licornia diegensis (Robertson, 1905) n. comb.;
dimorphic frontal avicularium.

doi:10.1371/journal.pone.0095296.g005

29. Position of the setal groove on vibracular chamber (non axial vibracula) in
relation lo the internodal axis (L.=1; CI=1.000; RI=1.000): (0)
transverse (Figure 7C), (1) oblique (Figures 7E-T).

30. Shape of oblique setal groove in vibracular chamber (L=10;
CI=0.500; RI=0.792): (0) curved, of medium length, occupying
at maximum two thirds of the inner margin of the vibracular
chamber length; setal groove developed up to half of the width of
the zooid (Figure 7H), (1) curved, long, occupying entire inner
margin of the vibracular chamber; setal groove developed up to
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the width of the zooid (Figure 7I), (2) straight, short, occupying half
of the length of the vibracular chamber; setal groove placed
distally to the rhizoidal pore (Figure 7E), (3) straight, medium,
occupying two thirds of the length of the vibracular chamber; setal
groove reaching the median part of the rhizoidal pore (Figure 7F),
(4) straight, long, occupying the entire length of the vibracular
chamber; setal groove passing through the lateral region of the
rhizoidal pore but not reaching the line defined by the juxtaposed
lateral walls of the zooids (Figure 7G), (5) straight, very long,
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Figure 6. Sessile ooecia found in Candidae. Sessile ooecia found in Candidae. A, NHMUK 1966.1.10.9, Scrupocellaria scruposa (Linnaeus, 1758);
ooecium with a small drop-shaped pore with a distal avicularium (white arrow). B, NHMUK 1968.1.18.111, Pomocellaria varians (Hincks, 1882) n.
comb.; ooecium with single, large fenestra, without avicularium. C, NHMUK 1899.7.1.736, Cradoscrupocellaria bertholletii (Audouin, 1826); ooecium

with porous ectooecium.
doi:10.1371/journal.pone.0095296.g006

greater than the length of the vibracular chamber and reaching
the line defined by the juxtaposed lateral walls of the zooids.

31. Number of axial vibracula (L.=2; CI=0.500; RI=0.929): (0) one
(Figures 7C,E-G), (1) two (Figures 7H-I).

32. Setal groove i a single axial vibraculum (L=1; CI=1.000;
RI=1.000): (0) lateral (Figure 7E), (1) longitudinal (Figures 7F,G).
33. Setal morphology (L=7; CI=0.125; RI=0.300): (0) delicate,
translucent white, (1) hard, chitinous, yellowish-gold.

34. Surface of setae (LL=1; CI=1.000; RI=1.000): (0) smooth, (1)
barbate.

35. Length of setae (.= 2; CI=0.500; RI=0.929): (0) short, as long
as internode width, shorter than zooid length (Figure 7H), (1) long,
longer than internode width, longer than zooid length (Figure 7C).

Results and Discussion

Phylogenetic analysis

The TNT analysis yielded 49 most parsimonious trees (L. = 126;
CI=0.492; RI=0.867). The semi-strict consensus tree (L.=156;
CI=0.397; RI=0.805) shows a polyphyly of the genus Scrupo-
cellana s. I (Figure 8). Most clades have very low support values
(Bremer support of 1), but Node 36 (Canda) has Bremer support of
5; Node 1 has Bremer support of 4; and the Nodes 35 (Caberea) and
37 (Serupocaberea n. gen.) have Bremer support of 2 (Figure 8).
The basal part of the tree of the Candidae has a
low resolution, probably because of the high number of characters
coded as inapplicable in those basal taxa causing unstable
relationships. Taxonomically, we decided to consider two species
of the basal polytomies to be part of the genus Tricellaria Fleming,
1828, viz. Tricellaria arctica n. comb. (Menipea arctica Busk, 1855, also
referred to Scrupocellaria arctica) and Tricellaria elongata n. comb.
(Cellularia scabra f. elongata Smitt, 1868, also referred to Scrupocellaria
elongata), instead of creating new generic names to accommodate
these species. Our decision is based on some shared characters,
such as (i) absence of abfrontal vibracula/avicularia, (i1) presence
of a lateral rhizoidal chamber associated with the outer zooids of
the bifurcation, (iii) a scutum arising from the distal third of the
inner opesial rim and (iv) joints passing across the gymnocyst of
outer zooids in the zooids C and D. The species described as
Scrupocellaria congesta is distinguishable from other Tricellaria in
having joints passing across the opesia of outer zooids in the zooids
C and D (assigned in the tree with question mark). 7ricellaria is the

Tricellaria.
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sister group of ?Tricellaria congesta (genus incertae sedis) + Group A +
Clade B.

Group A (Aquiloniella n. gen.): taxa with basal
avicularium. A polytomy of four species is here considered to
be part of Group A and a large Clade B (with an unambiguous
synapomorphy: presence of abfrontal vibracular chamber). The
unresolved polytomy would allow a monophyletic Group A to be
tested in future analysis. Nomenclaturally, it is convenient to
consider the species of Group A as belonging to a unique genus,
described below as Aquilonzella n. gen. All species of Aquiloniella n.
gen. are endemic to Arctic and sub-Arctic waters, and may be
characterized by colonies with chitinous joints passing across the
gymnocyst of outer zooids of the bifurcation, as do those of
Tricellaria, but with abfrontal avicularia. Thus, they are distinct
from Tricellaria in the absence of the lateral rhizoidal chamber
associated with the outer zooids of the bifurcation, in the presence
of abfrontal avicularia, and a scutum arising at the median region
of the inner part of the opesia.

Clade B: taxa with abfrontal vibracula. The analysis
supports the monophyly of the species of Candidae with an
abfrontal vibracular chamber (Clade B). The switch from smooth
lateral edge to serrated lateral edge of the rostrum of the lateral
avicularium is another synapomorphy for this clade. This clade
comprises four monophyletic groups (Clade C + Clade D + Clade
E + Clade F). The topology of Clade B shows an interesting history
concerning the development of setal groove of the vibracular
chamber along the evolution of the species of Candidae. The
possession of a vibracular chamber with transversal setal groove
would be primitive (plesiomorphic), as it is present in three of the
included clades (Clade C, Clade D, and Clade E), and the change
to an oblique setal groove would be synapomorphic for Clade F.

Clade C (Pomocellaria n. gen.): the eastern Pacific
clade. Clade C seems to be endemic to the Eastern Pacific. It
has a basal phylogenetic position in Clade B and it is characterized
by (1) an abfrontal vibracular chamber with a transversal setal
groove, (i) ooecium with a large ectooecial fenestra, and (iii) a
single axial vibracula. Presence of abfrontal vibracula with a
transverse setal groove is a character also present in Clade D and
Clade E, but the two clades are distinguished from Clade C by the
presence of an ooecium with some ectooecial pores in Clade D and
E. The dimorphic lateral avicularia, characteristics of Pomocellaria
californica n. comb. and Pomocellaria varians n. comb., are absent in
Pomocellaria inarmata n. comb. and Pomocellaria talonis n. comb. In the
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Figure 7. Heterozooids on abfrontal surface of the colony. Heterozooids on abfrontal surface of the colony. A, NHMUK 1911.10.1.385,
Tricellaria congesta (Norman, 1903); colony without abfrontal heterozooids. B, NHMUK 1911.10.1.376, Aquiloniella scabra (van Beneden, 1848) n.
comb.; abfrontal avicularia. C, NHMUK 1929.4.26.17, Cradoscrupocellaria galapagensis Vieira, Spencer Jones & Winston, 2013; abfrontal vibracula, with
transverse setal groove. D, lateral rhizoidal chamber associated with outer zooids at the bifurcation in Tricellaria sp.; note the absence of abfrontal
avicularia. E-1, Abfrontal vibracula with oblique setal groove (axial vibracula shown by black arrow and other vibracula shown by white arrow). E,
NHMUK 1987.1.18.41, Paralicornia limatula (Hayward, 1988) n. comb.; vibracula with straight setal groove occupying less than half the length of the
vibracular chamber; the setal groove of the axial vibraculum is laterally placed. F, NHMUK 1936.12.30.146, Licornia gaspari (Thornely 1907); vibracula
with straight setal groove occupying two thirds of the length of the vibracular chamber; the palate is complete and with a small foramen. G, NHMUK
1928.9.13.105, Licornia curvata (Harmer, 1926) n. comb.; vibracula with straight setal groove occupying the entire length of the vibracular chamber;
note the presence of single axial vibraculum. H, NHMUK 1911.10.1.373, Scrupocellaria delilii (Audouin, 1826); vibracula with curved setal groove
occupying two thirds of the total length of the vibracular chamber; note the presence of two axial vibracula (black arrows). I, MOM 420193,
Scrupocellaria incurvata Waters 1897; vibracula with curved setal groove occupying the entire length of the vibracular chamber; note the presence of
two axial vibracula (black arrows).

doi:10.1371/journal.pone.0095296.g007

basalmost taxon, Pomocellaria inarmata, the scutum and oral spines
are absent.

Clade D (Aspiscellaria n. gen.) and Clade E
(Cradoscrupocellaria). Members of Clade D and Clade E
have a circumtropical distribution in shallow waters. Clade D has
an unambiguous synapomorphy, the outer spines are branched
three or more times (cervicorn); this clade also includes species
with an oval scutum with internal channels (ornamentation),
whereas the branched scutum with a planar frontal surface,

PLOS ONE | www.plosone.org

present in Aspiscellaria bellula n. comb. and in Cradoscrupocellaria, may
be considered a homoplasy.

The monophyly of the genus Cradoscrupocellaria is supported here
(Clade E). This genus is characterized by the presence of (i)
articulate distal unbranched spines, (i) a branched scutum arising
from midline of the inner edge of the opesia, (iii) a trapezoidal
vibracular chamber, (iv) single axial vibraculum, and (v) an
ooecium with some ectooecial pores [24]. Character 16 (the shape
of the scutum arising at the median region of opesia) is
plesiomorphic for character state 1, found in majority of species,
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vibracular chamber with an oblique setal groove, derived from a
primitive condition of a vibracular chamber with transversal setal
groove which becomes a short to long oblique setal groove.

while character state 2 and 3 are apomorphic and have an

independent origin.
Clade F: taxa with a vibracular chamber with oblique

setal groove. Clade F has an unambiguous synapomorphy, a
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Group G (Paralicornian. gen.). The basal part of the Clade
F has a polytomy including one monophyletic clade (Paralicornia
hamata n. comb. + Paralicornia obtecta n. comb. + Paralicornia sinuosa
n. comb.) defined by a dimorphic lateral avicularium with trifoliate
rostrum, and two other species, Paralicornia limatula n. comb. and
Paralicormia pusilla n. comb. The phylogeny suggests that the
polytomy may comprise a distinct clade with circumtropical
distribution (Group G, named Paralicornia n. gen.) due to the (i)
absence of bifurcated oral spines (characteristic of Licornia species),
(i1) the presence of joints passing across the gymnocysts of outer
zooids at the branch, and (iii) the presence of a shorter setal grove
than those of Licornia species.

Licornia: a paraphyletic group. The monophyly of Licornia
is not supported by the analysis and the position of some Licornia
species remains unresolved, most likely because of the elevated
number of polymorphic characters included in the data matrix. At
the same time, the diagnostic characteristics of the genus described
by Vieira et al. [23] are insufficient to distinguish species of Licornia
from six species previously assigned to Scrupocellaria. Thus, we
herein transfer these taxa to the genus Licorma: Licornia curvata
(Harmer, 1926) n. comb., Licornia diegensis (Robertson, 1905) n.
comb., Licornia drachi (Marcus, 1955) n. comb., Licomia regularis
(Osburn, 1940) n. comb., Licornia securifera (Busk, 1884) n. comb.,
and Licormia tnidentata (Waters, 1918) n. comb. (despite the
differences in the length of setal grooves, which are longer than
those of Licornia, and the presence of barely chitinized setae in
Licornia). According to the phylogeny, the taxonomic position of
Licornia macropora remains uncertain.

Clade H: polytomy of taxa including Scrupocellaria s.
Despite the low resolution of the semi-strict tree, we use a
part of the polytomous taxa of Clade H-——characterized by
presence of an avicularium at the outer wall of the ooecium—to
redefine the genus Scrupocellaria s. str. according to four morpho-
logical features: (i) vibracular chamber with curved setal groove, (ii)
ooecium with a single and small ectooecial fenestra, (iii) two
axillary vibracula, and (iv) a membranous operculum with a
distinct distal rim. Thus, the genus Scrupocellaria encompasses only
nine species from the polytomy: Scrupocellaria harmert, Scrupocellaria
minuta, Scrupocellaria delilii, Scrupocellaria incurvata, Scrupocellaria inermis,
Scrupocellaria intermedia, Scrupocellaria scrupea, Scrupocellaria scruposa,
and Scrupocellaria aegeensis. Although these species do not form a
unique group, future studies may test the monophyly of the genus.

Clade I (Scrupocaberea n. gen.). The monophyletic Clade
I, here described as Scrupocaberea n. gen., comprises four species
distinct from Scrupocellaria s. str. in having a (i) well chitinized
operculum placed in an obliquely truncate distal area, and a (ii)
scutum with a stout base arising at the distal third of opesia and
with an enlarged portion developed proximally. Hence, Scrupoca-
berea has a mixture of the morphological features of Caberea (viz.
scutum with stout base and enlarged portion developed proximal-
ly, arising from the distal third of the inner opesial rim; distinct
opercular area with strongly chitinous operculum) and Scrupocellaria
(viz. vibracular chamber with obliquely curved setal groove).
Caberea, however, has been morphologically well defined due to the
well-developed vibracular chamber with a very long setal groove
and barbate seta [26], [31], [46] and, in the present phylogeny, the
monophyly of the genus Caberea is supported by these two
unambiguous synapomorphies. The genus Canda, previously
characterized by the presence of rhizoids forming cross connec-
tions between branches and zooids in two series with their frontal
surfaces facing obliquely outwards from the axis [46], has its
monophyly supported by three unambiguous synapomorphies, viz.
(i) joints passing across opesiac of the zooids J and K at the
bifurcation, (i) adjacent zooids abruptly inclined in relation to the

str.
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axis, (ili) scutum arising at the median region of opesia and
forming an asymmetrical plate, without internal channels.

Systematic account

Genus  Scrupocellaria  van
str. (Figures 9A-C,10A-N; Text S3)

Scrupocellaria van Beneden, 1845: 26 [1].

Type species. Sertularia scruposa Linnaeus, 1758 (Figures 9A—
C), by original designation.

Diagnosis. Candidae with jointed branches, almost rectan-
gular zooids, tapering proximally and with broadly oval opesia
occupying most of the frontal surface. Joints crossing or slightly
below the opesia of outer zooids and crossing the gymnocyst of the
mner zooids at the bifurcation. Cryptocyst present or reduced.
Oral spines often present, unbranched. Frontal scutum sometimes
present, asymmetrical, arising from distal third of the inner margin
of the opesia or slightly below it. Lateral avicularia present,
aquiline, with a serrated rostrum and hooked tip. Irontal
avicularia often present, small, monomorphic. Vibracular cham-
ber almost triangular, with a rhizoidal foramen; setal groove
curved and directed obliquely; 2 axillary vibracula. Ooecium with
single ectooecial fenestra and a small avicularium at its outer
border (Figures 9A-C).

Remarks. Tilbrook and Vieira [11] and Vieira et al. [23],
[24] noted that bryozoan taxonomists have long considered
Scrupocellaria van Beneden, 1845 to be a well-defined genus, despite
the mixtures of characters seen among the many species assigned
to it. According to the diagnostic features described above the
genus is now redefined to accommodate 11 of the species
previously assigned to it: Sl aegeensis Harmelin, 1969 [47]
(Figures 10A-B), SL delill; (Audouin, 1826) [48], [49]
(Figures 10C-D), SI. harmers Osburn, 1947 [40] (the type specimens
could not be figured), SI. incurvata Waters, 1897 [38] (Figures 10E—~
¥ = Scrupocellaria aquitanica Jullien & Calvet, 1903 [50]), SL. inermis
Norman, 1867 [51] (Figures 10G-H; = Serupocellaria grimaldii
Jullien & Calvet, 1903 [50]), SI intermedia Norman, 1893 [52]
(Figures 101-]), SL jullien Hayward, 1978 [53] (specimens have not
been examined using SEM; thus, this species was not included in
the phylogeny), SL munuta Kirkpatrick, 1888 [54], [55]
(Figures 10K-L), S puelcha (d’Orbigny, 1841) n. sta. [56], [57]
(specimens have not been examined using SEM; thus, this species
was not included in the phylogeny), Sl scrupea Busk, 1851 [58]
(Figures 10M-N) and SI scruposa (Linnaeus, 1758) [59], [60]
(Figures 9A—C). The assignment of Serupocellaria macandrer Busk,
1852 [61] to Scrupocellaria s. str. was not confirmed because the
morphological characteristics of the species cannot be recognized
in the type specimen (NHMUK 1854.11.14.78).

Five new genera are erected to accommodate species included
in the present phylogeny: Aquiloniella n. gen., Aspiscellaria n. gen.,
Paralicornia n. gen., Pomocellaria n. gen. and Scrupocaberea n. gen. (see
below). Two other new genera, Bathycellaria n. gen. and Sinocellaria
n. gen. are erected to accommodate two additional species
(specimens have not been examined using SEM; thus, they were
not included in phylogeny; see Remarks on other species
previously assigned to Scrupocellaria). The diagnosis of Licornia
[23] is emended to include species with uncurved setal groove
directed obliquely to the axis of the internode and extending two-
thirds or more of the vibracular chamber length; thus, in addition
to the six species included in the phylogenetic analysis (Figure 8),
another eight species are reassigned to Licornia (see below).

The curved setal groove of the vibraculum of members of the
genus Scrupocellaria s. str. resembles those of Canda and Scrupocaberea
n. gen.; the genus Canda is distinct in the shape of the internodes,
position of the joints in relation to the bifurcation, the presence of

Beneden, 1845 s.
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Figure 9. Scanning electron micrographs of Scrupocellaria scruposa (Linnaeus, 1758). Scrupocellaria scruposa (Linnaeus, 1758). A,C. NHMUK
1966.1.10.9, English Channel, United Kingdom; B. NHMUK 1847.9.15.28, British coast. A, Frontal surface of the bifurcation. B, Close-up of the frontal

surface of the ovicelled zooid. C, Abfrontal surface of the colony.
doi:10.1371/journal.pone.0095296.g009

interconnective rhizoids, and a well-developed cryptocyst. The
genus Scrupocaberea n. gen. is distinguishable from Scrupocellaria s. str.
by the presence of a well-chitinized operculum placed at the distal
truncate area of the zooid (see below).

Scrupocellaria inermis is distinguishable from the other species of
the genus by the absence of oral spines and scutum. The scutum is
also absent in the type of the genus, SL scruposa. Scrupocellaria
aegeensts, described from Mediterranean, has a scutum with a
convex distal edge and cuspidate projections at the proximal and
distal inner rim. Scrupocellaria minuta has a distinctly different
scutum with a stout base three times wider than the distal spines
and an enlarged portion more developed distally than proximally.
Small differences are seen in scuta shape of SI. delilit, SI. harmer: and
SL. scrupea; they can be clearly distinguished by the position of the
joints across the bifurcation, and the shape and size of abfrontal
vibracula. Scrupocellaria intermedia and SI. jullien: are distinct among
Scrupocellaria species in having a scutum arising from the median
region of the inner part of the opesia; Scrupocellaria intermedia is also
distinct in having dimorphic lateral avicularia with trifoliate rostra.
Other species with trifoliate lateral avicularia are assigned to
Paralicornia n. gen. (see below). Scrupocellaria incurvata has a large
scutum, as wide as the opesia; this species is also characterized by
the presence of dimorphic lateral avicularia with a triangular,
laterally directed mandible.

Genus Aquiloniella n. gen. urnisid:izoobank.org:act:
EF783DC7-CA4B-4399-8B91-56F211F913B1

(Figures 11A-H; Text S4)

Type species. Scrupocellaria  americana  Packard, 1863
(Figures 11A-B).
Diagnosis. Candidae with jointed branches and almost

rectangular zooids, with oval opesia occupying about half of the
length of the zooid. Joints crossing the gymnocyst of outer and
mner zooids at the bifurcation. Cryptocyst reduced around opesia.
Oral spines often present, unbranched. Frontal scuta symmetrical,
oval, arising at the median region of the inner part of the opesia.

PLOS ONE | www.plosone.org

12

Lateral avicularia often present, monomorphic. Frontal avicularia
often present, small, monomorphic. Abfrontal avicularia often
present, small, with a rhizoidal foramen; setal groove straight,
directed transversely; the setal groove is placed distally to the
rhizoidal pore. Ooecium with single ectooecial fenestra.

Etymology. The genus name refers to the Roman god of the
north wind, Aquilon, bringer of cold winter air, in allusion to its
occurrence in Arctic and sub-Arctic waters, with the Latin
diminutive suffix —ella (feminine), little, in allusion to its short
distal spines.

Remarks. Aquiloniella n. gen. is erected to include five species
reported in Arctic and sub-Arctic waters: Aq. americana (Packard,
1863) n. comb. [62] (Figures 11A-B), Aq. aviculareae (Yanagi &
Okada, 1918) n. comb. [63] (specimens have not been examined
using SEM; thus, this species was not included in the phylogeny),
Aq. orientalis (Kluge, 1955) n. comb. [64] (Figures 11C-D), A4q.
paenulata (Norman, 1903) n. comb. [65] (Figures 11E-F), and Ag.
scabra (van Beneden, 1848) n. comb. [66] (Figures 11G-H).
Scrupocellaria scabra var. paenulata forma minor Kluge, 1915 has
abfrontal avicularia, like those of Aquiloniella species, but it is
considered a nomen nudum [67].

Aquilonzella n. gen. is distinguished from Tricellaria by absence of
the lateral rhizoidal chamber associated to the outer zooids of the
bifurcation, presence of abfrontal avicularia and a scutum arising
at the median region of the inner part of the opesia. Aquiloniella n.
gen. is easily set apart from Scrupocellaria s. str. in having abfrontal
avicularia (rather than abfrontal vibracula in Scrupocellaria s. str.)
and in the shape of lateral avicularia.

Genus Aspiscellaria n. gen. urnlsid:zoobank.org:act:
648BIE0D-6793-4190-85A4-EFA4B4652E50

(Figures 12A-L; Text S5)

Type species. Scupocellaria  piscaderaensis  Fransen, 1986
(Figures 12K-L).
Diagnosis. Candidae with jointed branches and almost

rectangular zooids, with short oval opesia occupying half-length
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Figure 10. Species assigned to Scrupocellaria van Beneden, 1845 s. str. Species assigned to Scrupocellaria van Beneden, 1845 s. str. A-B,
Scrupocellaria aegeensis Harmelin, 1969, NHMUK 2010.12.7.3, Aegean Sea. C-D, Scrupocellaria delilii (Audouin, 1826), NHMUK 1911.10.1.373, Adriatic.
E-F, Scrupocellaria incurvata Waters, 1897, NHMUK 1899.7.1.797, Crete, Mediterranean. G-H, Scrupocellaria inermis Norman 1867, NHMUK
1911.10.1.367, syntype, British coast. |-J, Scrupocellaria intermedia Norman, 1896, NHMUK 1911.10.1.369, syntype, Norway. K-L, Scrupocellaria minuta
(Kirkpatrick, 1888), NHMUK 1934.10.8.1, Mauritius. M-N, Scrupocellaria scrupea Busk, 1851, NHMUK 2010.12.8.5, Guernsey.

doi:10.1371/journal.pone.0095296.g010

of the zooid. Joints crossing the gymnocyst of outer and inner
zooids at the bifurcation, or at proximal end of the opesia of outer
zooids. Cryptocyst variably developed around opesia. Oral spines
often present, with proximal-most outer spines branched two or
more times (cervicorn). Frontal scuta symmetrical, oval, arising at
or slightly below the median region of the inner part of the opesia.
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Lateral avicularia often present, monomorphic, with a slightly
serrated rostrum and straight tip. Frontal avicularia often present,
small, monomorphic. Vibracular chamber trapezoidal, with a
rhizoidal foramen; setal groove straight, directed transversely; the
setal groove is placed distally to the rhizoidal pore; 1 axillary
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Figure 11. Species assigned to Aquiloniella n. gen. Species assigned to Aquiloniella n. gen. A-B, Aquiloniella americana (Packard, 1863) n. comb.,
MCZ 134, syntype, ?Labrador. C-D, Aquiloniella orientalis (Kluge, 1955) n. comb., Svalbard (P. Kuklinski coll.). E-F, Aquiloniella paenulata (Norman,
1903) n. comb., MCZ 523, Gulf of Maine. G-H, Aquiloniella scabra (van Beneden, 1848) n. comb., NHMUK 1911.10.1.376, United Kingdom.

doi:10.1371/journal.pone.0095296.g011

vibraculum with lateral setal groove present. Ooecium with some
ectooecial pores.

Etymology. The genus names is formed from the word aspis
(Greek), the generic term for shield, in allusion to its rounded
scutum, + cellaria, used for some bryozoan genera.

Remarks. The vibracular chamber with transverse setal
groove resembles those of Cradoscrupocellaria and Pomocellaria n.
gen. Aspiscellaria n. gen. is easily distinguished from these two
genera by its proximal-most spine which is cervicorn in shape.
Pomocellaria n. gen. is distinct in the position of the scutum, arising
from the distal third of the inner edge of the opesia, and in having
an ooecium with a single frontal fenestra.

We reassigned eight species to Aspiscellaria: Ap. bellula (Osburn,
1947) n. comb. [40] (Figures 12A-B), 4p. carmabi (Fransen, 1986)
n. comb. [68] (Figures 12C-D), 4p. cornigera (Pourtales, 1867) n.
comb. [69] (Figures 12E-F), Ap. frondis (Kirkpatrick, 1890) n.
comb. [70] (Figures 12G-H), 4p. hildae (Fransen, 1986) n. comb.
[68] (Figures 121-]), Ap. panamensis (Osburn, 1950) n. comb. [12]
(specimens have not been examined using SEM; thus, this species
was not included in the phylogeny), Ap. piscaderaensis (Fransen,
1986) n. comb. [68] (Figures 12K-L), and Ap. unicornis (Liu, 1980)
n. comb. [71] (specimens have not been examined using SEM;
thus, this species was not included in the phylogeny; despite the
lack of comparative specimens available for study, illustrations
show this Chinese species also has proximal-most cervicorn spine,
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porous ooecium and vibraculum with transverse setal groove; see
[71]).

Three species of Aspiscellaria n. gen. are characterized by the
absence of a lateral avicularium: Ap. frondis, Ap. hildae, and Ap.
unicornis, these three species are distinguished from each other by
the shape of the scutum, the shape and size of the frontal
avicularium and the shape of ectooecial pores. Aspicellaria frondis
has a rounded scutum covering the majority of the opesia, with a
narrow cryptocyst, distinct from Ap. hildae and Ap. unicornis; the two
later species are distinct in the size of the zooids and in having
shorter frontal avicularia than Ap. unicornis. Aspiscellana carmaby is
distinguishable from Ap. piscaderaensis by the position of joints at the
outer zooids at the bifurcation, and shape of frontal avicularium.
Aspuscellaria cornigera is characterized by a well-developed scutum
with projections at its proximal and distal inner edge. The
examination of museum specimens of Aspiscellaria also revealed
that additional new species await description.

Genus Paralicornia n. gen. urn:sid:zoobank.org:act:
A6204B1E-D9BE-4543-9473-E5A33FBD5C29

(Figures 13A-L; Text S6)

Type species. Scupocellaria sinuosa Canu & Bassler, 1927
(Figures 13E-F).

Diagnosis. Candidae with jointed branches and almost
rectangular zooids with short oval opesia occupying half the zooid
length. Joints crossing the gymnocyst of outer and inner zooids at
the bifurcation. Cryptocyst reduced around opesia. Oral spines
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Figure 12. Species assigned to Aspiscellaria n. gen. Species assigned to Aspiscellaria n. gen. A-B, Aspiscellaria bellula (Osburn 1947) n. comb.,
AMNH 1518.1, Jamaica. C-D, Aspiscellaria carmabi (Fransen, 1986) n. comb.; C, VMNH 13699, Belize; D, NHMUK 2012.7.1.10, paratype, Curacao. E-F,
Aspiscellaria cornigera (Pourtalés, 1867) n. comb., NHMUK 1911.10.1.368, Barbados. G-H, Aspiscellaria frondis (Kirkpatrick 1890) n. comb., LM Vieira
coll., Brazil. I-J, Aspiscellaria hildae (Fransen, 1986) n. comb., NHMUK 2012.7.1.9, paratype, Curacao. K-L, Aspiscellaria piscaderaensis (Fransen, 1986) n.

comb., NHMUK 2012.7.1.8, paratype, Curagao.
doi:10.1371/journal.pone.0095296.g012

present, unbranched. Frontal scuta symmetrical to asymmetrical,
oval to subrectangular, arising at the median region (or slightly
below) the inner part of the opesia. Lateral avicularia present, with
a slightly serrated rostrum and straight tip; lateral avicularium
sometimes replaced by an avicularium. Frontal avicularia often
present, small, monomorphic. Vibracular chamber almost trian-
gular, with a rhizoidal foramen; setal groove straight, obliquely
directed and occupying half of the length of the vibracular
chamber; the setal groove is placed distally to the rhizoidal pore; 1
axillary vibraculum with lateral setal groove. Ooecium with some
ectooecial pores.

Etymology. The generic name refers to the similarities of this
genus with some Licornia species.

Remarks. Vieira e al. [23], [24] use two major character
differences, viz. presence of ooecia with ectooecial pores and single
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axillary vibraculum, to reassign some species of Scrupocellaria to two
separate genera, Licornia and  Cradoscrupocellaria. The genus
Cradoscrupocellania 1s quite distinct from Licornia and Paralicornia n.
gen. in having a vibracular chamber with a transversal setal
groove; Cradoscrupocellaria seems to be morphologically related to
Aspiscellaria, but the two are distinct in the shape of the frontal
scutum (branched in Cradoscrupocellaria and rounded in Aspuscellaria,
excepted by Ap. belulla), the presence of dimorphic frontal
avicularia (characteristic of some Cradoscrupocellaria) and the
presence of branched distal spines (characteristic of Aspiscellaria).
The genus Licormia resembles Paralicornia n. gen. in the direction of
the setal groove of the vibraculum, but the two genera are distinct
in the position of the joints in the outer zooids at the bifurcation
(crossing the opesia in Licornia and the gymnocyst in Paralicornia n.
gen.), the presence of shorter opesia in Paralicornia n. gen. than in
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Figure 13. Species assigned to Paralicornia n. gen. Species assigned to Paralicornia n. gen. A-B, Paralicornia limatula (Hayward, 1988) n. comb.,
NHMUK 1987.1.18.41, Mauritius. C-D, Paralicornia obtecta (Haswell, 1880) n. comb., NHMUK 1897.5.1.209, Australia. E-F, Paralicornia sinuosa (Canu &
Bassler, 1927) n. comb., USNM 8426, Hawaii. G-L, Undescribed species of Paralicornia: (G-H) NHMUK 1996.4.26.8, Mauritius; (I-J) NHMUK

1936.12.30.177, Mauritius; (K-L) NHMUK 2000.4.11.1546, Australia.
doi:10.1371/journal.pone.0095296.9013

Licornia, the presence of bifurcated distal spines in Licoria, and the
length of setal groove, longer in Licornia species than those of
Paralicornia. The gigantic trifoliate lateral avicularia found in the three
known species of Paralicornia n. gen. seem to be absent in Licornia.
Seven species previously assigned to Scrupocellaria are transferred
here to Paralicornia n. gen.: viz. Pa. hamata (Tilbrook & Vieira, 2012)
n. comb. [11] (figured by [11]), Pa. limatula (Hayward, 1988) n.
comb. [53] (Figures 13A-B), Pa. obtecta (Haswell, 1880) n. comb.
[72] (Figures 13C-D), Pa. pusilla (Smitt, 1872) n. comb. [73]
(figured by [74]), Pa. sinuosa (Canu & Bassler, 1927) n. comb. [75]
(Figures 13E-F; see also [11]), Pa. spatulatoidea (Lin, 1980) n. comb.
[71] (specimens have not been examined using SEM; thus, this
species was not included in the phylogeny), and Pa. unguiculata
(Osburn, 1950) n. comb. [12] (specimens have not been examined
using SEM; thus, this species was not included in the phylogeny).
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Paralicornia unguiculata has distinct dimorphic lateral avicularia with
ligulate mandibles.

The examination of specimens deposited at the NHMUK,
AMNH and USNM revealed that about a dozen new species of
Paralicornia will also need to be described (see Figures 13G-L).
Scrupocellana spatulata (d’Orbigny, 1851) [2] has been treated as
morphologically related to Pa. sinuosa [11], but due to the absence
of type material and the presence of similar species, this taxon is
here considered a species inquirenda, t.e. a species with doubtful
identity needing further assessment.

Genus Pomocellaria n. gen. urn:sid:zoobank.org:act:
1E033805-798F-4680-B3F6-BDF303C967E8

(Figures 14A-H; Text S7)

Type species. Scrupocellara
(Figures 14A-B).

califormica  Trask, 1857
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Figure 14. Species assigned to Pomocellaria n. gen. Species assigned to Pomocellaria n. gen. A-B, Pomocellaria californica (Trask, 1857) n. comb.,
NHMUK 1968.1.18.110, California. C-D, Pomocellaria inarmata (O'Donoghue & O'Donoghue, 1926) n. comb., NHMUK 1964.4.2.10, holotype, Pacific
coast of United States. E-F, Pomocellaria talonis (Osburn, 1950) n. comb., VMNH 13690, Pacific coast of United States. G-H, Pomocellaria varians

(Hincks, 1882) n. comb., NHMUK 1968.1.18.111, California.
doi:10.1371/journal.pone.0095296.g014

Diagnosis. Candidae with jointed branches and almost
rectangular zooids, with oval opesia occupying half-length of the
zooid. Joints crossing the gymnocyst of outer and inner zooids at
the bifurcation. Cryptocyst reduced around opesia. Oral spines
often present, unbranched. Frontal scuta arising at the distal third
of the inner part of the opesia. Lateral avicularia often present,
dimorphic. Frontal avicularia often present, small, monomorphic.
Vibracular chamber trapezoidal, with a rhizoidal foramen; setal
groove straight, directed transversely, placed distally to the
rhizoidal pore; an axillary vibraculum with lateral setal groove.
Ooecium with single ectooecial fenestra.

Etymology. The generic name is composed from pomo (an
indigenous people of California) + cellaria, used for some bryozoan
genera.

Remarks. Pomocellaria n. gen. is erected to include four
Eastern Pacific species: Po. californica (Trask, 1857) n. comb. [76]
(Figures 14A-B; = Scrupocellaria brevisetis Hincks, 1882 [77]; see
[78]), Po. inarmata (O’ Donoghue & O’Donoghue, 1926) n. comb.
[79] (Figures 14C-D), Po. talonis (Osburn, 1950) n. comb. [12]
(Figures 14E-TF), and Po. varans (Hincks, 1882) n. comb. [77]
(Figures 14G—H). Pomocellaria n. gen. is distinguishable from the
other two genera with a trapezoidal vibracular chamber—u.c.
Cradoscrupocellaria and Aspiscellaria n. gen.—in the position of the
scutum, arising from the distal third of the inner edge of the opesia
rather than the median part of the inner edge of the opesia; and in
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having an ooecium with a single frontal fenestra rather than one
with many pseudopores. The dimorphic lateral avicularium and
distal spines are absent in Pomocellaria inarmata.

Genus Scrupocaberea n. gen. urn:sid:zoobank.org:act:
03E75D59-E2D3-45E5-83F0-412CFC7ABCE2

(Figures 15A-L; Text S8)

Type  species. Scupocellaria  maderensis ~ Busk, 1860
(Figures 15A-C).
Diagnosis. Candidae with jointed branches, almost rectan-

gular zooids, broadly oval opesia occupying most of the frontal
surface, and a truncate distal opercular area. Operculum well-
chitinized. Joints crossing the gymnocyst of outer and inner zooids
at the bifurcation. Cryptocyst present, well developed around the
opesia. Oral spines present, unbranched. Frontal scuta asymmet-
rical, with a stout base, more developed proximally than distally,
arising from the distal third of the inner margin of the opesia,
below the most proximal inner spine. Lateral avicularia present,
aquiline, with a serrated rostrum and hooked tip. Frontal
avicularia often present, small, monomorphic. Vibracular cham-
ber almost triangular, with a rhizoidal foramen; setal groove
curved and directed obliquely; 2 axillary vibracula. Ooecium with
single and large ectooecial fenestra and a small avicularium at its
outer border. Distal edge of ovicelled zooid with toothed rim.
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Figure 15. Species assigned to Scrupocaberea n. gen. Species assigned to Scrupocaberea n. gen. A-C, Scrupocaberea maderensis (Busk, 1860) n.
comb. A, NHMUK 1899.7.1.780, syntype, Madeira; B-C, specimen from Azores. D-E, Scrupocaberea dongolensis (Waters, 1909) n. comb., NHMUK
1928.9.13.98, syntype, Sri Lanka. F-G, Scrupocaberea ornithorhynchus (Wyville Thomson, 1858) n. comb., NHMUK 1899.7.1.783, syntype, Australia. H-L,
Undescribed species of Scrupocaberea: (H-1) NHMUK 1887.12.9.103, Cape Verde, (J-K) NHMUK 1961.11.2.42, Gulf of Mexico; (L) NHMUK 1928.3.6.169,

Malay Archipelago.
doi:10.1371/journal.pone.0095296.9g015

Etymology. The generic name refers to the mixture of
morphologic characteristics of the new genus with Scrupocellaria and
Caberea species.

Remarks. The presence of a well-chitinized operculum
placed in an obliquely truncate distal area, a toothed rim on the
distal edge of ovicelled zooids, and the presence of two axillary
vibracula led us to include four species in a new genus, Scrupocaberea
n. gen.: Sh. dongolensis (Waters, 1909) n. comb. [80] (Figures 15D—
E), Sb. gilbertensis (Maplestone, 1909) n. comb. [81] (the type
specimens could not be figured), Sb. maderensis (Busk, 1860) n.
comb. [82] (Figures 15A-C), and Sb. ornithorhynchus (Thomson,
1858) n. comb. [83] (Figures 15F-G).

Scrupocaberea maderensis has been reported to be widespread in
tropical and subtropical waters worldwide [6], [26], but re-
examination of some of the NHMUK specimens so identified,
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revealed that this name represents a species complex (eg.
Figures 15H-L). At least two species were previously synonymized
under Sb. maderensis by Harmer [26], viz. Scrupocaberea dongolensis
and Sb. gilbertensis; these species are distinct from Sb. maderensis
(Figures 15A—C) by virtue of the number of oral spines, shape of
the scutum (smaller in Sb. dongolensis and larger in Sb. gilbertensis
than Sb. maderensis), shape of frontal avicularia, surface of the
cryptocyst (granulose in Sb. gilbertensis), and size of the autozooids
(smaller in Sb. dongolensis and Sb. gilbertensis than those of Sb.
maderensis). Zooids of Sb. ormithorhynchus also have a well-chitinized
operculum; this species differs from Sb. maderensis in having a
vibracular chamber with a shorter setal groove and by the shape of
scutum which is asymetrically developed in distal edge in Sb.
omithorhynchus rather than truncate as those of Sb. maderensis.
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Remarks on other species previously assigned to
Scrupocellaria

Four Recent species of Scrupocellaria not included in this study
probably belong to Licornia due to their having porous ooecia and
similarly shaped abfrontal vibracula; they are here reassigned to
Licornia: Licornia mexicana (Osburn, 1950) n. comb. [12], Liwormia
pugnax (Osburn, 1950) n. comb. [12], Licormia spimgera (Osburn,
1950) n. comb. [12], and Licornia wasinensis (Waters, 1913) n. comb.
[39]. In L. spinigera the joints pass across proximal end of the opesia
of outer zooids at the bifurcation, but pass more distally (near to
the half-length of opesia) in L. mexicana and L. pugnax. Licornia
wasinensis is characterized by the absence of a scutum and by
dimorphic lateral avicularia with forked mandibles; this forked
mandible [39] is distinguishable from the trifoliate mandible
characteristic of Paralicornia species.

We have examined the type specimens of Scrupocellaria
elegantissima David & Pouyet, 1986 [84] (MNHN 13098, holotype;
MNHN 13131-3, paratypes); this species is here reassigned to
Notoplites Harmer, 1923 due to the presence of basal avicularia and
joints passing across zooids F] and GK at bifurcation [25], thus
Notoplites elegantissima (David & Pouyet, 1986) n. comb.

Three Recent species (specimens have not been examined using
SEM; thus, these species were not included in the phylogeny) are
unassigned to any genus of Candidae, Scrupocellaria micheli Marcus,
1955 [85] (no specimens have been found), Scrupocellaria profundis
Osburn, 1950 [12] (SBMNH 96161, balsam slide, paratype;
specimens have not been examined using SEM), and Scrupocellaria
uniseriata Liu, 1984 [86] (no specimens have been found). The
Brazilian species Scrupocellaria micheli is distinct in the irregular
branching pattern of the colony and the presence of large aquiline
lateral avicularia [85]. We suggest a morphological relationship
between Scrupocellaria micheli and other Paralicornia n. gen. and
Licornia species due to the presence of vibracula with a straight,
obliquely directed setal groove occupying half of the length of the
vibracular chamber, and an ooecium with some ectooecial pores;
this species is tentatively assigned to Licornia, thus Licornia micheli
(Marcus, 1955) n. comb. Scrupocellaria profundis Osburn, 1950 is a
deep water species (recorded from more than 1000 m deep [12]),
characterized by the presence of two axial vibracula and no
scutum, as SL. scruposa; this species is distinguishable from any other
members of genus (as well as other genera described above) in the
shape of its zooids, which are twisted at the axis of the maternal
internode, and the position of the radicles chamber, lateral rather
than proximally placed in the vibracular chamber and two axial
vibracula with longitudinal straight setal groove (setal groove are
curved in other genera with two axial vibracula, vz. Canda,
Scrupocellaria  and  Scrupocaberea n. gen.). Bathycellana n. gen.
(urn:lsid:zoobank.org:act:362C7211-AE4D-4430-A385-
B768B2E06FES) (from the Greek word bathys, deep, in allusion of
its occurrence in deep sea, + cellaria, used for some bryozoan
genera; Gender, feminine) is erected to accommodate Osburn’s
species [12] (type species by monotypy), thus Bathycellaria profundis
(Osburn, 1950) n. comb. Secrupocellaria uniseriata Liu, 1984 has
unique uniserial colonies [86], distinct from other genera of
Candidae; Sinocellaria n. gen. (urn:lsid:zoobank.org:act:93013294-
FD7C-40D4-8361-370CF74B631D) (from sio-, meaning from
China, + cellaria, used for some bryozoan genera; Gender, feminine)
is erected to accommodate Liu’s (1984) species (type species by
monotypy), thus Sinocellaria uniseriata (Lin, 1984) n. comb.

About 19 fossil species have been assigned to the genus
Scrupocellaria. Scrupocellaria clausa Ganu & Bassler, 1920 [87] (USNM
64247-8, Oligocene Vicksburgian, syntypes) belongs to Notoplites,
but this name is preoccupied by Notoplites clausus (Busk, 1884) [88];
thus,  Notoplites  americanus  n.  name  (urn:sid:zoobank.
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org:act:C032937B-14AF-415D-86B4-E4270574EDFE) is  pro-
posed as a replacement name for Scrupocellaria clausa Canu &
Bassler, 1920. Three species described from the Oligocene
(Vicksburgian) Alabama, USA, are reassigned to Canda: Canda
rathbuni (Canu & Bassler, 1920) n. comb. [87] (USNM 64245,
holotype), Canda triangulata (Canu & Bassler, 1920) n. comb. [87]
(USNM 64241, holotype) and Canda williardi (Canu & Bassler,
1920) n. comb. [87] (USNM 64243, syntypes). At least four
species, Scrupocellaria cooker Canu & Bassler, 1920 [87] (USNM
64237, Oligocene Vicksburgian, syntypes), Scrupocellaria mulneri
Canu & Bassler, 1920 [87] (USNM 64238-40, Oligocene
Vicksburgian, syntypes), Scrupocellaria raigadensis Badve & Sonar,
1997 (Holocene, India; see [89] for the descriptions and figures),
Serupocellaria resseri Canu & Bassler, 1920 [87] (USNM 64242,
Oligocene Vicksburgian, syntypes), belong to Licoria, thus Licornia
cookie (Canu & Bassler, 1920) n. comb., Licornia milner: (Canu &
Bassler, 1920) n. comb., Licornia raigadensis (Badve & Sonar, 1997)
n. comb., and Licornia ressert (Canu & Bassler, 1920) n. comb.
Scrupocellaria marosticana Bizzarini & Braga, 2001 [90] (new name
for Scrupocellaria watersi Bizzarini & Braga, 1999 [91] non
Scrupocellarna waterst Kluge, 1914 [92]) is distinguishable from other
fossils in the group in having avicularia on the abfrontal surface of
the colonyj; it 1s reassigned to Aquilonzella, thus Aquiloniella marosticana
(Bizzarini & Braga, 2001) n. comb. The characteristics observed in
the type specimens of Scrupocellaria dubia Canu & Bassler, 1920 [87]
(USNM 63953, Eocene Jacksonian, holotype) and Scrupocellaria
vaughani Canu & Bassler, 1920 [87] (USNM 64244, Oligocene
Vicksburgian, holotype), did not allow us to assign the species to
any genus of the Candidae. The assignment of eight species—uiz.
Scrupocellaria elliptica Reuss, 1869 [93], Scrupocellaria brendolensis
Waters, 1891 [94], Scrupocellaria crenulata MacGillivray, 1895 [95],
Scrupocellaria elliptica (Reuss, 1848) [96], Scrupocellaria gracilis Reuss,
1869 [93], Scrupocellaria montecchiensis Waters, 1891 [94], Scrupo-
cellaria prolifera (’Orbigny, 1853) [2] and Serupocellaria rostrata
Malecki, 1980 [97]—are still uncertain and examination of the
type specimens of these species will be required to confirm their
assignment in Serupocellaria s. str. or other genera.

Supporting Information

Table S1
(XLSX)

Text S1 List of specimens examined and included in the
phylogenetic analysis.
DOCX)

Text 82 List of character state optimisations for semi-strict
consensus tree (Figure 1). No List of autapomorphies was
provided.

Character matrix used in phylogenetic analysis.

(DOCX)

Text 83 List of type material of Scrupocellaria species.
DOCX)

Text 84 List of type material of Aquiloniella species.
(DOCX)

Text 85 List of type material of Aspiscellaria n. gen.
(DOCX)

Text 86 List of type material of Paralicornia n. gen.
DOCX)

Text 87 List of type material of Pomocellaria n. gen.
(DOCX)

Text 88 List of type material of Scrupocaberea n. gen.

(DOCX)

April 2014 | Volume 9 | Issue 4 | 95296



Acknowledgments

Logistical support was provided for L.M. Vieira by the American Museum
of Natural History (USA), Musée océanographique de Monaco (Monaco),
Museu de Zoologia da Universidade de Sdo Paulo (Brazil), Museum of
Comparative Zoology, Harvard University (USA), Muséum national
d’Histoire naturelle (France), Natural History Museum (UK), the Nationaal
Natuurhistorisch Museum — Naturalis (Netherlands), The Smithsonian’s
National Museum of Natural History (USA), Universidade Federal da
Bahia (Brazil) and the Virginia Museum of Natural History (USA). We are
grateful to several people who helped during Museum visits: Adam
Baldinger (MCZ), Robert Woollacott (MCZ), Christine LeBeau (AMNH),
Estefania Rodriguez (AMNH), Elly J. Beglinger (Naturalis), Koss Egmond
(Naturalis), Facelicia Barros Cortés Souza (UFBA), JoAnn Sanner
(USNM), Linda Cole (USNM), Marcos D.S. Tavares (MZUSP), Aline
Benetti (MZUSP), Michele Bruni (MOM), Pierre Lozouet (MNHN) and
Jean-Loup d’Hondt (MNHN). Thanks to Henry W. Chaney (SBMNH)
who loaned Osburn’s specimens included in this study. Some researchers
helped with comparative specimens and SEMs images: Bjorn Berning
(University of Graz, Austria) and Max Wisshak (Senckenberg am Meer,

Wilhelmshaven) provided photos of Scrupocaberea maderensis from Azores;

References

1. Beneden PJ van (1845) Recherches sur I'anatomie, la physiologie, et de la
développement des Bryozoaires qui habitent la cote d’Ostende. Nouv Mém
Acad Roy Sci Belleslett Bruxelles 18: 1-44.

2. d’Orbigny A (1851-1854) Paléontologie frangaise. Description des Mollusques et
Rayonnés fossiles. Terrains crétacés, V. Bryozoaires. Paris: Victor Masson. 1192

p.

3. Bock P (2013) Recent and Fossil Bryozoa: Serupocellaria van Beneden, 1845.
Mount Waverley (Vic): Philip Bock. Available: http://bryozoa.net/
cheilostomata/candidae/scrupocellaria.html. Accessed 2013 September 26.

4. Gordon DP (1986) The marine fauna of New Zealand: Bryozoa: Gymnolaemata
(Ctenostomata and Cheilostomata Anasca) from the western south Island
continental shelf and slope. NZOI Mem 95: 1-121.

5. Hayward PJ, Ryland JS (1998) Cheilostomatous Bryozoa. Part. 2. Aeteoidea -
Ciribrilinoidea. Synop Br Fauna new ser 10: 1-366.

6. Tilbrook KJ (2006) Cheilostomatous Bryozoa from the Solomon Islands. Santa
Barbara Mus Nat Hist Monogr 4: 1-386.

7. Denisenko NV, Kuklinski P (2008) Historical development of research and
current state of bryozoan diversity in the Chukchi Sea. In: Wyse Jackson PN,
Spencer Jones ME, editors. Annals of Bryozoology 2. Dublin: International
Bryozoology Association. pp. 35-50.

8. Kuklinski P, Taylor PD (2008) Are bryozoans adapted for living in the Arctic?
In: Hageman SJ, Key MM]J, Winston JE, editors. Proceedings of the 14th
International Bryozoology Association Conference, Boone, North Carolina, July
1-8, 2007, Virginia Museum of Natural History, Special Publication 15.
Martinsville: Virginia Museum of Natural History. pp. 101-110.

9. Vieira LM, Migotto AE, Winston JE (2008) Synopsis and annotated checklist of
Recent marine Bryozoa from Brazil. Zootaxa 1810: 1-39.

10. Vieira LM, Farrapeira CMR, Amaral FD, Lira SMA (2012) Bryozoan
biodiversity in Saint Peter and Saint Paul Archipelago, Brazil. Cah Biol Mar
53: 159-167.

11. Tilbrook KJ, Vieira LM (2012) Serupocellaria (Bryozoa: Cheilostomata) from the
Queensland coast, with the description of three new species. Zootaxa 3528: 29—
48.

12. Osburn RC (1950) Bryozoa of the Pacific coast of America. Part 1,
Cheilostomata - Anasca. Allan Hancock Pac Exped 14: 1-269.

13. Hayward PJ (1981) The Cheilostomata (Bryozoa) of the deep sea. Galathea Rep
15: 21-68.

14. Grischenko AV (2013) First record of a bathyal bryozoan fauna from the Sea of
Japan. Deep Sea Res Part II Top Stud Oceanogr 86: 172-180. doi: 10.1016/
j-dsr2.2012.08.003

15. Zintzen V, Massin C (2010) Artificial hard substrata from the Belgian part of the
North Sea and their influence on the distributional range of species. Belg J Zool
140: 20-29.

16. Lodola A, Savini D, Occhipinti-Ambrogi A (2012) First record of Tricellaria
tnopinata (Bryozoa: Candidae) in the harbours of La Spezia and Olbia, Western
Mediterranean Sea (Italy). Mar Biodivers Rec 5: e4l. doi: 0.1017/
S1755267212000309

17. Marques AC, dos Santos Kloh A, Migotto AE, Cabral AC, Rigo AR, et al.
(2013) Rapid assessment survey for exotic benthic species in the Sao Sebastiao
Channel, Brazil. Lat Am J Aquat Res 41: 265-285.

18. Brock BJ (1985) South Australian fouling bryozoans. In: Nielsen C, Larwood
GP, editors. Bryozoa: Ordovician to Recent. Fredensborg: Olsen & Olsen. pp.
45-49.

19. Galil BS (2007) Seeing Red: Alien species along the Mediterranean coast of
Israel. Aquat Invasions 2: 281-312. doi: 10.3391/ai.2007.2.4.2

PLOS ONE | www.plosone.org

Polyphyly of the Genus Scrupocellaria (Bryozoa)

Piotr Kuklinski (Polish Academy of Sciences and NHMUK) provided
photos and additional data of some Arctic species (7ricellaria spp. and
Aquiloniella spp.); Jean George Harmelin (Institut Méditerranéen d’Océa-
nologie), Javier Souto (Universitit Wien) and Oscar Reverter-Gil
(Universidade de Santiago de Compostela) sent some data and SEMs of
some Candidae from Mediterranean. Thanks to Andrei Ostrovsky (St
Petersburg State University and Universitait Wien), Dennis P. Gordon
(Institute of Water and Atmospheric Research) and Paul D. Taylor
(NHMUK) for their suggestions and comments on this work. Don K.
Colgan, Kevin Tilbrook, Joshua Mackie and an anonymous referee
provided comments on the text. Contribution no. 943 from the
Smithsonian Marine Station, Fort Pierce, Florida. This is a contribution
of the NP-BioMar, USP.

Author Contributions

Conceived and designed the experiments: LMV JEW AEM. Performed the
experiments: LMV. Analyzed the data: LMV MES] JEW AEM ACM.
Contributed reagents/materials/analysis tools: LMV MES]. Wrote the
paper: LMV MES] JEW AEM ACM. Obtained scanning electron
microscopy images: LMV MES]..

20. Farrapeira CMR, Tenorio DO, Amaral FD (2011) Vessel biofouling as an
inadvertent vector of benthic invertebrates occurring in Brazil. Mar Pollut Bull
62: 832-839. doi: 10.1016/j.marpolbul.2010.12.014

21. Canning-Clode J, Fofonoff P, McCann L, Carlton JT, Ruiz G (2013) Marine
invasions on a subtropical island: fouling studies and new records in a recent
marina on Madeira Island (Eastern Atlantic Ocean). Aquat Invasions 8: 261—
270. doi: 10.3391/2i.2013.8.3.02.

22. Rocha RM, Vieira LM, Migotto AE, Amaral ACZ, Ventura CRR, et al. (2013)
The need of more rigorous assessments of marine species introductions: A
counter example from the Brazilian coast. Mar Pollut Bull 67: 241-243. doi:
10.1016/j.marpolbul.2012.12.009

23. Vieira LM, Spencer Jones ME, Winston JE (2013) Resurrection of the genus
Licormia for Scrupocellaria jolloisii (Bryozoa) and related species, with documentation
of L. jolloisii as a non-indigenous species in the western Atlantic. ] Mar Biol Assoc
UK 93: 1911-1921. doi: 10.1017/50025315413000301

24. Vieira LM, Spencer Jones ME, Winston JE (2013) Cradoscrupocellaria, a new
bryozoan genus for Scrupocellaria bertholletii (Audouin) and related species
(Cheilostomata, Candidae): taxonomy, biodiversity and distribution. Zootaxa
3707: 1-63. doi: 10.11646/zootaxa.3707.1.1

25. Harmer SF (1923) On cellularine and other Polyzoa. Journ Linn Soc, Zool 35:
293-361.

26. Harmer SF (1926) The Polyzoa of the Siboga Expedition. Part 2. Cheilostomata
Anasca. Siboga-Expeditie Monogr 28b: 181-501.

27. Beneden PJ van (1848) Recherches sur les Polypes bryozoaires de la Mer du
Nord. Bull CI Sci Acad R Belg 15: 67-82.

28. Beneden PJ van (1850) Recherches sur les Bryozoaires de la Mer du Nord (suite),
at projet d’une classification des animaux de ce groupe. Bull Cl Sci Acad R Belg
16: 644-658.

29. Hao J, Li C, Sun X, Qun Y (2005) Phylogenetic and divergence time estimation
of cheilostome bryozoans based on mitochondrial 16S rRNA sequences. Chin
Sci Bull 50: 1205-1211. doi: 10.1360/982004-755

30. Knight S, Gordon DP, Lavery SD (2011) A multi-locus analysis of phylogenetic
relationships within cheilostome bryozoans supports multiple origins of
ascophoran frontal shields. Mol Phylogenet Evol 61: 351-362. doi: 10.1016/
j-ympev.2011.07.005

31. Hastings AB (1943) Polyzoa (Bryozoa) I. Scrupocellariidae, Epistomiidae,
Farciminariidae, Bicellariellidae, Aeteidae, Scrupariidae. Disc Rep 22: 301-510.

32. Maddison WP, Maddison DR (2011) Mesquite: a modular system for
evolutionary analysis. Version 2.75. Awvailable: http://mesquiteproject.org.
Accesed 09 October 2013.

33. Goloboff PA, Farris JS, Nixon KC (2008) TNT, a free program for phylogenetic
analysis. Cladistics 24: 775-786. doi: 10.1111/§.1096-0031.2008.00217.x

34. Felsenstein J (1985) Confidence limits on phylogenies: An approach using the
bootstrap. Evolution (N Y) 39: 783-791. doi: 10.2307/2408678

35. Bremer K (1990) Combinable componente consensus. Cladistics 6: 369-372.
doi: 10.1111/5.1096-0031.1990.th00551.x

36. Silén L (1977) Polymorphism. In: Woollacott RM, Zimmer RL, editors. Biology
of Bryozoans. New York: Academic Press. pp. 184-231.

37. Vieira LM, Spencer Jones ME (2012) The identity of Sertularia reptans Linnaeus,
1758 (Bryozoa, Candidae). Zootaxa 3563: 26-42.

38. Waters AE (1897) Notes on Bryozoa from Rapallo and other Mediterranean
localities. Zool J Linn Soc 26: 1-21. doi: 10.1111/7.1096-3642.1897.tb00241.x

39. Waters AE (1913) The marine fauna of British East Africa and Zanzibar, from
collections made by Cyril Crossland M.A.,B.Sc., F.Z.S., in the years 1901-1902.
Bryozoa — Cheilostomata. Proc Zool Soc Lond 1913: 458-537.

April 2014 | Volume 9 | Issue 4 | 95296


http://bryozoa.net/cheilostomata/candidae/scrupocellaria.html
http://bryozoa.net/cheilostomata/candidae/scrupocellaria.html
http://mesquiteproject.org

40.

41.

42.

43.
44.

46.

47.

48.

49.

51.

52.
53.
54.
55.
56.
. Lopez Gappa J (1982) Observaciones sobre Flustra puelcha d’Orb. y Bicellaria
58.

59.

60.

61.

62.
63.

64.

66.

67.

Osburn RC (1947) Bryozoa of the Allan Hancock Atantic Expedition, 1939.
Allan Hancock Atl Exped 5: 1-66.

Vieira LM, Winston JE, Fehlauer-Ale KH (2012) Nine new species of Bugula
(Bryozoa: Cheilostomata) in Brazilian shallow Waters. PLoS One 7: ¢40492. doi:
10.1371/journal.pone.0040492

Hayward PJ, McKinney FK (2002) Northern Adriatic Bryozoa from the vicinity
of Rovinj, Croatia. Bull Am Mus Nat Hist 270: 1-139.

Ryland JS (1970) Bryozoans. London: Hutchinson University Library. 175 p.
Winston JE (1984) Why bryozoans have avicularia - a review of the evidence.
Am Mus Novit 2789: 1-26.

. Carter MC, Gordon DP, Gardner JPA (2010) Polymorphism and variation in

modular animals: morphometric and density analyses of bryozoan avicularia.
Mar Ecol Prog Ser 399: 117-130. doi: 10.3354/meps08348

Gordon DP (1984) The marine fauna of New Zealand: Bryozoa: Gymnolaemata
from the Kermadec Ridge. NZOI Mem 91: 1-198.

Harmelin J-G (1969) Bryozoaires récoltés au cours de la campagne du Jean
Charcot en Méditerranée Occidentale (aott-septembre 1967). 1. Dragages. Bull
Mus Natl Hist Nat 20: 1179-1208.

Audouin JV (1826) Explication sommaire des planches de Polypes de I'Egypte et
de la Syrie, publi¢es par Jules-Ciésar Savigny. In: Panckoucke CLF, editor.
Description de 'Egypte ou receuil des observations et des recherches qui ont été
faites en Egyptes pendant I’Expedition de PArmée frangaise ... Histoire
naturelle. Tome 1(4). Paris: Imprimerie Impériale. pp. 225-244.

Savigny JC (1817) Description de I'Egypte, ou receuil des observations et des
recherches qui ont été faites en Egypte pendant I'Expedition de *Armée frangaise
... Histoire naturelle. Vol. 2. Paris: Imprimerie Royale. 125 pls.

. Jullien J, Calvet L (1903) Bryozoaires provenant des Campagnes de

“I’'Hirondelle” (1886-1888). Rés Camp Scient Prince Albert I de Monaco 23:
1-188.

Norman AM (1867) Report of the committee appointed for the purpose of
exploring the coasts of the Hebrides by means of the dredge. Part 2. On the
Crustacea, Echinodermata, Polyzoa, Actinozoa and Hydrozoa. Adv Sci 1866:
193-206.

Norman AM (1893) A month on the Trondhjem Fjord. Polyzoa. Ann Mag Nat
Hist, ser 6, 12: 446-452.

Hayward PJ (1978) Bryozoa from the West European continental slope. J Zool
184: 207-224.

Kirkpatrick R (1888) Polyzoa of Mauritius. Ann Mag Nat Hist, ser 6, 1: 72-85.
Hayward PJ (1988) Mauritian Cheilostome Bryozoa. J Zool 215: 269-356.
d’Orbigny A (1841-1847) Zoophytes. Voy Am Mer 5: 7-28.

puelcha d’Orb. (Bryozoa, Cheilostomata). Physis 40: 59-62.

Busk G (1851) Notices of three undescribed species of Polyzoa. Ann Mag Nat
Hist, ser 2, 7: 81-85.

Linnaeus C (1758) Systema Naturae per Regna Triae Naturae, secundum
classes, ordines, genera, species, cum characteribus, differentiis, synonymis, locis.
10th Edition. Holmieae: Laurentii Salvii. iv + 824 p.

Ellis J (1755) An essay towards a natural history of the corallines, and other
marine productions of the like kind, commonly found on the coasts of Great
Britain and Ireland. To which is added the description of a large marine polype
taken near the North Pole by the whale-fishers, in the summer 1753. London: J
Ellis. xvii + 103 p.

Busk G (1852) Catalogue of Marine Polyzoa in the Collection of the British
Museum, I. Cheilostomata (part). Londonr: Trustees of the British Museum
(Natural History). vii + 54 p., 68 pls.

Packard AS (1863) A list of animals dredged near Caribou Island, southern
Labrador, during July and August, 1860. Canad Natural Geol 8: 401-420.
Yanagi N, Okada Y (1918) On a collection of Japanese Cheilostomatous
Bryozoa. 1. Annot Zool Jpn 9: 407-429.

Kluge GA (1955) Mshanki. In: Akimushkin I, Ushakova EN, Strelkov AA,
editors. Atlas bespozvonochnykh Dal’nevostochnykh morei SSSR. Moscow:
Izdatel’stvo Akademii Nauk SSSR. pp. 99-104. (in Russian)

5. Norman AM (1903) Notes on the natural history of East Finmark, Polyzoa. Ann

Mag Nat Hist, ser 7, 11: 567-598.

Beneden PJ van (1848) Récherces sur les polypes bryozoaires de la Mer du Nord.
Bull Acad R Belg Cl Sci 15: 67-82.

Kluge GA (1962) Mshanki Severnykh Morei SSSR. Opredeliteli po Faune
SSSR, Ezdavemye Zoologichskim Instituton n. 76. Moscow: Akademii Nauk
SSSR. 584 p. (in Russian; English version published in 1975)

PLOS ONE | www.plosone.org

21

68.

69.

70.

71.

72.

73.

74.

76.

77.

78.

79.

80.

81.

83.

84.

86.

87.

88.

89.

90.

91.

92.

93.

94.
95.

96.

97.

Polyphyly of the Genus Scrupocellaria (Bryozoa)

Fransen CHJM (1986) Caribbean Bryoza: Anasca and Ascophora Imperfecta of
the inner bays of Curagao and Bonaire. Stud Fauna Curagao Caribbean Isl 68:
1-119.

Pourtales LF (1867) Contributions to the fauna of the Gulf Stream at great
depths. Bull Mus Comp Zool 1: 103-120.

Kirkpatrick R (1890) On the zoology of Fernando de Noronha: Polyzoa. J Linn
Soc Zool 20: 504-506.

Liu X (1980) Two new species of Serupocellaria from Xisha archipelago. Stud Mar
Sin 17: 179-187. (In Chinese with English Summary)

Haswell WA (1880) On some Polyzoa from the Queensland coast. Proc Linn
Soc N'S W 5: 33-44.

Smitt FA (1872) Floridan Bryozoa, collected by Count L.I. de Pourtalés. Part
I. K Svenska Vetenskapsakad Handl 10: 1-20.

Winston JE (2005) Re-description and revision of Smitt’s “Floridan Bryozoa” in
the collection of the Museum of Comparative Zoology, Harvard University. Va
Mus Nat Hist Mem 7: 1-147.

. Canu F, Bassler RS (1927-1928) Bryozoaires des iles Hawai. Bull Soc Sci Seine-

et-Oise 8: 1-56.

Trask J (1857) On some new microscopic organisms. Proc Cal Acad Sci 1-2: 11—
115.

Hincks T (1882) Report on the Polyzoa of the Queen Charlotte Islands. Ann
Mag Nat Hist, ser 5, 10: 459-471. doi: 10.1080/00222938209459751
Robertson A (1905) Non-incrusting chilostomatous Bryozoa of the west coast of
North America. Univ Calif Publ Zool 2: 235-320.

O’Donoghue CH, O’Donoghue E (1926) A second list of Bryozoa from the
Vancouver Island region. Contr Canad Biol Fish, n ser, 3: 47-131.

Waters AW (1909) Reports on the marine biology of the Sudanese Red Sea,
from collections made by Cyril Crossland, M.AB.Sc., F.Z.S.; together with
collections made in the Red Sea by Dr. R. Hartmeyer. XII. The Bryozoa. Part I.
Cheilostomata. J Linn Soc Zool 31: 123-181.

Maplestone CM (1909) Polyzoa from the Gilbert Islands. Proc R Soc
Victoria, n ser, 21: 410-419.

. Busk G (1860) Zoophytology. Catalogue of the Polyzoa collected by J.Y.

Johnson, Esq., at Madeira, in the years 1859 and 1860, with descriptions of the
new species. Q J Microsc Sci, ser 1, 8: 280-286.

Thomson CW (1858) On new genera and species of Polyzoa in the collection of
Professor W.H. Harvey, trinity College, Dublin, Part 1. Prox Dublin Univ Zool
Bot Assoc 1: 77-93.

David L, Pouyet S (1986) Bryozoaires abyssaux des campagne Safari (Océan
Indien). Ann Inst Oceanogr, Paris, nouv ser, 62: 141-191.

. Marcus E (1955) Notas sobre briozoos marinhos brasileiros. Arq Mus Nac 42:

273-342.

Liu X (1984) On species of Family Scrupocellariidae collected from Chinese
Seas. Stud Mar Sin 23: 257-308. (In Chinese with English Summary)

Canu F, Bassler RS (1920) North American early Tertiary Bryozoa. U S Nat
Mus Bull 106: 1-879.

Busk G (1884) Report on the Polyzoa collected by H.M.S. Challenger during the
years 1873-76. Part I, The Cheilostomata. Rep Voy Challenger, Zool, 10: 1-
216, 36pls.

Badve RM, Sonar MA (1997) Some fossil neocheilostomine bryozoans from the
Holocene of the west coast of Maharashtra and Goa, India. Jour Pal Soc India
42: 35-48.

Bizzarini F, Braga G (2001) Scrupocellaria marosticana nomen novum pro Scrupocellaria
walerst Bizzarini and Braga, 1999 (Bryozoa, Cheilostomatida, Upper Eocene).
Boll Soc Paleontol 1 40: 445.

Bizzarini I, Braga G (1999) I Bryozoi Priaboniani dei dintorni di Crosara
(Vicenza - Italia). Ann Mus Rov 13: 91-126.

Kluge GA (1915) Bryozoa. In: Deyugin K, editor. Fauna Kol’skogo zaliva I
usloviya ee sushchestvovaniya. Zapiski Akademii Nauk po Fiziko-Matematices-
komu Otdeleniju serie 8, XXXIV, 1. pp. 376-393. (in Russian)

Reuss AL (1869) Zur fossilen Fauna der Oligocinschichten von Gaas. Akad Wiss
Wien Sitzungsber, Math-Naturwiss Kl 59: 446-488.

Waters AE (1891) North-Italian Bryozoa. Q J Geol Soc Lond 47: 1-34.
MacGillivray PH (1895) A monograph of the Tertiary Polyzoa of Victoria.
Trans Roy Soc Victoria 4: 1-166. doi: 10.5962/bhl.title.6076

Reuss AE (1848) Die fossilen Polyparien des Wiener Tertidarbeckens. Naturwiss
Abh 2: 1-109.

Malecki J (1980) On some rare and unknown Miocene bryozoans from
Grzybow. B Pol Acad Sci-Earth 27: 159-167.

April 2014 | Volume 9 | Issue 4 | 95296



