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Molecular phylogenetic analyses of 18S rDNA
(SSU) gene sequences confirm the placement of
Crusticorallina gen. nov. in Corallinoideae, the first
nongeniculate genus in an otherwise geniculate
subfamily. Crusticorallina is distinguished from all
other coralline genera by the following suite of
morpho-anatomical characters: (i) sunken, uniporate
gametangial and bi/tetrasporangial conceptacles, (ii)
cells linked by cell fusions, not secondary pit
connections, (iii) an epithallus of 1 or 2 cell layers,
(iv) a hypothallus that occupies 50% or more of the
total thallus thickness, (v) elongate meristematic
cells, and (vi) trichocytes absent. Four species are
recognized based on 1rbcl, psbA and COI-5P
sequences, C. painei sp. nov., the generitype,
C. adhaerens sp. nov., C. nootkana sp. nov. and
C. muricata comb. nov., previously known as
Pseudolithophyllum muricatum. Type material of
Lithophyllum muricatum, basionym of C. muricata, in
TRH comprises at least two taxa, and therefore we
accept the previously designated lectotype specimen
in UC that we sequenced to confirm its identity.
Crusticorallina  species are very difficult to
distinguish using morpho-anatomical and/or habitat
characters, although at specific sites, some species
may be distinguished by a combination of morpho-
anatomy, habitat and biogeography. The Northeast
Pacific now boasts six coralline endemic genera, far
more than any other region of the world.
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Abbreviations: AK, Alaska; BC, British Columbia; BI,
Bayesian inference; bp, base pairs; BS, bootstrap;
CA, California; COI-5P, cytochrome c oxidase sub-
unit 1-five prime; EF2, elongation factor 2; ML,
maximum likelihood; PP, posterior probability;
psbA, plastid-encoded gene of PSII reaction center
protein D1; rbcl, plastid-encoded large subunit of
RuBisCO; WA, Washington

Coralline algae (orders Corallinales, Hapalidiales,
and Sporolithales) comprise a diverse group of cal-
cifying red algae that are present in every ocean on
the planet and play significant roles in marine ecol-
ogy and nearshore carbon cycling (Littler 1972,
Smith 1972, Foster 1975, Stearn et al. 1977, Paine
1984, Steneck 1986). Despite their ecological signifi-
cance, basic questions remain about their systemat-
ics and biodiversity. Perhaps more than any other
group of red algae, DNA sequencing is revolutioniz-
ing our understanding of coralline taxonomy from
ordinal to species ranks (e.g., Bailey and Chapman
1998, Le Gall et al. 2010, Gabrielson et al. 2011,
Martone et al. 2012, Kato et al. 2013, Nelson et al.
2015) and revealing species diversity in all biogeo-
graphic provinces that far exceeds what traditional
morpho-anatomy had proposed (e.g., Hind et al.
2014b, 2015, Basso et al. 2015). While a taxon-
replete molecular phylogeny is still lacking for these
red algae, numerous taxonomic changes even at
higher taxonomic ranks are expected.

Two predominant morphological types of coral-
line algae are recognized: geniculate taxa with crus-
tose bases and alternating calcified and noncalcified
erect segments (genicula), and nongeniculate taxa
that lack segmentation and grow predominately as
prostrate crusts or unattached rhodoliths. Beginning
in the mid 19th Century, these two morphological
types received formal taxonomic recognition as two
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tribes: Corallineae for the geniculates and Melobe-
sieae for the nongeniculates (Areschoug 1852). This
classification recognized the fundamental impor-
tance of the geniculum, which was continued by
Johansen (1969) when he recognized three separate
lineages of geniculate corallines: subfamilies Coralli-
noideae, Amphiroideae, and Metagoniolithoideae.
In contrast, Cabioch (1971) emphasized the impor-
tance of cellular connections (cell fusions vs sec-
ondary pit connections) to group together, for the
first time, geniculate and nongeniculate taxa in the
same tribes and subfamilies, for example recogniz-
ing a geniculate tribe Amphiroae within the other-
wise nongeniculate subfamily Lithophylloideae.
Johansen (1969; fig. 32) indicated in a diagram that
Corallinoideae evolved from crustose corallines, but
he did not speculate about the specific origins of
Amphiroideae or Metagoniolithoideae and contin-
ued to argue the fundamental importance of the
presence of genicula to classify corallines (Adey and
Johansen 1972, Johansen 1974, 1981). These diverg-
ing views of the evolution, and thus subfamily classi-
fication, of geniculate corallines were resolved when
Bailey and Chapman (1998) sequenced nuclear
small subunit (SSU) rDNA gene fragments for 35
coralline species from a range of subfamilies. They
demonstrated, in agreement with Cabioch (1971),
that genicula evolved independently in the three
subfamilies recognized by Johansen and that each
geniculate subfamily likely arose from different non-
geniculate ancestors. This conclusion has since been
supported by phylogenetic analyses based on addi-
tional markers (Bittner et al. 2011).

Common to both Johansen (1969) and Cabioch
(1971) was the singular focus on the evolutionary
progression from nongeniculate to geniculate coral-
lines. Neither researcher ever proposed the reverse,
that some nongeniculate corallines could be derived
from geniculate ancestors. We now know, however,
that dramatic reductions in geniculate fronds have
occurred during coralline evolution (Martone et al.
2012), and in one case this resulted in a complete
evolutionary reversal and return to the crustose state.
Hind and Saunders (2013) used DNA sequences
from three markers, COI-5P, psbA and EF2, to show
that several NE Pacific nongeniculate species that
they called Pseudolithophyllum muricatum (Foslie) Ste-
neck & R.T.Paine were nested within the tribe
Corallineae of the subfamily Corallinoideae, a sub-
family that, sensu Johansen (1969) but not Cabioch
(1971), included only geniculate genera. The type
species of Pseudolithophyllum Me.Lemoine, however, is
P. fuegianum (Heydrich) Me.Lemoine (Silva et al.
1996), a species considered to belong in the subfam-
ily Lithophylloideae based on morpho-anatomy
(Lemoine 1913). Herein, we resolve the identity of
P. muricatum and propose Crusticorallina gen. nov. to
accommodate P. muricatum and three other unde-
scribed nongeniculate species that belong in this
genus, all endemic to the Northeast Pacific.

MATERIALS AND METHODS

Specimens. Specimens for sequencing and morphological
examination were field-collected by hand with a hammer and
chisel in the low intertidal zone or in the subtidal using
SCUBA and preserved in silica gel. Vouchers were deposited
in NCU, UBC, and UNB or were archival specimens from
TRH and UC; herbarium abbreviations follow Thiers (2016).
All specimen details, including collection information and
herbarium accession numbers, are included in Table S1 in
the Supporting Information.

DNA  processing. Field-collected and type specimens pro-
cessed by PWG, including preparation, extraction, amplifica-
tion, and sequencing of the rbcl. gene followed Gabrielson
etal. (2011); amplification of the psbA gene (trimmed to
836 bp) followed Broom et al. (2008). Field-collected speci-
mens processed by C]J, KRH, and GWS were extracted accord-
ing to Saunders (2008). The mitochondrial cytochrome c
oxidase subunit (COI-5P, 664 bp) was amplified using the
primers GwsFn (Le Gall and Saunders 2010) and GWSRx
(Clarkston and Saunders 2012); rbcl. was amplified as a single
fragment using primers F57 (Freshwater and Rueness 1994)
and rbcLrevNEW (Kucera and Saunders 2012), and were
sequenced with additional internal primers TLR1 and TLF5
(Wynne and Saunders 2012) to attain full bidirectional data.
The psbA locus was amplified using primers psbAFl and
psbAR2 (Yoon et al. 2002). Additional new primers (forward
psbA16F 5"-GAAAGACGCGAAAGCGCAAG-3/, reverse
psbA952R  5-GGTTCGCTCTATTTAGGATGTCAG-3')  were
used when amplifying and sequencing Crusticorallina adhaerens
to avoid contamination issues. The SSU gene (1459 bp) was
amplified as a single fragment using primers G0l and G07,
and was sequenced with additional internal primers G04 and
Gl4 to attain full bidirectional data (Harper and Saunders
2001). PCR products were sequenced using standard methods
on a 3730x]1 DNA Analyzer (Applied Biosystems, Foster City,
CA, USA). All sequence fragments were edited and aligned
using Geneious 7.1.7 (Kearse et al. 2012). Genbank numbers
assigned to all DNA sequences are provided in Table SI.

Phylogenetic analyses. SSU rDNA (1,459 bp) and concate-
nated COI-5P, psbA, and rbcl. (2595 bp) datasets were built
using previously published sequences and novel sequences
generated in this study (Table S2 in the Supporting Informa-
tion). Sequence data were aligned using Geneious 7.1.7
(Kearse et al. 2012). Following Kato et al. (2011) partial SSU
rDNA sequences that could not be aligned due to insertions/
deletions were removed from the analyses. Outgroup taxa for
the SSU rDNA analyses were chosen from the order Sporo-
lithales (Broom et al. 2008). For the concatenated analyses,
outgroup taxa were chosen from the order Hapalidiales
(Broom et al. 2008). Maximum likelihood (ML) analyses for
both SSU rDNA and concatenated datasets were conducted
using RAXMLGUI v1.5 (Silvestro and Michalak 2012). ML anal-
yses were based on a model of evolution (GTR+I+G) obtained
in jModelTest version 2.1.1 (Darriba et al. 2012) with 1,000
bootstrap replicates and partitioned by both gene and codon.
Bayesian posterior probabilities (PP) were generated using the
program MrBayes v3.2 (Huelsenbeck and Ronquist 2001)
using the GTR+I+G model and also partitioned by gene and
codon. Both datasets were run for 6 million generations with a
sampling frequency of 1,000 until convergence of independent
chains was reached (average standard deviation of split fre-
quencies <0.01). Four Markov chains were used in our analy-
ses. Burn-in was performed on the first 25% of trees generated,
and were excluded from calculating PP.

Morpho-anatomical —assessment. Morpho-anatomical charac-
ters informative for genus and species segregation in
nongeniculate coralline algae were measured following
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Harvey et al. (2005). We use terminology for nongeniculate
coralline algae (e.g., hypothallus, perithallus etc.) as per
Johansen (1981). Pieces 5-10 mm long were cut from each
sampled specimen and placed in 0.5 M HCL for decalcifica-
tion for 2-24 h depending on the specimen thickness. Acid
was replaced every 30-60 min as needed. Specimens were
then stained in 5% potassium permanganate for 30 min,
dehydrated in steps of 25%, 50%, 75%, and 100% ethanol
for 30 min each, and then placed in 100% medium grade LR
White resin (London Resin Company, Reading, Berkshire,
UK) overnight. Decalcified and stained specimens were ori-
ented in gelatin capsules filled with LR White resin medium,
placed in an oven for 3—4 h at 60°C-65°C until cured then
sectioned (7-10 pm thick) with a Sorvall Porter Blum MT-2
Ultra-Microtome (DuPont Company, Wilmington, DE, USA).
Sections were measured and photographed on an Olympus
BX51WI compound microscope (Olympus, Tokyo, Japan)
using an Olympus DP21 digital camera.

RESULTS

Molecular results. A phylogram was generated
using SSU rDNA sequences for 22 representative
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coralline genera from each subfamily. ML and Baye-
sian inference (BI) analyses were conducted; their
tree topologies were congruent, and bootstrap sup-
port (BS) and PP were appended to the ML tree
(Fig. 1). Crusticorallina resolved as a monophyletic
clade with moderate to strong support (BS=76;
PP=0.99) as sister to the lineage containing Johanse-
nia KR Hind & G.W.Saunders, Corallina Linnaeus
and Ellisolandia K.R.Hind & G.W.Saunders, subfam-
ily Corallinoideae, family Corallinaceae (Fig. 1).
SSU rDNA sequences were not able to differentiate
Crusticorallina at the species rank (Appendix SI in
the Supporting Information).

Using DNA sequences from three gene regions
(COI-5P, 7bcl., psbA) known to resolve corallines at
the species rank, ML analyses were conducted for
each gene region individually (Figs. S1, S2, S3 in
the Supporting Information) and concatenated
(Fig. 2). In each analysis four distinct genetic clus-
ters were resolved with strong support (BS=100;
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Fic. 1. Phylogram inferred by maximum likelihood (ML) analysis of SSU sequence data, demonstrating that Crusticorallina species fall
within the family Corallinaceae, subfamily Corallinoideae. Support values are listed as bootstrap for ML analyses and Bayesian posterior
probabilities respectively. Asterisks denote nodes that are strongly supported (bootstrap values >98, posterior probabilities = 1.0) in all
analyses. Support values are not indicated for all nodes (i.e., bootstrap values <50, posterior probabilities <0.65, or between closely related
species). Scale bar refers to substitutions per site. GenBank numbers for SSU sequences are included in Table S2.
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F1G. 2. Phylogram inferred by maximum likelihood (ML) analysis of concatenated CO1-5P, psbA, and rbcL. sequence data. Support val-
ues are listed as bootstrap for ML analyses and Bayesian posterior probabilities, respectively. Asterisks denote nodes that are strongly sup-
ported (bootstrap values >98, posterior probabilities = 1.0) in all analyses. Support values are not indicated for all nodes (i.e., bootstrap
values <50, posterior probabilities <0.65, or between closely related species). Scale bar refers to substitutions per site.

PP=1.0, in the concatenated analysis). Pairwise dis-
tance matrices support levels of differentiation
indicative of species level divergence (for COI-5P,
see Robba et al. 2006, for rbcl. see Gabrielson et al.
2011, for psbA  see Broom etal. 2008)
(Appendix S1) and the presence of a barcode gap
(maximum intraspecific DNA sequence divergence
is less than the minimum interspecific DNA
sequence divergence). The name Crusticorallina
muricata was applied to those specimens that
matched partial rbcl. sequences of lectotype material
of P. muricatum from UG (see below for more
details). The other three species did not match any
type specimen sequences from the NE Pacific and
are newly described below.

Taxonomic and morphological results. Crusticorallina
K.R.Hind & P.W.Gabrielson gen. nov.

Ltymology: crusti refers to the nongeniculate (crus-
tose) morphology; corallina refers to its placement
in subfamily Corallinoideae.

Diagnosis: nongeniculate coralline, relatively thick
(total crust thickness 360-950 pm) and encrusting;
thallus construction monomerous with hypothallus
comprising 50%-80% of total thallus thickness; epi-
thallus of 1-2 cell layers; intercalary meristematic
cells very elongate (18-38 pm long); cell fusions
present, secondary pit connections absent; tri-
chocytes absent; gametangial and bi/tetrasporangial
conceptacles uniporate and sunken (Fig. 3, A-C).

Type species: Crusticorallina painei P.W.Gabrielson,
K.R.Hind, G.W.Saunders, Martone & C.P.Jensen sp.
nov. We chose C. painei as the generitype of Crustico-
rallina to recognize and honor the work of the emi-
nent ecologist, Dr. Robert Paine who worked
extensively with Crusticorallina in the NE Pacific.

Comments: Crusticorallina species have been docu-
mented from central CA, USA through northern
BC, Canada (Fig. 4), representing yet another
northeast Pacific endemic coralline genus. In the
field, specimens often — but not always — appear as
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Fic. 3. Reproductive overview of Crusticorallina species, showing (A) patchy distribution of surface conceptacles (C. muricata, UBC
A91424), scale =1 mm; (B) flask-shaped conceptacles with rounded bottoms and elongated canals (C. painei, GWS027973),
scale = 0.5 mm; (C) decalcification and plug dislodgement of uniporate, sunken conceptacles (C. muricata, UBC A91424), scale = 500 pm;
(D) buried conceptacles from previous years (C. adhaerens, GWS019429), scale = 250 pm; and (E) sunken conceptacles near crust surface

(C. adhaerens, GWS010847), scale = 100 pm.

thick crusts sometimes with wide white margins
and/or superficial swirls (Fig. 5) growing in both
subtidal and low intertidal habitats. Thin sections
are required to observe the suite of characters that
define the genus (Figs. 3 and 6), but rarely are any
of these characters, even in combination, sufficient
to differentiate species (Table S3 in the Supporting
Information).

Crusticorallina painei P.W.Gabrielson, K.R.Hind,
G.W. Saunders, Martone, & C.P.Jensen sp. nov.

Etymology: Named after Dr. Robert Paine, a pio-
neer in intertidal ecology, who studied competition
and other ecological interactions among nongenicu-
late coralline algae.

Holotypus: UNB GWS027973.

Type Locality: Lost Islands, SE wall, Gwaii Haanas,
BC, Canada. Subtidal, 10 m depth, epilithic. leg
G.W. Saunders.

Description: Thallus encrusting, smooth, sometimes
(38%) with scattered white swirls (visible especially
when dry, Fig. 5, A and E) to 650 pm thick, white
margin thin to prominent (0.3-0.55 mm wide,
Fig. 5E); epithallial cells 4.0-7.4 pm tall, always
flared distally to 6.3-7.6 pm wide Fig. 6I; perithallus
118-255 pm  thick (Fig. 6E); hypothallus 297-
444 pm thick (Fig. 6A); conceptacles flask shaped
with rounded bottoms (Fig. 3B), chambers ~114 um
wide x 107 um tall, and elongated canals ~102 pm

long; 7bcl., psbA and COI-5P sequences diagnostic
(see Table S3, Appendix S1).

Habitat and Habit: Only found on bedrock in
exposed habitats; occasionally in the low intertidal
zone and common subtidally to 15 m depth.

Distribution: Haida Gwaii, BC, Canada south to
Tatoosh Island, WA, USA (Fig. 4).

Comments. Biogeography and habitat together
help differentiate Crusticorallina painei from other
Crusticorallina species. Based on our collections,
C. painei is a relatively northern species with the lim-
ited distribution as stated above (Fig. 4). Although
C. painei specimens often morphologically resem-
bled the other species (Figs. 5 and 6; Table S3),
they were almost always subtidal (90%) and only
found on bedrock in wave- or current-exposed
habitats.

C. adhaerens K.R.Hind, Martone, C.PJensen &
P.W.Gabrielson sp. nov.

Etymology: Named for its propensity to adhere and
grow on a wide variety of substrata.

Holotypus: UBC A91415.

Type Locality: Thrasher Point, Calvert Island, BC.
Subtidal (13 m), growing on coral. leg. K. R. Hind.

Description: Thallus thick (to 840 um), encrusting,
smooth (Fig. 5B, more frequently (57%) with scat-
tered white swirls (visible especially when dry,
Fig. 5F); white margin absent to prominent (0-
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C. adhaerens
C. muricata
C. nootkana

Fi6. 4. Biogeographic distributions of Crusticorallina species in
the Northeast Pacific.

1.25 mm wide) and rarely nonadherent; epithallial
cells 3.6-8.3 um tall, always flared distally to 5.3—
8.0 pm wide (Fig. 6]); perithallus 121-300 pm thick
(Fig. 6, B and F); hypothallus 245-644 pm thick
(Fig. 6B; conceptacles flask shaped with rounded
bottoms (Fig. 3, D and E), chambers 190-236 pm
wide x 200-227 um tall, and elongated canals 50—
96 um long; rbcl., psbA and COI-5P sequences diag-
nostic (See Table S3, Appendix SI).

Habit and Habitat: Common on bedrock, rarely on
cobble; epizoic on coral, sponge or mollusc; com-
mon subtidally to 20 m depth but also found
intertidally, especially in low intertidal pools, on
exposed shores and in more protected waters in the
Salish Sea.

Distribution: Haida Gwaii, BC, Canada south to the
Salish Sea and with an isolated population at Sober-
anes Point, Monterey County, CA, USA (Fig. 4).

Comments: C. adhaerens is often recognizable by its
epizoic habit (once even found growing on glass
bottle), but it also occurs epilithically (Fig. 5B) and
then cannot be distinguished from the other Crusti-
corallina species. In particular, C. adhaerens is very
similar in distribution (Fig. 4) and morphology

(Figs. 5, B and F; 6, B, F, J; Table S3) to C. muricata
(Figs. 5, C and G; 6, G, G, K; Table S3), and thus it
is possible that some of the field-collected material
identified as P. muricatum in previous studies (e.g.,
Steneck and Paine 1986, McCoy 2013, McCoy and
Pfister 2014) may have been this or another Crustico-
rallina species.

Crusticorallina muricata (Foslie) P.W.Gabrielson,
Martone, K. R.Hind, & C.P.Jensen comb. nov.

Basionym: Phymatolithon muricatum Foslie, Kongelige
Norske Videnskabers Selskabs Skrifter 1906 “1905(10)”:
19.

Type Locality: Botany Beach, near Port Renfrew,
Vancouver Island, BC, Canada.

Lectotypus: UC 341316.

Homotypic synonyms:

Lithothamnion muricatum (Foslie) De Toni 1924:
622.

P. muricatum (Foslie) Steneck & R.T.Paine 1986:
224.

Heterotypic synonym:

Lithophyllum lichenare L.R Mason 1953: 339, P1. 41.

Description: Thallus encrusting, loosely attached to
the underlying substratum, both dorsal and ventral
surfaces smooth, frequently undulating, as the crust
follows the contours of the substratum, crust com-
monly 350-950 um thick, frequently (70%) with
white swirls on the surface (visible especially when
dry, Fig. 5G); white margin thin to prominent
(0.35-0.7 mm wide, Fig. 5G); epithallial cells 4.1-
8.5 um tall x 3.7-8.5 pm wide, rarely flared distally
(Fig. 6K; perithallus 77-424 pm thick (Fig. 6, C and
G); hypothallus 282-646 pm thick (Fig. 6C); con-
ceptacles flask shaped with rounded bottoms, cham-
bers 68-152 pm wide x 80-156 pm tall, with canals
24-60 pm long; rbcL, psbA and COI-5P sequences
diagnostic (See Table S3, Appendix S1).

Habit and Habitat. Epilithic, common on bedrock
and overgrowing other encrusting corallines or kelp
holdfasts. Rarely on cobble or epizoic; common in
mid- to low intertidal zones and in pools and subti-
dal to 14 m depth on exposed shores and in more
protected waters in the Salish Sea.

Distribution. Haida Gwaii, BC, Canada south to
Malpaso Creek, Monterey County, CA, USA (Fig. 4).

Comments. Crusticorallina muricata is distinct from
its congeners by the absence or rare occurrence of
flared epithallial cells (Fig. 6K), a feature present in
all of the other species. This species typically has a
thicker perithallus, with no other species producing
a perithallus greater than 300 pm thick, and thus a
thicker total thallus, with no other species growing
thicker than 840 pm (Table S3). Biogeography,
habit, and habitat did not help distinguish C. muri-
cata, as it occurs from Haida Gwaii, British Colum-
bia, Canada through central CA, USA (Fig. 4),
generally resembles the other species in the field
(Fig. 5), and can be found both intertidally and sub-
tidally (Table S3). Because of both its morphologi-
cal similarity and overlapping distribution with its



CRUSTICORALLINA GEN. NOV. 935

Fic. 5. Field photos of (A)
C. painer, GWS021033, (B)
C. adhaerens, GWS021685, (C)
C. muricata, GWS013078, and (D)
C. nootkana, UBC A88650; whole-
mount thallus photos of (E)
C. painei, GWS027973, (F)
C. adhaerens, GWS012584, (G)
C. muricata, UBC A91424, and
(H) C. nootkana, GWS010093.
Scale = 1 mm.
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congeners, we based our description only on
sequenced specimens. It is possible and even likely
that previous studies on P. muricatum (Steneck and
Paine 1986, McCoy 2013, McCoy and Pfister 2014)
may have mistakenly included multiple Crusticoral-
lina species.

Historical comments. Historically much confusion
surrounds the application of this name because of
three problems: the difficulty in circumscribing gen-
era of nongeniculate corallines; the apparent erro-
neous report of multiporate conceptacles in the
original description; and that the holotype com-
prises at least two heterotypic elements. Foslie
(1906) described this species as Phymatolithon murica-
tum based on material collected by Yendo at Botany
Beach, near Port Renfrew on Vancouver Island,
Canada in June, 1901. Foslie’s original description
included that the thallus habit was thick, up to
4 mm, partly smooth and loosens easily from the
substratum. Anatomically the species had a well-

developed hypothallus with upswept arcs of cells.
Sporangial conceptacles were 200-300 pm diameter
with 12 roof pores. Thalli were reported to occur
on rocks and mussel shells. De Toni (1924: 662)
transferred the species to Lithothamnion Phillipi.
Mason (1953) added information about the epithal-
lium (2-3 cell layers with cells 5-6 pm wide and 3—
4 pm tall) and cystocarpic conceptacles (40-60 pm
diameter and 30—40 pm tall often embedded in the
thallus), and she repeated Foslie’s description of
multiporate sporangial conceptacles. She pho-
tographed some of the specimens from TRH
(Mason 1953, P1. 32a & b) and noted that a frag-
ment of the type material was in UC (UC 341316).
Adey (1970) examined type material in TRH and
reported finding no asexual (bi/tetrasporangial)
conceptacles nor conceptacle primordial caps
characteristic of Phymatolithon Foslie, but stated that
“... the anatomy is peculiar in a number of ways,
and some doubt remains.”
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C.adhaerens _

C. nootkana

Fic. 6. Crosssections of Crusticorallina species, depicting (A-D) thick hypothalli of C. painei (GWS020983), C. adhaerens (GWS020762),
C. muricata (PTM1220), and C. nootkana (UBC A88650); (E-H) elongated meristematic cells of C. painei (GWS020983), C. adhaerens
(GWS019429), C. muricata (GWS013078), and C. nootkana (UBC A88650); and (I-L) epithallial cells flared in C. painei (GWS020983),
flared in C. adhaerens (GWS021681), unflared in C. muricata (GWS010132), and flared in C. nootkana (GWS010093). Scales = (A-D)

100 pm, (E-H) 50 pum, (I-L) 10 pm.

Steneck and Paine (1986) transferred Phyma-
tolithon muricatum to Pseudolithophyllum Me. Lemoine
following Adey’s concept of Pseudolithophyllum based
on a spurious lectotype (Silva et al. 1996: 269) and
not Lemoine’s (1978) revised concept. Currently

Pseudolithophyllum, with  P. fuegianum (Heydrich)
M.L.Mendoza & Cabioch as the generitype, is con-
sidered a synonym of Lithophyllum Phillipi (Silva
et al. 1996: 269). Steneck and Paine (1986) clearly
described and illustrated material that they
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considered to belong to this species, including its
habit, thick and lobate with distinct white margins,
gently undulating surfaces, and common crescent-
shaped swirls, its anatomy with flared epithallial
cells, very elongate meristematic cells and a thick
hypothallus, and its reproduction with buried con-
ceptacle primordia and Phymatolithon-shaped con-
ceptacles. Taxonomically, they recognized that
Lithophyllum lichenare 1.R. Mason was conspecific with
P. muricatum, and designated one of two specimen
fragments in UC as the lectotype, UC 341316 (D)
apparently because, “Other Foslie syntypes are refer-
able to Pseudolithophyllum whidbeyense and Lithophyl-
lum impressum.”

The holotype collection in TRH A3-148 com-
prises numerous specimens and fragments, in two
boxes, some thick and epilithic and some thin on
Mpytilus sp. shells. DNA sequencing of some of
these specimens indicates at least two distinct spe-
cies are present, one of which represents an unde-
scribed species in another genus (Gabrielson,
personal observation). According to Article 9.14 of
the ICN (McNeill et al. 2012), “When a type...
contains parts belonging to more than one
taxon... the name must remain attached to the
part. .. that corresponds most nearly with the origi-
nal description or diagnosis.” It appears that Ste-
neck and Paine (1986) recognized that more than
one taxon comprised the holotype (they used the
term syntype, see quote in previous paragraph),
and designated the specimen in UC that they
examined as the lectotype (UC 341316 (D)). This
specimen conforms most closely to the original
description, being thick and with a strongly devel-
oped hypothallus and with conceptacles that fall
within the range given by Foslie (1906). Like Adey
(1970) and Steneck and Paine (1986) we observed
no multiporate conceptacles in any of the material
in TRH or UC. We concur with the lectotype desig-
nation first made by Steneck and Paine (1986) and
in accordance with Article 9.19 of the ICN
(McNeill et al. 2012) we follow that designation.
The partial 7b¢l. sequence we obtained from UC
341316 is identical to field collected material that
we call C. muricata.

Despite Steneck and Paine’s (1986) clear descrip-
tion of C. muricata (as P. muricatum), we are uncer-
tain that all of the material that they examined
belongs to this species due to recognition of three
other species in this genus whose distributions over-
lap much of the range of C. muricata and the
absence of distinguishing morpho-anatomical fea-
tures among them. Moreover, the specimen from
Torch Bay, AK is over 600 km north of our north-
ernmost DNA confirmed site for C. muricata. With-
out sequencing type material we would not know to
which of the species of Crusticorallina the lectotype
belonged.

Crusticorallina nootkana G.W.Saunders, Martone,
K.R.Hind, C.P.Jensen, & P.W.Gabrielson sp. nov.

Etymology: Named after Nootka Sound on Vancou-
ver Island, BC, the center of its known biogeo-
graphic distribution.

Holotypus: UNB GWS010093.

Type Locality: Island south of Clotchman Island,
Spanish Pilot Group, Tahsis, BC, Canada, 23 May
2008, on bedrock, 20 m depth, leg. G. W. Saunders.

Description: Thallus encrusting, smooth, around
420 pm thick, white margin thin (0.35 mm wide,
Fig. 5, D and H), sometimes nonadherent and leafy;
white swirls not seen on its surface; epithallial cells
4.9-7.0 pm tall, always flared distally to 8.9 pm wide
(Fig. 6L); perithallus around 115 pm thick (Fig. 6,
D and H); hypothallus around 300 pm thick
(Fig. 6D); conceptacles not observed; rbcL, psbA and
COI-5P  sequences diagnostic (See Table S3,
Appendix S1).

Habit and Habital: On bedrock; low intertidal, par-
ticularly under Phyllospadix spp. (surfgrass) and sub-
tidally to 20 m depth on exposed shores.

Distribution: Kyuquot, Vancouver Island south to
Botany Beach, Vancouver Island, BC, Canada
(Fig. 4).

Comments: Crusticorallina nootkana is perhaps the
easiest species to distinguish by its thinner crust
(Table S3), wider epithallial cells (Table S3), com-
monly nonadherent margin (Fig. 5H), and narrow
biogeographic distribution (Fig. 4). Crusts with
thalli thicker than 420 um are unlikely to be
C. nootkana (Table S3). One of our collections of
C. nootkana had a leafy, shelf-like, nonadherent mar-
gin (Fig. bH), but it is difficult to know if this mor-
phology is common given the small sample size.

DISCUSSION

Placement of Crusticorallina in  subfamily Coralli-
noideae. Hind and Saunders (2013) first demon-
strated that four different species, all nongeniculate
corallines that they called P. muricatum, belonged in
the tribe Corallineae, a tribe and subfamily (Coralli-
noideae) previously considered to include only
geniculate taxa. In their dataset, Hind and Saunders
(2013) did not include Neogoniolithon Setchell &
L.R.Mason, hypothesized by Cabioch (1972, 1988)
to be sister to Corallinoideae based on morpho-ana-
tomical characters and subsequently supported by
the phylogenetic analyses of Bailey et al. (2004) and
Bittner et al. (2011). Furthermore, they did not
ascertain which, if any, of the four species that they
called P. muricatum was indeed that species by com-
paring DNA sequences from their collections to
sequences from type specimens. Using SSU
sequence data from GenBank, we have confirmed
the placement of P. muricatum spp. (as Crusticoral-
lina) within the subfamily Corallinoideae (and tribe
Corallineae; Fig. 1). Crusticorallina resolved as dis-
tinct from the subfamily Neogoniolithoideae, which
contains Neogoniolithon and at least the generitype of
Spongites Kiitzing, S. fruticulosa Kitzing (Rosler et al.
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2016). We also sequenced the lectotype specimen of
Phymatolithon muricatum, basionym of Crusticorallina
muricata, confirming to which of the four species
called P. muricatum by Hind and Saunders (2013)
that name belongs.

Hind and Saunders (2013) pointed out that there
are no morpho-anatomical characters that distin-
guish Neogoniolithoideae from Corallinoideae, and
we concur, even with a more complete characteriza-
tion of Crusticorallina, the only nongeniculate taxon
of Corallinoideae. Neogoniolithoideae and Coralli-
noideae share in common the three reproductive
features that were used by Kato et al. (2011) to
segregate subfamilies formerly all grouped in Masto-
phoroideae (e.g., Neogoniolithoideae, Porolithoi-
deae, Hydrolithoideae), namely: (i) spermatangia
borne on the floor and walls of male conceptacles,
(ii) gonimoblast filaments that arise from the dorsal
and/or marginal surfaces of the fusion cell, and
(iii) tetrasporangial conceptacles formed by fila-
ments peripheral to the fertile area (Type 1). The
vegetative characters diagnostic for all species of
Crusticorallina, an encrusting habit, a relatively thick
thallus with a hypothallus comprising 50%-80% of
total thallus thickness, elongate medullary cells and
absence of trichocytes are all characters shared by at
least some species of Neogoniolithon (Penrose 1996,
Kato et al. 2013, Mateo-Cid et al. 2014), although
we have not found in the literature a single species
in that genus that exhibits this entire suite of char-
acters. Moreover, species concepts in Neogoniolithon
are in a state of flux (Kato et al. 2013). Species are
difficult to distinguish by morpho-anatomy (Mateo-
Cid et al. 2014), no species in the genus has been
linked to its type specimen by DNA sequence and
names are applied with little regard for biogeogra-
phy (Sissini et al. 2014). Yet in all phylogenetic anal-
yses to date, including the most recent and
comprehensive five marker analysis by Rosler et al.
(2016), Neogoniolithoideae and Corallinoideae
occur as distinct, well-supported clades that may or
may not be sister taxa. Thus, we continue to recog-
nize Corallinoideae and Neogoniolithoideae as dis-
tinct monophyletic subfamilies.

Crusticorallina  species  discrimination. Distinguish-
ing among the four species of Crusticorallina using
ecology and/or morpho-anatomy is nearly impossi-
ble, in part because they are uncommon and diffi-
cult to collect. This is reflected in our low sample
sizes (mostly fewer than 10 specimens per species)
despite years of collecting in low intertidal habitats
mainly in WA and southern BC (by PWG and PTM)
and more recently collecting subtidally by SCUBA
in central and northern BC (by GWS and KRH).
Because of low sample sizes, the following compar-
isons to segregate species should be used with cau-
tion. Crusticorallina nootkana is perhaps the easiest to
distinguish by its thinner crust, wider epithallial
cells, commonly nonadherent margin, and narrow
biogeographic distribution; C. muricata by the

absence or rare occurrence of flared epithallial
cells, a feature present in all other species; C. ad-
haerens by its epizoic or nonepilithic habit (once
even found growing on glass bottle), however, C. ad-
haerens also occurs epilithically and then cannot be
distinguished from C. painei or possibly the other
species. Based on these observations, it is possible
that some of the field-collected material identified
as P. muricatum in previous studies (e.g., Steneck
and Paine 1986, McCoy 2013, McCoy and Pfister
2014) may have been one of these other species.
For example, Steneck and Paine (1986) indicated
that in their samples of P. muricatum, epithallial
cells were “somewhat angular (symmetrical trape-
zoid) and tapering toward the meristem.” These
“flared” epithallial cells (as referred to here) were
typically absent (12%) in our C. muricata speci-
mens, but present (100%) in all other species of
Crusticorallina.

Failure of morpho-anatomy to delineate coralline tax-
a. No coralline morpho-anatomist ever proposed,
or likely ever suspected, that P. muricatum belonged
in the subfamily Corallinoideae, perhaps represent-
ing the most significant failure of morpho-anatomy
to provide characters useful to distinguish corallines
at any taxonomic rank without supporting DNA
sequence evidence. This failure of morpho-anatomy
to correctly delimit both geniculate and nongenicu-
late taxa in the Corallinales and Hapalidiales has
been especially evident in the North Pacific Ocean,
where in the last 5 years two new genera have been
erected, Johansenia (Hind and Saunders 2013) and
Callilithophytum P.W.Gabrielson, W.H.Adey,
G.P.Johnson, & Hernandez-Kantun (Adey et al
2015); one genus resurrected, Neopolyporolithon
W.H.Adey & H.W Johansen (Adey et al. 2015); four
genera placed in synonymy in Corallina Linnaeus—
Marginisporum  (Yendo)  Ganesan,  Serraticardia
(Yendo) P.C.Silva (Hind and Saunders 2013), Pach-
yarthron Manza (Hind et al. 2014a) and Yamadaia
Segawa (Martone et al. 2014); and numerous spe-
cies transferred to other genera, Calliarthron yessoense
(Yendo) Manza to Alatocladia (Yendo) H.W.Johan-
sen (Gabrielson et al. 2011), Yamadaia americana
E.Y.Dawson & R.L. Steele to Chiharea H.-W Johansen
(Martone et al. 2014); Pseudolithophyllum decipiens
(Foslie) Steneck & R.T.Paine to Spongites (Van der
Merwe et al. 2015) and Corallina frondescens Postels
& Ruprecht to Bossiella P.C.Silva (Hind et al. 2015).
Worldwide, all coralline genera and species need to
be reassessed with DNA sequence data to determine
which morpho-anatomical characters are taxonomi-
cally meaningful and at what ranks.

Coralline endemism in the Northeast Pacific Ocean. E-
ven with the renewed interest in coralline systemat-
ics worldwide driven by DNA sequence data and
new genera and species being recognized, e.g., in
the subarctic (Adey et al. 2015), Europe (Walker
et al. 2009, Pardo et al. 2013, Hernandez-Kantun
et al. 2015, Pena et al. 2015), Japan (Kato et al.
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2011, Kato et al. 2013), the Red Sea (Basso et al.
2015), New Zealand (Broom et al. 2008, Nelson
et al. 2015), and South Africa (Van der Merwe et al.
2015), the NE Pacific is proving to be a center of
endemism for both geniculate and nongeniculate
coralline genera. Thus far, four geniculate genera
are endemic: Calliarthron Manza (Gabrielson et al.
2011), Chiharaea (Martone et al. 2012), Johansenia
(Hind and Saunders 2013), and Lithothrix ]J.E.Gray;
and two nongeniculate genera are endemic:
Callilithophytum (Adey et al. 2015), the obligate
epiphyte on Calliarthron tuberculosum (Postels &
Ruprecht) Manza, and, herein, Crusticorallina. At
present, no other region worldwide boasts this num-
ber of endemic coralline genera, not even New Zeal-
and or Australia, both well known for their marine
algal endemics (Womersley 1981, Nelson 2013).
The underlying cause for this diversification in cor-
alline algal genera in the NE Pacific remains
unknown.

Genicula and conceptacle placement. Crusticorallina is
distinct, thus far, from all other taxa in the sub-
family Corallinoideae by lacking genicula and bear-
ing conceptacles in its crust. There appears to be
an evolutionary advantage to having reproductive
structures (conceptacles) in intergenicula, as even
when the crustose base is far more extensive in
area than the geniculate axes, as occurs in some
species of Chiharaea, conceptacles are borne only
on the erect axes (Martone et al. 2012). This is
true for all geniculate corallines, even though
genicula are not all homologous, having arisen at
least three different times from different crustose
coralline ancestors in the subfamilies Coralli-
noideae, Lithophylloideae, and Metago-
niolithoideae (Bailey and Chapman 1998, Bittner
et al. 2011, Rosler et al. 2016). Moreover, our data
demonstrate that Crusticorallina species evolved
from geniculate coralline ancestors (Fig. 2), repre-
senting a complete evolutionary reversal and a
return to a crustose morphology similar to other
nongeniculate corallines at the base of the coral-
line phylogeny (Bailey and Chapman 1998, Bittner
etal. 2011). Given the repeated evolution of
genicula from crustose coralline ancestors, past
researchers have speculated that erect, geniculate
fronds may be adaptations for increasing spore dis-
persal (Johansen 1981), increasing light competi-
tion (Johansen 1981), or perhaps decreasing
herbivory (Padilla 1984) as documented for
branched crusts (Steneck 1983, 1986). However,
adaptive arguments are difficult to maintain when
nongeniculate species, such as Crusticorallina spp.,
can persist and even radiate despite having lost
geniculate fronds altogether.
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