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Abstract

The genus Callophyllis is recorded as six separate species with imprecise species delimitation in Korea. To elucidate
the species boundaries of Korean Callophyllis, we performed morphological observations and molecular analyses, and
included three Japanese Callophyllis species from the type locality. From the results of molecular analyses using plastid
rbcL and mitochondrial COI-5P genes, we confirmed ten Callophyllis species, including five cryptic ones: C. adhaerens,
C. adnata, C. crispata, and C. japonica from Korea and Japan; C. hayamensis as an unrecorded species from Korea; C.
cartilaginea, C. mollitia, C. repens, C. serratifolia, and C. undulata as new species from Korea. There were no Korean
specimens that matched C. adnata or C. crispata from Japan, except Korean C. japonica, which formed a genetic group
with the Japanese species. We obtained the interspecific divergences among the five cryptic species as 0.6-4.5% in rbcL
and 2.8-8.4% in COI-5P. We recognized that the species diversity of Callophyllis has been underestimated from the north-
western Pacific region. The species boundary of Callophyllis from Korea and Japan will be a cornerstone to revealing the

phylogenetic affinity of the genus distributed in both hemispheres of the western Pacific.
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INTRODUCTION

The red algal genus Callophyllis was established by
Kiitzing (1843) for Callophyllis variegata (Bory de Saint-
Vincent) Kiitzing from Chile and C. laciniata (Hudson)
Kiitzing form Europe (Norris 1957), and it is distributed in
the cold and temperate regions of both hemispheres (Ara-
kaki et al. 2011). The genus Callophyllis is distinguished
from other kallymeniacean genera by its medullary struc-
ture that is composed of large and conspicuous isodia-
metric cells, and the female reproductive structure that
has no separate auxiliary cell systems (Norris 1957, Wom-
ersley and Norris 1971). At first, species delimitation was
carried out by observing the simple vegetative features of
Callophyllis species distributed in the west coast of North
America (Setchell 1923), but the identification of species

was conducted using the reproductive structures such as
the position and size of cystocarps, number and shape of
ostioles, and presence or absence of tetrasporangia sori
(Dawson 1954, Norris 1957, Abbott and Norris 1966). Ab-
bott and Norris (1966) indicated that identification based
on only vegetative features has led to errors when deter-
mining species diversity, because considerable variation
occurs in some Callophyllis species from the Pacific coast
of North America.

The advancement of the molecular method for the
taxonomic study of red algae has allowed us to over-
come the limit of morphological observations, to recog-
nize species diversity with the discovery of new species,
and to infer the phylogenetic relationships among taxa
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(Saunders 2008, Koh et al. 2013, Schneider et al. 2014). In
the genus Callophyllis, Harper and Saunders (2002) car-
ried out molecular analysis using the nuclear LSU rDNA
gene marker. Consequently, they confirmed the mono-
phyletic clade of the genus Callophyllis in the family Kal-
lymeniaceae and transferred three Callophyllis species to
Euthora and Pugetia: C. cristata to Euthora, C. firma, and
C. chilensis to Pugetia (Harper and Saunders 2002). Ara-
kaki et al. (2011) studied the species delimitation of Cal-
lophyllis from the central-southern Chile using the plastid
rbcL gene and newly reported C. concepcionensis and C.
macrostiolata. Clarkston and Saunders (2012) established
the new genus, Salishia, by examining the mitochon-
drial COI-5P gene and other DNA markers. Furthermore,
Clarkston and Saunders (2013) resolved the species diver-
sity of Callophyllis that is distributed in the northeastern
Pacific coastline, including a new species, C. schneideri,
and Klochkova et al. (2013) described lonia cornu-cervi as
a member of Callophyllis using rbcL analysis combined
with morphological evidence. Although the species de-
limitation of the genus Callophyllis from the eastern Pa-
cific of both hemispheres was well-established, based on
the morphology and molecular evidence, it remains an
unresolved taxonomic group in the western Pacific re-
gion.

In the western Pacific region of the northern hemi-
sphere, there are currently eight recorded Callophyllis
species (Yoshida 1998), including six species from Korea
(Lee and Kang 2001) and three in China (Xia 2004): Callo-
phyllis adhaerensYamada, C. adnata Okamura, C. crispata
Okamura, C. hayamensis Yamada, C. japonica Okamura,
C. mageshimensis Tanaka, C. palmata Yamada, and C.
rhynchocarpa Ruprecht. C. adhaerens has branches that
adhere to each other or other things, which was recog-
nized as a unique characteristics (Yamada 1932). C. adna-
tais characterized by its softly membranous and horizon-
tally attached by radical discs (Okamura 1932). C. crispata
has an erect, palmate or flabellate thallus, 10-20 cm high,
and 20-30 mm wide, with a crenulated margin (Okamura
1896). C. crispata and C. palmata have a similar external
habit, including the coriaceous substance, but they are
distinguished by the positon of the cystocarps (Okamura
1916, 1932, Yamada 1930). C. japonica is distinguished by
its pinnately subdichotomous thallus in irregular, grow-
ing spinescent protuberances at the margin, and the lo-
cation of cystocarps (Okamura 1936). The above recorded
species, except C. rhyncocarpa, were considered endemic
in the northwestern Pacific (Guiry and Guiry 2014).

The species of Callophyllis mostly grow in the subtidal
zone, but specimens have hardly been collected from this
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area, because of the difficulty of approaching deep water.
Therefore, we have continuously surveyed subtidal habi-
tats around Jeju Island, Korea, to discover cryptic species
of the red algae. The aims of this study are to clarify the
species delimitations of Callophyllis, based on its mor-
phology and molecular analyses of plastid rbcL and mito-
chondrial COI-5P, to discover cryptic species diversity in
the subtidal zone of the Korean coast by applying molec-
ular tools, and to understand the phylogenetic relation-
ships of Callophyllis species that occur in the northwest-
ern Pacific.

MATERIALS AND METHODS

The Callophyllis specimens examined in the present
study are listed in the Table 1. The collections of samples
were conducted in the intertidal and subtidal zones by
SCUBA diving in Korea and Japan, including the type lo-
cality, Enoshima. Samples were transported to the labora-
tory, and photographed by a D-80 camera (Nikon, Tokyo,
Japan). The samples for DNA extraction were detached
from the thallus to make silica-gel-dried tissue samples.
The voucher specimens were made into a pressed one on
the herbarium paper and deposited in the herbarium of
the Jeju National University (JNUB), Jeju, and in the Na-
tional Institute of Biological Resources (NIBR), Incheon,
Korea. Samples for anatomical study were preserved in
4-5% formalin in seawater. After describing the exter-
nal morphology by using a dissecting microscope SZ61
(Olympus, Tokyo, Japan), sections were done by hand us-
ing a razor or a freezing microtome (NK-101-1I; Nippon
Optical Works Co. Ltd., Tokyo, Japan). In addition, speci-
mens for squash preparations were soaked for 1-2 h in a
5% solution of 5 N KOH, then rinsed in distilled water for
1 h (Schneider et al. 2014). Sections and squash prepa-
rations were stained with 1% acidified aniline blue and
mounted in 30% corn syrup. The Wittmann’s aceto-iron-
hematoxylin chloral hydrate staining method (Wittmann
1965) was used for precise observations of the carpogo-
nial branches with 50% Hoyer’s mounting medium (Lin et
al. 2012). Photomicrographs were taken using a QImaging
1394 camera (QImaging, Surrey, BC, Canada) attached to
a BX50 microscope (Olympus, Tokyo, Japan).

DNA was extracted using DNeasy Plant Mini Kit (QIA-
GEN, Hilden, Germany) following the manufacturer’s
protocol. Extracted DNA was processed to the poly-
merase chain reaction (PCR) to amplify rbcL and COI-5P
genes. The primer combinations used to amplify each
gene region were rbcL._F145-rbcL._R898 and rbcL_F762-
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rbcL_R1442 (Kim et al. 2012), and GazF1-GazR4 in COI-
5P (Saunders 2008). PCR amplification was conducted in
a total volume of 20 pL with AccuPower PCR PreMix (Bi-
oneer, Daejeon, Korea) using Peltier Thermal Cycler, PTC-
100 (BIO-RAD, CA, USA). Each PCR profile of rbcL and
COI-5P was followed by Saunders and Moore (2013). PCR
products were purified using an AccuPrep Purification
Kit (Bioneer), and then all sequencing was outsourced
to Macrogen (Seoul, Korea). Both electropherogram out-
puts from each sample were edited using Chromas ver.
1.45 (Technelysium Pty Ltd., Helensvale, QLD, Australia).
The total rbcL and COI-5P sequences were organized us-
ing the multiple-sequence editing program BioEdit (Hall
1999) and aligned visually.

A neighbor-joining analysis of COI-5P alignment with
distance corrected under a Kimura 2-parameter mod-
el was completed using MEGA ver. 5.10 (Tamura et al.
2011). For rbcL phylogeny of the genus Callophyllis, our
specimens were analyzed with sixteen Callophyllis spe-
cies from GenBank including the generitype Callophyl-
lis variegata (HQ910494), and three outgroups: Pugetia
fragilissima (JX969789), Salishia frima (HQ910506), and
Kallymenia reniformis (KF280990). Maximum likelihood
(ML) analyses were performed using RAXML software
(Stamatakis 2006). We used the “-f a” option for rapid
bootstrap analysis, and best likelihood tree searching us-
ing “-# 1000” and 200 independent tree inferences with
the “number of run” option, with default-I and an auto-
matically optimized subtree pruning and regrafting (SPR)
rearrangement to identify the best tree. To generate boot-
strap values for the phylogeny, the statistical support for
each branch was obtained from 1,000 replications, using
the same substitution model and RAXML program set-
tings. In addition, we performed Bayesian phylogenetic
inferences (BI) using MrBayes ver. 3.1.2 (Ronquist and
Huelsenbeck 2003) with the Markov Chain Monte Carlo
(MCMQ) to get the Bayesian posterior probablities.

RESULTS
Molecular analyses

In total, we analyzed 50 rbcL and 59 COI-5P sequences
of Callophyllis specimens from Korea and Japan (Table 1)
and confirmed ten species. We aligned 1,290 nucleotide
base pairs of rbcL gene. Of all sites, 450 (34.9%) were vari-
able and 356 (27.6%) were phylogenetically informative.
In the ML phylogenetic tree of rbcL sequences (Fig. 1),
nine species were confirmed: C. adhaerens from Korea,

Cryptic species diversity of Callophyllis

C. japonica from both countries, C. adnata from Japan,
C. hayamensis from Korea as a new record, and five cryp-
tic new species—C. cartilaginea, C. mollitia, C. repens,
C. serratifolia, and C. undulata. However, we failed PCR
amplification of rbcL for C. crispata from Japan. The in-
terspecific divergence of rbcL gene ranged from 0.6 % to
9.9 % in the genus Callophyllis. C. hayamensis showed
0.8-0.9% interspecific divergence with C. serratifolia sp.
nov,, and 1.1-1.2% with C. undulata sp. nov. There was
0.6-0.8% interspecific divergence between C. serratifolia
sp. nov. and C. undulata sp. nov. In rbcL analysis, C. re-
pens sp. nov. formed a basal node of the clade consisting
of C. hayamensis, C. serratifolia sp. nov., and C. undulata
sp. nov., but we failed to confirm in COI-5P analysis. C. ja-
ponica was sister to C. cartilaginea sp. nov. with 1.4-1.5%
interspecific divergence. The intraspecific divergence of
C. japonica was 0.3-1.0% with Korean specimens, Japa-
nese specimens from the type locality, and other Japa-
nese specimen (HQ910507) in NCBI. C. mollitia sp. nov.
formed a clade with C. adnata from the type locality in
Japan, showing 3.1-3.2% interspecific divergence. C. ad-
haerens did not show phylogenetic affinity with any other
species from GenBank. The maximum likelihood (ML)
and Bayesian inference (BI) of rbcL analyses resulted in a
phylogenetic tree in which most Callophyllis species from
the northwestern Pacific were strongly supported, more
than 95% in bootstrap (BS) and 1.00 in posterior prob-
abilities (PP), and their topology was congruent at an in-
terspecific level (Fig. 1).

The neighbor-joining tree of COI-5P (701 bp) is shown
in Fig. 2. We resolved nine Callophyllis species delimita-
tion, except for the sequences of C. repens sp. nov. in COI-
5P analysis. The genetic variations within species ranged
0-1.0% in C. japonica, including one specimen from Ja-
pan, 0-1.6% in the clade of C. serratifolia sp. nov. included
seven specimens from both countries, and 0-0.2% in C.
undulata sp. nov. The interspecific variation ranged 2.8-
9.5% in the genus Callophyllis. C. serratifolia sp. nov. and
C. undulata sp. nov. formed a sister group like rbcL analy-
sis, showing 2.8-3.3% interspecific divergence. C. serrati-
folia sp. nov. exhibited 1.2-1.6% intraspecific divergence
between Korean and Japanese specimens. C. hayamensis
was sister to C. cartilaginea sp. nov., with 4.5% interspe-
cific divergence. C. japonica showed more interspecific
divergence for COI-5P with C. cartilaginea sp. nov., 5.7
5.9%, than that through rbcL analysis, 1.4-1.5%. The intra-
specific divergence of C. japonica from Korea and Japan
was 1.0%. The intraspecific divergence of C. mollitia sp.
nov. and C. adhaerens was identical, but C. adnata from
the type locality in Japan is 0.3%. C. crispata from Japan

http://www.jecoenv.org
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KM675281 Callophyllis serratifolia Korea

% KM675283 Callophyllis serratifolia Korea
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93 e HQ910511 Callophyilis obtusifolia Mexico

78/ H0910497 Callophyllis concepcionensis Chile

| HQ910505 Callophyllis edentata USA
U04191 Callophyllis violacea USA
B HQ910498 Callophyilis pinnata USA

welv |KMG75297 Callophyllis mollitia Korea
KM675298 Callophyllis mollitia Korea

82/%
KM675246 Callophyllis adnata Japan
78/% | ﬁ[{ KM675243 Callophyllis adnata Japan
KM675244 Callophyllis adnata Japan
HQ910495 Callophyilis variegata Peru
4/ |: HQ910494 Callophyliis variegata Chile
-I%

KC408803 Callophyllis cornu-cervi Russia

HQ910509 Callophyllis lambertii Australia

GQ376536 Callophyllis decumbens New Zealand

HM587176 Callophyllis laingiana New Zealand

HMS587175 Callophyilis hombroniana New Zealand

HQ910501 Callophyllis macrostiolata Chile
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-10.86 __]

I— HQ910504 Callophyliis atrosanguinea Chile

-10.74 _/0.97 HQ910512 Callophyllis rangiferina Australia
HQ910506 Salishia firma USA

HQ910508 Callophyliis laciniata France

] JX969789 Pugetia fragilissima Canada

KF280990 Kallymenia reniformis Ireland

0.02

Fig. 1. Phylogenetic tree of the genus Callophyllis species (bold is collected in this study and normal is acquired from GenBank) based on rbclL sequences
inferred from maximum-likelihood analysis. Bootstrap value are shown above the branches: maximum-likelihood (left) and Bayesian posterior probabilities
(right). Branches marked with an asterisk received 100% support in both analyses, whereas those lacking values received less than 70% support. Scale bar:
substitutions/site.
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KM675310 Callophyllis serratifolia Korea
KM675316 Callophyllis serratifolia Korea
KM675318 Callophyllis serratifolia Korea
KM675312 Callophyllis serratifolia Korea
KM675308 Callophyllis serratifolia Korea
| KM675319 Callophyllis serratifolia Japan
KM675320 Callophyllis serratifolia Japan
KM675322 Callophyllis undulata Korea
KM675321 Callophyllis undulata Korea
KM675323 Callophyllis undulata Korea
| KM675355 Callophyllis hayamensis Korea
| KM675356 Callophyllis hayamensis Korea

KM675327 Callophyllis cartilaginea Korea
—‘ KM675328 Callophyllis cartilaginea Korea
KM675329 Callophyllis cartilaginea Korea

KM675361 Callophyllis japonica Korea
KM675366 Callophyllis japonica Korea
KM675368 Callophyllis japonica Korea
KM675370 Callophyllis japonica Korea
KM675373 Callophyllis japonica Korea
KM675374 Callophyllis japonica Korea
— KM675344 Callophyllis adnata Japan

|— KM675375 Callophyllis japonica Japan

L KM675347 Callophyllis adnata Japan
JX034143 Callophyllis beringensis Canada

JX034443 Callophyllis violacea Canada
JX034309 Callophyilis flabellulata Canada
JX034435 Callophyllis variegata Canada
KF280914 Callophyliis variegata Canada
JX034425 Callophyllis thompsonii Canada
HQ545179 Callophyllis schneideri Canada

JX034189 Callophyllis dissecta USA
KM675330 Callophyllis mollitia Korea
KM675331 Callophyllis mollitia Korea

KM675332 Callophyllis mollitia Korea
KM675333 Callophyllis mollitia Korea
KM675334 Callophyllis mollitia Korea

JX034356 Callophyllis linearis USA
JX034279 Callophyliis edentata USA
JX034391 Callophyllis radula Canada

JX034353 Callophyllis heanophylla USA
JX034379 Callophyllis pinnata Canada
JX034183 Callophyllis crenulata Canada

KM675351 Callophyllis crispata Japan
KM675352 Callophyllis crispata Japan

KM675353 Callophyllis crispata Japan

KM675354 Callophyllis crispata Japan
KM675336 Callophyllis adhaerens Korea
KM675337 Callophyllis adhaerens Korea

KM675341 Callophyllis adhaerens Korea
KM675342 Callophyllis adhaerens Korea
KM675343 Callophyllis adhaerens Korea

HM917637 Callophyilis lambertii Australia

—_
0.01

JF903294 Callophyllis laciniata UK

Fig. 2. Unrooted phylogram generated using neighbor-joining analysis from the cytochrome oxidase | (COI) sequences of Callophyllis specimens
collected in this study (taxa in bold) and acquired from GenBank (taxa not bold). Scale bar: substitutions/site.
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Fig, 3. Callophylliis cartilaginea H. W. Lee & M. S. Kim sp. nov. (a) Holotype specimen (JN120606-01, vegetative plant, Jongdal, 06 June 2012). (b) Very
short compressed stipe arising from flattened holdfast. (c) Frond trichotomously branched at the middle portion bearing short spinescent protuberances
(arrowheads). (d) Frond sub-dichtomously branched at the apical portion and having acute apex. (e) Cross section view showing three celled layer of
medulla consisting of isodiametric cells. Scale bars represent 2 cm (a), 500 pm (b), 1,000 um (c, d), and 50 um (e).

showed 0.3% intraspecific divergence between the speci-
mens from Enoshima, the type locality, and from Chiba
in Japan.

Taxonomic conclusions
Callophyllis cartilaginea H. W. Lee & M. S. Kim sp.
nov. (Fig. 3)

Description: Thallus cartilaginous, erect, narrowly
flabellate, dark- to brown-red in color, di- or trichoto-
mously branched in a bushy clump, stipitate in slightly
compressed, 5-7 cm long, 1.1-1.7 mm wide in the middle,
attached to the substratum by a sub-discoidal holdfast;
apex acute; margin usually smooth with spinescent pro-
tuberances.

Holotype: JN120606-01 (Fig. 3a), vegetative plant, col-
lected at 5-10 m in depth of the subtidal zone on 06 June
2012 and deposited in the Herbarium of Department of
Biology, Jeju National University, Korea (JNUB).

Type locality: Jongdal, Jeju, Korea (33°29'34.40" N,
126°55'16.23" E).

Etymology: The specific epithet (cartilaginea) was cho-
sen to represent this species, as it has a cartilaginous thal-
lus.

Distribution: Korea (this study).

Selected specimens: JN120606-01-2 (Jongdal, 06 June
2012, vegetative); 120727-45, 60 (Dueokdo, 27 July 2012,
vegetative); NIBRAL0000143264, 140423-s01-3 (Jongdal,
23 April 2014, vegetative).

Morphology: Plants are erect, flabellate, cartilaginous,

http://dx.doi.org/10.5141/ecoenv.2014.041

and dark-red in color (Fig. 3a). Thallus has a short sub-
cylindrical stipe arising from a discoidal holdfast, which
gets more compressed (Fig. 3b). The thallus is di- or tri-
chotomously branched (Fig. 3c), and is irregularly sub-
dichotomously branched at the upper portion (Fig. 3d).
The thallus is 5-7 cm long, 310-358 um thick, and 1.1-1.7
mm wide, but 2.2-3.4 mm wide at the branching point.
The thallus margin is almost smooth, and often small spi-
nescent protuberances laterally (Fig. 3c and 3d). The apex
is acute (Fig. 3d). The medulla is made of a two- or three-
celled layer: Two large isodiametric cells, 112-146 pm x
104-160 pm in size, and one small oblong cell, 49-61 pm
x 58-72 pm in size (Fig. 3e). Outer cortical cells are bead-
like and 4.3-5.6 pym x 4.5-5.4 pym in size, whereas inner
cells are oblong and 4.1-5.7 pm x 6.4-8.5 pm in size.

Callophyllis mollitia H. W. Lee & M. S. Kim sp. nov.
(Fig. 4)

Description: Thallus membranous, tender, flattened,
palmate, bright brown-red in color, sub-dichotomously
branched, shortly stipitate, 3-5 cm long, 4.3-5.1 mm wide
in the middle, attached to the substratum by a discoidal
holdfast with several minute radical discs arising from the
thallus; apex roundish, margin smooth, cystocarps hemi-
spherical scattered over the entire blades with 2-3 one-
sided ostioles; tetrasporangia cruciately divided, scat-
tered irregularly in the cortex.

Holotype: JN120725-07 (Fig. 4a), female gametophyte,
collected at 12-15 m in depth of the subtidal zone on 25
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Fig, 4. Callophyllis mollitia H. W. Lee & M. S. Kim sp. nov. (a) Holotype specimen (JN120727-07, ¢, Daesambudo, 07 July 2012). (b) The Main radical disc. (c)
Minute radical discs borne at the basal portion of frond grasping substratum (articulated coralline algae). (d) Smooth margin of frond. (e) Cross section view
showing medulla consisting of irregular size of isodiametric cells. (f) Teterasporangia cruciately divided scattered in the cortical layer. (g) Cross section view
showing cystocarp with two ostioles (arrowheads). Scale bars represent 1 cm (a), 500 pm (b), 300 um (c), 100 pm (d, g), 50 um (e), 10 pm (f).

July 2012 and deposited in the Herbarium of Department
of Biology, Jeju National University, Korea (JNUB).

Isotype: NIBR (NIBRAL0000143265, vegetative) and
JNUB (JN120725-08, %).

Type locality: Daesambudo, Yeosu, Korea (34°03'07.17”
N, 127°22'56.58" B).

Etymology: The specific epithet (mollitia) was chosen
to represent the tender thallus of this species.

Distribution: Korea (this study).

Selected specimens: JN12sp001-4 (Jongdal, 06 January
2012, ®); NIBRAL0000143265 (Daesambudo, 25 July 2012,
vegetative), 120725-07-8 (Daesambudo, 25 July 2012, %);
120130-16-18 (Munseom, 30 January 2013, vegetative).

Morphology: Plant is flattened, palmate, tender, mem-
branous, and bright brown-red in color (Fig. 4a). Its thal-
lus is branched irregularly 2-3 times (Fig. 4a). The thallus
has a very short stipe arising from a radical disc (Fig. 4b),
and is attached by several minute radical discs borne lat-
erally or ventrally at the basal portion (Fig. 4c). The thal-
lus is 3-5 cm long, 279.8-315.7 pm thick, 1.9-2.9 mm wide
at the basal, 4.3-5.1 mm wide at the middle, and 2.3-2.9
mm at the upper portion. The thallus margin is smooth all
over (Fig. 4d). The apex is roundish or bluntly dissected.
The medulla is made up of irregular isodiametric or sub-
isodiametric cells (Fig. 4e), the smaller cells are 75-83 pm
x 80-110 pm in size, and the larger cells are 141-204 pm
x 152-198 pm. The cortex is made up of bead-like cells,
5.3-5.9 pm x 4.9-6.1 ym in size (Fig. 4e). Tetrasporangia
are oblong and cruciately divided, and they are located in
the cortex, 31.1-34.5 pm x 13.0-15.6 pm in size (Fig. 4f).

Cystocarps are scattered over the entirety of the blades,
more protuberant dorsally than ventrally, and they have
several ostioles opened dorsally (Figure 4g). The cysto-
carps are 738.6-784.6 ym x 795.3-818.7 ym.

Callophyllis repens H. W. Lee & M. S. Kim sp. nov.
(Fig. 5)

Description: Thallus creeping, flattened, flabellate,
slightly cartilaginous, dark red in color, dichotomously
branched, 2-5 cm long, 2.1-2.8 wide in the middle, at-
tached to the substratum by a discoidal holdfast with sev-
eral minute radical discs; apex is acute; margin minutely
crenulated, a few globular lateral protuberances, and ad-
herent laterally to neighboring blade margins.

Holotype: JN120717-20 (Fig. 5a), vegetative plant, col-
lected at 25-30 m in depth of the subtidal zone on 17 July
2012 and deposited in the Herbarium of Department of
Biology, Jeju National University, Korea (JNUB).

Isotype: NIBR (NIBR0000143263, vegetative).

Type locality: Shinchang, Jeju, Korea (33°21'00.88" N,
126°09'51.26" E).

Etymology: The specific epithet (repens) was chosen to
represent the creeping thallus of this species.

Distribution: Korea (this study).

Morphology: Plants are flattened, slightly cartilagi-
nous, and dark-red in color (Fig. 5a). The thallus is dichot-
omously branched in the same plane (Fig. 5a). The thallus
arises from a main discoidal holdfast (Fig. 5b) and bears
several minute radical discs at the basal portion (Fig. 5¢).
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Fig. 5. Callophyllis repens H. W. Lee & M. S. Kim sp. no. (a) Holotype specimen (JN120717-20, vegetative plant, Shinchang, 17 July 2012). (b) Main holdfast
of the frond. (c) Minute radical disc borne at the basal portion of frond. (d) Globular protuberances borne from minutely crenulate margin of thallus. (e) The
adhering point (arrowhead) of frond attached at the margin. (f) Cross section view showing one celled cortical layer and large isodiametric medullary cells
surrounded by small cells. Scale bars represent 2 cm (a), 500 pum (b, ), 200 um (c, d), 25 pm (f).

Fig. 6. Callophyllis serratifolia H. W. Lee & M. S. Kim sp. nov. (a) Holotype specimen (JN120602-04, vegetative plant, Munseom, 02 June 2012). (b) A
discoidal holdfast bearing several fronds. (c) Thallus dichotomously branched. (d) The serration at the margin of frond. (e) Frond having narrowly blunt
apex (f) Cross section of frond showing two celled layer of cortex, and large isodiametric cells of central medulla surrounded by small cells. (g) Surface
view showing scattered tetrasporangia (arrowheads). (h) Tetraspoarangia cruciately divided in the cortical layer. (i) Three celled carpogonial branch and
carpogonium (arrowhead) borne supporting cell with subsidiary cells. (j) Cross section of cystocarp with two ostioles (arrowheads). Scale bars represent 1
cm (a), 1,000 pm (b, ¢, €), 100 pm (d, j), 20 pm (f), 10 pm (g-i).
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The thallus is 2-5 cm long, 200-220 pm thick, and 2.1-2.8
mm wide at the middle portion, getting narrower to the
upper portion, 0.9-1.7 mm wide. The apex is acute. The
thallus margin is minutely crenulated (Fig.5d). One blade
of the thallus is adhered to another blade at the margin
by the lateral protuberances of both blades (Fig. 5e). The
medulla is made up of irregular isodiametric or sub-iso-
diametric cells, 61.8-90.1 pm x 58.6-84.9 um in size (Fig.
5f). The cortex is a one- or two-celled layer, 5.3-6.7 pm x
5.2-6.9 pm in size (Fig. 5f).

Callophyllis serratifoliaH. W. Lee & M. S. Kim sp.
nov. (Fig. 6)

Description: Thallus flattened, flabellate, slightly car-
tilaginous, dark red in color, dichotomously branched
in a bushy clump, shortly stipitate, 5-7 cm long, 2.3-4.9
mm wide in the middle, attached to the substratum by a
discoidal holdfast; apex narrowly blunt; margins serrated;
procarps consist of a supporting cell, 2-4 subsidiary cells,
three-celled carpogonial branch; cystocarps spherical
and scattered over the upper blades with 2-6 both-sided
ostioles; tetrasporangia cruciately divided and scattered
irregularly in the cortex.

Holotype: JN120602-04 (Fig. 6a), vegetative plant, col-
lected at 8-15 m in depth of the subtidal zone on 02 June
2012 and deposited in the Herbarium of Department of
Biology, Jeju National University, Korea (JNUB).

Isotype: JNUB (JN120602-5, ?) and NIBR (NIBR000O
143261, vegetative).

Typelocality: Munseom, Seogwipo, Korea (33°13'40.25”
N, 126°34'01.05" E).

Etymology: The specific epithet (serratifolia) was cho-
sen to represent the fact that the marginal outline of this
species has serrated edges.

Distribution: Korea (Lee 2008) and Japan (this study).

Selected specimens: JN120513-22, 24 (Munseom, 13
May 2012, vegetative); JN120602-04, NIBR0000143261
(Munseom, 02 June 2012, vegetative); JN120602-05 (Mun-
seom, 02 June 2012, 9); IN120725-49-52 (Geomundo, 28
July 2012, vegetative); JN120727-43 (Dueokdo, 27 July
2012, @); 120727-44 (Dueokdo, 27 July 2012, 2); JN2013-
v0285 (Seopseom, 05 April 2013, ®); 130616-25 (Mun-
seom, 16 July 2013, 9).

Morphology: Plants are flattened, flabellate, slightly
cartilaginous, and dark-red in color (Fig. 6a), arising from
a short cylindrical stipe. The thallus grows as a single
blade or a small clump with several blades from a dis-
codial holdfast (Fig. 6b). The thallus is usually 5-7 cm
long, occasionally up to 10 cm long, 2.3-4.9 mm wide at

Cryptic species diversity of Callophyllis

the middle branches, 1.2-2.1 mm wide at the upper part,
320-395 um thick at the basal, and 193-212 um thick at
the middle. The thallus is dichotomously branched in the
same plane (Fig. 6¢), and serrated at the margins (Fig. 6d).
The apex is narrowly blunt (Fig. 6e). The medullar con-
sists of large sub-isodiametric central cells, 97-102 ym
x 101-127 pm in diameter, surrounded by several small
cells, 54-71 pm x 55-82 pm in diameter (Fig. 6f). The cor-
tex is usually a two-cell layer consisting of cortical cells,
4.6-6.7 ym x 5.2-7.8 pym in diameter (Fig. 6f). Tetraspo-
rangia are irregularly scattered on the thallus surface (Fig.
6g), and are cruciately divided in the cortical layer, 2.0-2.3
pm x 9.5-10.9 pm in diameter (Fig. 6h). The procarp con-
sists of three-celled carpogonial branches arising from a
supporting cell with two subsidiary cells (Fig. 6i). Cysto-
carps are located on the surface of the upper branches,
are 890.4-842.4 ym x 870.6-920.9 pm, and protude toward
both sides with both-sided ostioles (Fig. 6j).

Callophyllis undulata H. W. Lee & M. S. Kim sp.
nov. (Fig. 7)

Description: Thallus flattened, flabellate, membra-
nous, erect, stipitate, light scarlet to bright red in color,
dichotomously branched in a bushy clump, 3-8 cm long,
2.8-9.9 mm wide in the middle, attached to the substra-
tum by a discoidal holdfast; apex roundish; margin pleat-
ed.

Holotype: JNHU110612-01 (Fig. 7a), vegetative plant,
collected at 25-30 m in depth of the subtidal zone on 12
June 2011 and deposited in the Herbarium of Department
of Biology, Jeju National University, Korea (JNUB).

Isotype: JNUB (JNHU110612-2, vegetative) and NIBR
(NIBR0000143262, vegetative).

Type locality: Udo Channel, Jeju, Korea (33°29'55.19" N,
126°56'02.53" E).

Etymology: The specific epithet (undulata) was chosen
to represent the pleated edge of the marginal outline of
this species.

Distribution: Korea (this study).

Selected specimens: JNHU110612-01 & 03, NIBRO00O
143262 (Udo Channel, 12 June 2011, vegetative).

Morphology: Plants are erect, flabellate, scarlet to
bright-red in color (Fig 7a), and have a cylindrical stipe
that arises from a discoidal holdfast (Fig. 7b). The thallus
is 3-8 cm long, 2.8-9.9 mm wide, and 99.1-190.5 pm thick.
The thallus is dichotomously branched (Fig. 7c), pleated,
and bluntly serrated at the margin (Fig. 7d). The apex is
roundish (Fig. 7e). The medulla is almost entirely a two-
celled layer of large sub-diametric cells, 42.2-85.4 pm x
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Fig. 7. Callophyllis undulata H. W. Lee & M. S. Kim sp. nov. (a) Holotype specimen (JNHU110612-01, vegetative plant, Udo Channel, 02 June 2011). (b)
Two stipes arising from a discoidal holdfast. (c) Thallus having pleated margin and dichotomously branched frond. (d) Thallus margin pleated and bluntly
serrate. (e) Frond having roundish apex. (f) Cross section showing two celled layers of the cortex consisting of isodiametric cells at the outer layer and
oblong cells at the inner and two or three layered isodiametric medullary cells. Scale bars represent 1 cm (a), 1,000 pum (b, ¢, €), 100 um (d), 10 um (f).

Fig. 8. Callophyllis hayamensis Yamada. (a) JN2013-v0454, vegetative plant collected from Sasu-dong on 07 July 2013, showing flattened membranous
thallus. (b) JN2013-v0495, female gametophyte collected from Sasu-dong on 12 July 2013. (c) Cylindrical and dichotomous branched stipe arising from
a discoidal holdfast. (d) Thallus dichotomously branched at the basal part. (e) Slightly crenulation at the margin of frond. (f) Cross section of the frond
showing medulla and cortex. (g) Cross section of the dorsal cortex. (h) Cross section of the ventral cortex. (i) Cystocarp borne at the upper part of thallus
having ostioles (arrowheads). (j) Cross section view of cystocarp protuberated dorsally with two ostioles (arrowheads). Scale bars represent 2 cm (a, b), 1,000
um (c, d), 200 um (e, i), 25 pm (f), 10 um (g, h), 100 um (j).
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39.6-86.6 um in size (Fig. 7f). The cortex is one or two lay-
ered: the outer cortical cells are bead-like, 3.5-5.2 pm x
3.3-5.0 ym in size, and the inner cortical cells are oblong,
2.5-5.2 ym x 6.4-8.6 um in size (Fig. 7f).

Callophyllis hayamensis Yamada 1941 (Fig. 8)

Holotype: TNS (Yoshida 1998).

Type locality: Hayama, Kanagawa, Japan.

Distribution: Korea (this study) and Japan (Yoshida
1998).

Selected specimens: JN2013-v0454 (Sasu-dong, 07 July
2013, 9);JN2013-v0457-460 (Guideok 1-ri, 10July 2013, veg-
etative); JN2013-s0222-4, JN2013-v0494, NIBR0000143266
(Sasu-dong, 12 July 2013, %)

Morphology: Plant is flattened, flabellate, scarlet to
dark-red in color, 5-8 cm long, and 190-206 pm thick (Fig.
8a and 8b). The thallus has a cylindrical stipe arising from
a discoidal holdfast and is 3.9-7.3 mm long (Fig. 8c). The
thallus is dichotomously branched 2-4 times, and broad-
ens upwardly (Fig. 8d). The width of the thallus is ranged
from 6.4-8.1 mm in the middle to 3.5-4.3 mm in the up-
per. The margin is slightly crenulated (Fig. 8e). The apex of
the thallus is obtuse and roundish. The medulla consists
of two isodiametric celled layer, which are 62-114 pm x
46-114 pm in size (Fig. 8f). The outer cortex is dorsiven-
tral, consisting of a two- or three-celled layer in the dorsal
cortex and a one-celled layer in the ventral cortex (Fig. 8g
and 8h). Cystocarps are scattered over the upper blades
(Fig. 8i) and protude more dorsally with several one-sided
ostioles (Fig. 8j).

DISCUSSION

In the present study, we recognized a total of ten Callo-
phyllis species, including five new cryptic species and one
unrecorded species from Korea based on the morphology
with molecular analyses of the plastid rbcL. and mito-
chondrial COI-5P. We proved five Callophyllis species that
have been previously recorded in the northwestern Pa-
cific (Yoshida 1998, Xia 2004, Lee and Kang 2001): Callo-
phyllis adhaerensYamada, C. adnata Okamura, C. crispata
Okamura, C. hayamensis Yamada, and C. japonica Oka-
mura. Two species, C. adnata and C. crispata, were only
collected from Japan in this study, and the distribution of
C. hayamensis was expanded to Korea. In particular, the
diversity of Callophyllis from the northwestern Pacific
was increased by discovering five new cryptic species: C.
cartilaginea sp. nov., C. mollitia sp. nov., C. repens sp. nov.,
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C. serratifolia sp. nov., and C. undulata sp. nov.

To delimit the species boundaries of the genus Cal-
lophyllis, morphological features have been compared
such as thallus type and size, branching pattern, marginal
type, position and size of cystocarps, number and shape
of ostioles, and presence of tetrasporangia sori (Sectch-
ell 1923, Dawson 1954, Norris 1957, Abbott and Norris
1966, Womersley and Norris 1971). We compared ten Cal-
lophyllis species on the basis of the combination of the
above morphological features, and consequently defined
five new species in this study that could be discriminated
from other species (Table 2). C. cartilaginea sp. nov. can
be mistaken as C. japonica, but two species differ in thal-
lus type and the shape of stipe: the former species has a
cartilaginous thallus with a short compressed stipe, and
the latter has a membranous thallus with apparent cylin-
drical stipe and spinescent protuberances at the lateral
margin (Okamura 1936). C. mollitia sp. nov. resembles C.
adnata, as they both have membranous blades in tender
and are attached by several radical discs (Table 2), but the
thallus of C. adnata is more than twice as wide, with a red
and often fading ferruginous color and slightly crenulated
margins (Okamura 1932). C. repens sp. nov. is similar to
C. mageshimensis in its creeping habit, attached to the
substratum with several radical discs, although C. mages-
himensis has no adherent branches and an apparently
acute apex (Tanaka 1963). C. serratifolia sp. nov. is charac-
terized by its narrowly blunt apex, regularly dichotomous
branching pattern, and serrated margin without pleat
and both-sided cystocarp ostioles, and it is clearly distin-
guished from any other species distributed in the north-
western Pacific (Table 2). C. undulata sp. nov. is similar
to C. hayamensis on the thallus type and width and apex
shape, but C. undulata is pleated and bluntly serrated at
the margin (Table 2), unlike C. hayamensis without pleat
margin (Yamada 1941).

Arakaki et al. (2011) described two new species, C. con-
cepcionensis and C. macrostiolata, which exhibit inter-
specific divergences of rbcL with their close sister taxa,
4.0% with C. obtusifolia and 2.5% with C. atrosanguinea,
respectively. Our interspecific divergences of rbcL are
from 0.6-0.8% (between C. serratifolia sp. nov. and C. un-
dulata sp. nov.) to 1.4-1.5% (between C. japonica and C.
cartilaginea sp. nov.), which divergences are insufficient
to distinguish the species (Arakaki et al. 2011). Otherwise,
the interspecific divergences among our specimens in
COI-5P ranged from the minimum 2.8-3.3% (between C.
serratifolia sp. nov. and C. undulata sp. nov.), to the maxi-
mum 8.8% (between C. hayamensis and Callophyllis mol-
litia sp. nov.). Clarkston and Saunders (2013) defined that
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COI-5P shows a proper divergence to distinguish Cal-
lophyllis species efficiently, which 2.6-10.45% between
collections from the northeastern Pacific. Although our
rbcL sequences of Callophyllis exhibit relatively less in-
terspecific divergences than 2.0%, our five new species
are sufficiently supported by the complement of COI-5P
analysis and morphological observations to recognize
as a cryptic new species. Clarkston and Saunders (2013)
emphasized the conjunction of key characteristics based
on the morphology typically used for species delimitation
and molecular data to identify many Callophyllis species
exhibiting the high morphological variability (Abbott and
Norris 1966). The morphological species boundaries for
our taxonomic conclusion regarding Callophyllis species
from the northwestern Pacific is guaranteed as a reliable
criterion by conjunction with molecular evidence.

Abbott and Norris (1966) suggested that the number of
carpogonial branches per supporting cell appear to dif-
ferentiate two evolutionary lineages within Callophyllis.
Clarkton and Saunders (2013) emphasized that mono- vs.
polycarpogony has potential for the accurate definition
of species entities and diversity, and that it is necessary
to find a diagnosis that could be present in all of the life
history of Callophyllis species. The mono- or polycarpog-
ony of many Callophyllis species remain unrevealed as of
yet, except several species from the Pacific coast of both
America and Australia, including the generitype C. var-
iegata (Norris 1957, Abbott and Norris 1966, Womersley
and Norris 1971, Arakaki et al. 2011, Clarkston and Saun-
ders 2013). The mono- or polycarpogony of Callophyllis
species from the northwestern Pacific are not defined in
detail in the present study. Further study of the female re-
productive structures of Callophyllis should be carried out
preferentially to find the diagnosis of Callophyllis species
and to demonstrate the phylogenetic relationship of two
evolutionary lineages. Up to now, several geographically
small-scale studies of Callophyllis have been conducted
in the southeastern Pacific (Arakaki et al. 2011, Lin et al.
2012) and the northeastern Pacific (Harper and Saunders
2002, Clarkston and Saunders 2013), whereas there has
been no study in western Pacific region. Like the concept
that geographically small-scale studies are a necessary for
the first step towards a global assessment of Callophyllis
(Abbott and Norris 1966), we expect that the present study
will provide a basis for determining species diversity and
understanding the phylogeographic relationships of Cal-
lophyllis from the Pacific Ocean.

Cryptic species diversity of Callophyllis

ACKNOWLEDGMENTS

We thank Dr. Miyata, Dr. Kikuchi, Dr. Kondo, and Dr.
Wada for the help during collection trips in Japan, and
all members of the molecular phylogeny of marine algae
laboratory at Jeju National University. This work was sup-
ported by a grant from the National Institute of Biological
Resources (NIBR), funded by the Ministry of Environment
(MOE) of the Republic of Korea (NIBR201401204 for col-
lecting samples and 1834-302 for molecular analyses).

LITERATURE CITED

Abbott IA, Norris RE. 1966. Studies on Callophyllis (Rhodo-
phyceae) from the Pacific coast of North America. Nova
Hedwigia 10: 67-84.

Arakaki N, Alveal K, Ramirez ME, Fredericq S. 2011. The ge-
nus Callophyllis (Kallymeniaceae, Rhodophyta) from
the central-south Chilean coast (33° to 41°S), with the
description of two new species. Rev Chil Hist Nat 84:
481-499.

Clarkston BE, Saunders GW. 2012. An examination of the
red algal genus Pigetia (Kallymeniaceae, Gigartinales),
with descriptions of Salishia firma gen. & comb. nov.,
Pugetia cryptica sp. nov. and Beringia wynnei sp. nov.
Phycologia 51: 33-61.

Clarkston BE, Saunders GW. 2013. Resolving species diver-
sity in the red algal genus Callophyllis (Kallymeniaceae,
Gigartinales) in Canada using molecular assisted alpha
taxonomy. Eur J Phycol 48: 27-46.

Dawson EY. 1954. Marine red algae of Pacific Mexico. Part
2. Cryptonemiales (cont.). Allan Hancock Pac Exped 17:
241-398.

Guiry MD, Guiry GM. 2014. Algaebase. World-wide electron-
ic publication, National University of Ireland, Galway.
http://www.algaebase.org. Accessed 31 July 2014.

Hall TA. 1999. BioEdit: a user-friendly biological sequence
alignment editor and analysis program for Windows
95/98/NT. Nucleic Acids Symp Ser 41: 95-98.

Harper JT, Saunders GW. 2002. Using molecular data to re-
solve the taxonomic limits of the genera Callophyllis,
Euthora and Pugetia. Phycol Res 50: 275-281.

Kim MS, Kim SY, Yang MY, Kim B, Diaz-Tapia P. 2012. Mor-
phology and molecular study of Pterosiphonia arenosa
sp. nov. (Rhodomelaceae, Rhodophyta) from Jeju Is-
land, Korea. Algae 26: 211-219.

Klochkova TA, Kim GH, Klochkova NG, Belij MN, Boo GH,
Boo SM. 2013. Callophyllis cornu-cervi (Perestenko)
comb. nov. (Gigartinales, Rhodophyta): re-evaluation

http://www.jecoenv.org



J. Ecol. Environ. 37(4): 395-410, 2014

of the endemic monotypic genus Ionia from the Sea of
Okhotsk based on morphology and molecular evidence.
Bot Mar 56: 119-129.

Koh YH, Cho GY, Kim MS. 2013. Species delimitation of the
genus Champia (Rhodymeniales, Rhodophyta) from
Korea using DNA barcoding. ] Ecol Environ 36: 449-463.

Kiitzing FT. 1843. Phycologia Generalis Oder anatomie,
Physiologie und Systenkunde der Téange. Brockhaus,
Leipzig.

Lee Y. 2008. Marine Algae of Jeju. Academy Publishing Co.,
Seoul. (in Korean)

Lee Y, Kang S. 2001. A Catalogue of the Seaweeds in Korea.
Jeju National University Press, Jeju.

Lin SM, D’Archino R, Hommersand MH. 2012. A new meth-
od of cystocarp development in the red algal genus Cal-
lophyllis (Kallymeniaceae) from Chile. ] Phycol 48: 784-
792.

Norris RE. 1957. Morphological studies on the Kallymenia-
ceae. Univ Calif Publ Bot 28: 251-334.

Okamura K. 1896 Contributions to the knowledge of the ma-
rine algae of Japan. II. BotMag Tokyo 10: 21-28, 33-40.

Okamura K. 1916. Icones of Japanese Algae. Vol. 4. No. II. Ka-
zamashobo, Tokyo.

Okamura K. 1932. Icones of Japanese Algae. Vol. 6. No. VIIIL.
Kazamashobo, Tokyo.

Okamura K. 1936. Nippon Kais6 shi [Descriptions of Japa-
nese Algae]. Uchida Rokakuho, Tokyo. (in Japanese)
Ronquist F, Huelsenbeck JP. 2003. MrBayes3: Bayesian phy-
logenetic inference under mixed models. Bioinformat-

ics 19:1572-1574.

Saunders GW. 2008. A DNA barcode examination of the red
algal family Dumontiaceae in Canadian waters reveals
substantial cryptic species diversity. 1. The foliose Dil-
sea-Neodilsea complex and Weeksia. Botany 86: 773-789.

Saunders GW, Moore TE. 2013. Refinements for the ampli-
fication and sequencing of red algal DNA barcode and

http://dx.doi.org/10.5141/ecoenv.2014.041

410

RedToL phylogenetic markers: a summary of current
primers, profiles and strategies. Algae 28: 31-43.

Schneider CW, Saunders GW, Lane CE. 2014. The monospe-
cific genus Meredithia (Kallymeniaceae, Gigartinales) is
species rich and geographically widespread with species
from temperate Atlantic, Pacific, and Indian Oceans. J
Phycol 50: 167-186.

Setchell WA. 1923. A revision of the west North American
species of Callophyllis. Univ Calif Publ Bot 10: 397-401.

Stamatakis A. 2006. RAXML-VI-HPC: maximum likelihood-
based phylogenetic analyses with thousands of taxa and
mixed models. Bioinformatics 22: 2688-2690.

Tamura K, Peterson D, Peterson N, Stecher G, Nei M, Kumar
S.2011. MEGA5: Molecular evolutionary genetics analy-
sis using maximum likelihood, evolutionary distance,
and maximum parsimony methods. Mol Biol Evol 28:
2731-2739.

Tanaka T. 1963. Studies on some marine algae from southern
Japan V. Mem Fac Fish Kagoshima Univ 12: 75-91.

Wittmann W. 1965. Aceto-iron-haematoxylin-chloral hy-
drate for chromosome staining. Stain Tech 40: 161-164.

Womersley HBS, Norris RE. 1971. The morphology and tax-
onomy of Australian Kallymeniaceae (Rhodophyta).
Aust ] Bot Suppl 2: 1-62.

Xia BM. 2004. Flora Algarum Marinarum Sinicarum, To-
mus 2 Rhodophyta, No. 3. Gelidiales, Cryptonemiales,
Hildenbrandiales. Science Press, Beijing.

Yamada Y. 1930. Notes on some Japanese algae I. ] Fac Sci,
Hokkaido Imp Univ Ser 1: 27-36.

Yamada Y. 1932. Notes on some Japanese algae IV. ] Fac Sci,
Hokkaido Imp Univ Ser 2: 267-276.

Yamada Y. 1941. Notes on some Japanese algae IX. Sci Pap
Inst Algoll Res, Fac Sci, Hokkaido Imp Univ 2: 195-215.

Yoshida T. 1998. Marine Algae of Japan. Uchida Rokakuho
Publishing Co. Ltd., Tokyo. (in Japanese)



