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Abstract Phylogenetic relationships of the order Gelidiales were inferred on the basis of trees us-
ing nuclear-encoded SSU rDNA (small subunit of ribosomal DNA) and plastid-encoded rbcL (large
subunit of the ribulose-1,5-bisphosphate carboxylase/oxgenase) sequences. These phylogenetic
trees show three major clades, the Gelidiella clade that was the earliest diverging group within the
order, the Pterocladia/Pterocladiella clade and the large Gelidium-complex clade. Each of the three
types of secondary rhizoidal attachments (unicellular independent, peg, brush) is completely consis-
tent with in the respective three major clades of the Gelidiales, which suggests that this morphologi-
cal character reflects the phylogeny of this order. Three monophyletic groups were recognized in the
7bcL tree of 21 local populations of Pterocladiella in Japan. They can be clearly recognized by discon-
tinuity of morphological characters which remain distinct when grow under the same culture condi-
tions. These results indicate that three groups represent distinct species, Pterocladiella nana, P.
tenuis and P. capillacea, respectively. Two new species, Gelidium tenuifolium and G. koshikianum
were described from Japan. Four species, Gelidiella ligulata, G. pannosa, Pterocladiella caerulescens
and P. caloglossoides, were reported from Japan for the first time, and their diagnostic features were

described.
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Introduction

The red algal order Gelidiales currently in-
cludes 10 genera (Acanthopeltis Okamura, Capr-
eolia Guiry et Womersley, Gelidiella Feldmann
et Hamel, Gelidium Lamouroux, Onikusa Akat-
suka, Porphyroglossum Kiitzing, Pterocladia J.
Agardh, Pterocladiella Santelices et Hommer-
sand, Ptilophora Kiitzing and Suhria J. Agardh)
and approximately 140 species that are dis-
tributed worldwide (Santelices, 1990; Bailey
and Freshwater, 1997). In Japan, six genera,
i.e. Acanthopeltis, Gelidiella, Gelidium, Onikusa,
Pterocladiella and Ptilophora are known, altho-
ugh separation of the genus Onikusa from the
genus Gelidium (Akatsuka, 1986) is uncertain
(Santelices, 1990; Freshwater et al., 1995;
Yoshida, 1998), and 26 species of Gelidiales are
recognized in Japanese waters (Yoshida et al.,
2000).

Distinguishinf Gelidium and Pterocladiella (as
Pterocladia) has always been notoriously diff-
icult (Dixon and Irvine, 1977; Santelices, 1990).
Several taxonomists have sought characters to

separate Gelidium from Pterocladiella (as Pter-
ocladia), which include cystocarpic structure
(Fan, 1961; Santelices ,1991a, 1991b), hyphal
distribution and shape of medullary cells
(Okamura, 1934), basal bending at the point of
branching of indeterminate laterals (Stewart,
1968), disposition of surface cortical cells (Akat-
suka, 1970, 1981) and apical architecture
(Rodriguez and Santelices, 1987). However,
Rodriguez and Santelices (1988) claimed that
these characters have only limited taxonomic
value, and only reliable feature for distinguish-
ing these genera is in the female reproductive
structure. Female plants of Gelidium and Pter-
ocladia, however, are only occasionally found,
so that reliance on other vegetative features
becomes a necessity (Santelices and Stewart,
1985).

Pterocladiella was recently separated from the
genus Pterocladia by Santelices and Hommer-
sand (1997) based on the development of car-
pogonia and cystocarps. The following three
species that are assignable to either of these
genera occur in Japanese waters: Pterocladia
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nana Okamura (1932), Pterocladia tenuis Oka-
mura (1934) and Pterocladia densa Okamura
(1934). Pterocladia tenuis and P. densa were
reduced to the synonymy of Plerocladiella capil-
lacea (S. Gmelin) Santelices et Hommersand
(Stewart, 1968, as Pterocladia capillacea [S.
Gmelin Bornet et Thuret), and P. nana was also
considered to be the dwarf form of the wide-
spread P. capillacea (Santelices, 1991b, as Plero-
cladia capillacea). However, Akatsuka (1981)
objected to this treatment on the grounds that
Stewart (1968) used only a small amount of
Japanese material and no quotation of Oka-
mura’s (1934) original description was made,
and he proposed to treat P. densa and P. tenuis
as distinct species. Although P. nana was in-
cluded in P. capillacea by Santelices (1991b),
morphological variability of P. nana has not
been adequately analyzed in his work. Thus,
the species of Pterocladia described by Oka-
mura (1932, 1934) need to be reexamined.

Recent molecular phylogenetic studies of the
Gelidiales using nuclear-encoded SSU rDNA
(small subunit of ribosomal DNA) and plastid-
encoded rbcL (large subunit of the ribulose-1,5-
bisphosphate carboxylase/oxgenase) sequences
resolved phylogenetic positions of several
gelidialean species (Freshwater and Rueness,
1994; Freshwater et al., 1995; Bailey and Fresh-
water, 1997; Patwary et al., 1998). However,
these studies included only a few Japanese spe-
cies. In this study, I determined the nucleotide
sequences of the nuclear-encoded SSU rDNA
gene and plastid encoded 7bcL gene of 18 spe-
cies of Japanese gelidialean species, and discuss
the phylogenetic relationships between geli-
dialean species.

The present paper is review of my studies of
Gelidiales, and contains already published data
(Shimada and Masuda, 1999, Shimada et al.,
1999, Shimada et al., 2000a, 2000b, Shimada
and Masuda, 2000).

Materials and Methods

DNA extraction

Total DNAs were extracted from 5 genera of
18 species (37 unialgally cultured strains) for
phylogenetic analyses of Gelidiales (Table 1).
Voucher specimens are deposited in the Her-
barium of Graduate School of Science, Hok-
kaido University, Sapporo (SAP). Unialgal cul-
tures were established from the tips of bran-

chlets of field-collected plants and grown in
PES medium (Provasoli, 1968) or Tris-buffered
medium (van der Meer and Patwary, 1991) at
15°C or 20°C and 16:8 h LD cycle with the pho-
ton flux of 15-25  Em™%s™!

Blotted algal tissue was ground in liquid
nitrogen. The frozen powder was rinsed with
washing buffer (Kawahara et al., 1995) 3-5
times until the supernatant became colorless to
remove polysaccharides, and then UNSET
buffer (Garriga et al., 1984) was added to the
rinsed pellet and this mixture was incubated on
ice for 40 min. Then, an equal volume of phenol,
chloroform and isoamyl alcohol mixture
(25:24:1) was added and mixed gently for 10
min. The solution was centrifuged at 10000 rpm
(7000 G) for 5 min. The upper aqueous phase
was transferred to a new tube, and the extrac-
tion was repeated three times. CIA (chlo-
roform:isoamyl alcohol = 24:1) mixture was ad-
ded and mixed gently for 10 min. The solution
was then centrifuged at 10000 rpm (7000 G) for
5 min. Total genomic DNA was precipitated
with 0.2 M NaCl and 2.5 vol. 99.5% ethanol on
ice for 10 min. This was followed by centrifuga-
tion at 12000 rpm (10000 G) for 15 min, the
pellet was washed with cold 70% ethanol and
air-dried. The pellet was redissolved in 50-100
# 1 autoclaved distilled water.

PCR amplification and sequencing

The total DNA was used as the template for
the polymerase chain reaction (PCR)(Saiki et
al., 1988). In this study, I used 6 pairs of
primers: SR1-SR5, SR4-SR9 and SR8-SR12 for
SSU rDNA (Nakayama et al., 1996); F8-R643,
F605-R1150 and F993-RrbcSstart for rbcL
(Shimada et al., 1999). The temperature-cycling
protocol consisted of an initial denaturation step
of 937C, 1 min, followed by 35 cycles of 30 sec
denaturation period at 94°C, 30 sec primer an-
nealing at 55C, and 45 sec extension at 72C,
then hold at 4C. These PCR products were
directly sequenced using a DNA autosequencer
(ABI PRISM, 310 Genetic Analyzer) with dye-
terminator method (Nakayama et al., 1996).

Sequence analysis

SSU rDNA sequences were first aligned with
the CLUSTAL W computer program (Thom-
pson et al., 1994) and then refined by eye. The
rbcL sequences were aligned manually because



Table 1. List of species used in DNA extraction.

Species Locality Accession number
(Date, voucher number in SAP) SSU rbcL
Acanthopeltis japonica Okamura Shimoda, Shizuoka Pref. AB017664 AB017673
(25.ix.1996, 064829)
Acanthopeltis hirsuta (Okamura) Shimada er al. Oryuzako, Miyazaki Pref. AB017666 ABO017675
(11.vii.1996, 064845)
Gelidiella ligulata Dawson Miyake Is., Shizuoka Pref. AB017669 AB017678
(14.vii.1998, 063883)
Gelidiella pannosa (Feldmann) Feldmann et Hamel Ishigaki Is., Okinawa Pref. AB031300
(6.1i.1999, 071773)
Gelidium divaricatum Martens Nishiizu, Shizuoka Pref. AB017662
(26.ix.1996, 064833)
Gelidium elegans Kuetzing Awaji Is, Hyogo Pref. ABO017670 AB030623
(16.v.1996, 064834)
Gelidium koshikianum Shimada er al. Shimo-Koshiki Is. Kagoshima Pref. AB030626
(31.vii.1997. 070874)
Gelidium linoides Kuetzing Shimoda, Shizuoka Pref. AB030622
(25.ix.1996, 064835)
Gelidium pacificum Okamura Enoshima, Kanagawa Prefecture AB030627
(29.ii1.1998, 064836)
Gelidium pusillum (Stackhouse) Le Jolis Awaji Is, Hyogo Pref. AB017663 AB017679
(1.x.1996, 064837)
Gelidium tenuifolium Shimada er al. Shimoda, Shizuoka Pref. AB030628
(25.ix.1996, 070868)
Gelidium vagum Okamura Jodogahama, Iwate Pref. AB017671 AB017680
(11.vi.1997, 064839)
Onikusa japonica (Harvey) Akatsuka Shimoda, Shizuoka Pref. AB017667 AB017676
(25.ix.1996, 064840)
Pterocladiella caerulescens (Kuetzing) Santelices et Hommersand Yonaguni Is, Okinawa Pref. AB031301
(1.iii.1999, 071774)
Pterocladiella caloglossoides (Howe) Santelices Ishigaki Is., Okinawa Pref. AB031302
(4.1i.1999, 071778)
Pterocladiella capillacea (Gmelin) Santelices et Hommersand Tomioka, Kumamoto Pref. AB023845
(30.vii.1997, 065453)
Takedatsu, Oita Pref. AB023846
(4.viii.1997, 065454)
Kiwado, Yamaguchi Pref. AB023855

(19xi.1998, 065463)
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Table 1. Continued.

Species Locality . Accession number
(Date, voucher number in SAP) SSU rbcL

Hinomisaki, Shimane Pref. AB023856
(20.xi.1998, 065464)

Uradomi, Tottori Pref. AB023858
(21.x1.1998, 065465)

Echizen, Hukui Pref. AB023852
(22.xi.1998, 065460)

Unoura, Ishikawa Pref. AB023850
(7ix.1998, 065458)

Kasashima, Niigata Pref. AB023843
(17.vi.1997, 065450)

Oga, Akita Pref. AB023844
(19.vi.1997, 065451)

Taisei, Hokkaido AB023847
(22.viii.1997, 065455)

Oshoro, Hokkaido AB017672 AB023841
(15.ix.1996, 065447)

Shiriya, Aomori Pref. AB023848
(7.iv.1998, 065456)

Onahama, Hukushima Pref. AB023842
(13.vi.1997, 065449)

Hachijo Is., Shizuoka Pref. AB023849
(9.vii.1998, 065457)

Hamashima, Mie Pref. AB023854
(17.x.1998, 065462)

Kushimoto, Wakayama Pref. ABO023853

(18.xi.1998, 065461)

Pterocladiella nana (Okamura) Shimada et al. Shimo-Koshiki Is. Kagoshima Pref. AB031303 AB023840
(31.vii.1997, 065452)
Pterocladiella tenuis (Okamura) Shimada et al. Shimoda, Shizuoka Pref. AB017672 AB017681

(25.ix.1996, 064842)

Tsuyazaki, Hukuoka Pref. AB023851
(4.x1.1998, 065459)

Hinomisaki, Shimane Pref. AB023857

(20.xi.1998, 065483)

Enoshima, Kanagawa Pref. AB023859

(5..1999, 065466)

Shimoda, Shizuoka Pref. AB017681

(25.ix.1996, 064842)
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Table 2. List of GenBank species used in molecular phylogenetic analyses.

Accession number

Species

SSU rbcL
Capleoria implexa Guiry et Womersley U60344 122456
Gelidiella acerosa (Forsskal) Feldmann er Hamel AB017669 AB017678
Gelidium abbottiorum Norris U16829
Gelidium allanii Chapman L22458
Gelidium americanum (Taylor) Santelices U60347 122459
Gelidium attenuatum (Turner) Thuret U00110
Gelidium canariense (Grunow) Seoane-Camba 122460
Gelidium caulacantheum ]. Agardh U60343 000103
Gelidium coulteri Harvey U00105
Gelidium divaricatum Martens U16828
Gelidium latifolium (Greville) Bornet er Thuret U60350 Uo00112
Gelidium micropterum Kuetzing U00446
Gelidium purpurascens Gardner u00979
Gelidium pusillum (Stackhouse) Le Jolis CA USA. (Ca) U00984
Gelidium pusillum (Stackhouse) Le Jolis Canary Is. (CI) U01003
Gelidium pusillum (Stackhouse) Le Jolis Norway (No) U00999
Gelidium pusillum (Stackhouse) Le Jolis Puerto Rico (PR) U00983
Gelidium sesquipedale (Clemente) Thuret L22071
Onikusa pristoides (Turner) Akatsuka U01044
Pterocladia lucida (R. Bornet ex Turner) J. Agardh U60349 001048
Pterocladiella melanoidea (Schousboe) Santelices er Hommersand U60341 U01046
Ptilophora pinnatifida (J. Agardh) Norris U60345 U16834
Ptilophora subcostata (Okamura) Norris U60348 U16835
Suhria vittata (Lin.) J. Agardh U00112
Gracilaria tikvahiae McLachlan AF468911 U21357
Chondrus crispas Stackhouse 714140 U02984
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no insertion/deletion mutations were detected.
Sequences of 37 additional species were down-
loaded from GenBank and included in these
alignments (Table 2).Gracilaria tikvahiae Mc-
Lachlan and Chondrus crispus Stackhouse were
used as outgroups for SSU rDNA and total 7bcL
analyses. In the selected #bcL analysis of the ge-
nus Pterocladiella, Pterocladia lucida (R. Brown
ex Turner) J. Agardh was used as outgroup.

The maximum parsimony (MP) method was
used to construct phylogenetic trees. Gaps in
the SSU alignment were treated as missing
data. MP analysis was performed PAUP 4.0b10
(Swofford, 2002). All sites were treated as unor-
dered and equally weighted. Heuristic search
option with random addition of sequences (10
replicates) and tree-bisection-reconnection
branch swapping algorithm (TBR) were used
for tree searching. Bootstrap analysis based on
1000 re-samplings (simple addition) of the data
set (Felsenstein, 1985) was calculated to evalu-
ate statistical reliability.

Secondary rhizoidal attachments and cor-
relation of molecular and morphological
data

Secondary rhizoidal attachments of 17 spe-
cies of 9 genera were examined using cultured
strains and field-collected plants. The correla-
tion between morphological data, secondary
rhizoidal attachments and phylogenetic tree of
the SSU rDNA was analyzed.

Morphological observations of the Pterocl-
adiella species.

I selected as many mature individuals as pos-
sible from 21 populations in Japan, and 104
total individuals were measured for the follow-
ing vegetative characters: (1) length of axes; (2)
maximum length of first-order branches; (3)
maximum width of second-order branches; (4)
branching intervals of axes at the middle third
portion; and (5) branching intervals of first-ord-
er branches at the middle third portion. The fol-
lowing type materials from the Okamura her-
barium housed in SAP were also examined: 1)
the lectotype specimen of Pterocladia nana, col-
lected at Yura-jima, Shimo-Koshiki Island,
Koshiki Islands, Kagoshima Prefecture (19.
vii.1919); 2) the lectotype specimen of Pferocla-
dia tenuis collected at Enoshima, Kanagawa
Prefecture (iii.1897); and 3) the lectotype speci-

men of Pterocladia densa collected at Uradomi,
Tottori Prefecture (viii.1923).

Results and Discussion

Phylogeny of the Gelidiales

The strict consensus tree of SSU sequences
is presented in Fig. 1 (28 equally parsimonious
trees, 296 steps, CI = 0.818, RI = 0.820, RC =
0.670, HI = 0.182). The monophyletic clade of
the genus Gelidiella was supported by 98%
bootstrap value and was recognized as the earli-
est diverging lineage within the Gelidiales.
Pterocladiella clade was supported by 100%
bootstrap value. Pterocladia and Pterocladiella
were also shown to be monophyletic (56% boot-
strap value). The monophyletic large clade that
includes rest of taxa (large Gelidium-complex
clade) was supported by 52% bootstrap value.

The strict consensus tree of 7bcL sequences is
presented in Fig. 2 (10 equally parsimonious
trees, 1855 steps, CI = 0.44, RI = 0.614, RC =
0.271, HI = 0.56). Four monophyletic clades,
the Gelidiella clade, Pterocladia clade, Ptero-
cladiella clade and large Gelidium-complex
clade, were evident with high bootstrap values
(98-100%), although bootstrap values of their
topological positions were less than 50%.

Results of the molecular analyses in this
study were almost congruent with those of
previous reports (Freshwater ef al., 1995;
Bailey and Freshwater, 1997; Patwary ef al.,
1998). Several points were improved and addi-
tional information was obtained by including
additional Japanese species and non-gelidialean
outgroups in the analyses: three major clades
were recognized; the Gelidiella clade (SSU rDNA
and rbcL analyses), Pterocladia/Pterocladiella
clade (SSU rDNA analysis) and large Gelidium-
complex clade (SSU rDNA and rbcL analyses);
and the genus Gelidiella was recognized as the
earliest diverging lineage within this order with
high bootstrap value in the SSU rDNA analysis.
There is a tendency that a better bootstrap sup-
port is obtained for the analysis of early bran-
ches in the SSU rDNA, while better bootstrap
values can be obtained in the analysis of the
rbcL among recently diverged groups. This is
due to the different level of conservativeness of
each gene, i.e. the SSU rDNA is more conserva-
tive than the rbcL (Bailey and Freshwater,
1997) and therefore the SSU rDNA is not suita-
ble for the analysis of recently diverged taxa.
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Fig. 1.

Gelidium divaricata

Strict consensus tree of 28 most parsimonious trees constructed from an analysis of SSU rDNA

sequences from Gelidiales. Gracilaria tikvahiae and Chondrus crispus were used as outgroups. The numbers
under the branches represent full heuristic bootstrap values (1000 replicates) greater than 50%.

As Perrone (1994) has demonstrated, three
types of secondary rhizoidal attachments were
recognized in the present study; (1) the unicellu-
lar independent type was observed in Gelidiella;
(2) the peg type was found in Pterocladia and
Pterocladiella; (3) the brush type was observed
in Ptilophora, Capreolia, Acanthopeltis, Onikusa
and Gelidium. These three types of secondary
rhizoidal attachments were correlated with the
types of cystocarps (Fan, 1961; Dawson, 1959;
Bailey and Freshwater, 1997; Yoshida, 1998)

and correspond to the three large clades of the
SSU rDNA gene (Fig 3). Based on Figure 3, it
can be concluded that: (1) Gelidiella is charac-
terized by having unicellular independent at-
tachments and the absence of sexual reproduc-
tion; (2a) Pterocladia is characterized by having
peg-type secondary rhizoidal attachments,
nutritive filaments only arising from the third-
order filament basal cells on the carpogonial
side of the central axis, and carposporangia de-
veloping only on one side of the central plane of
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Fig. 2. Strict consensus tree of 10 most parsimonious trees constructed from an analysis of rbcl sequences
from Gelidiales. Gracilaria tikvahiae and Chondrus crispus were used as outgroups. The numbers under the
branches represent full heuristic bootstrap values (1000 replicates) greater than 50%.

a cystocarp (Bailey and Freshwater, 1997); (2b)
Pterocladiella is characterized by the possession
of peg-type secondary rhizoidal attachments,
nutritive filaments arising from third-order fila-
ment basal cells adjacent to the central axis,
and carposporangia developing on all sides of
the central axis except where gonimoblasts at-
tach to the floor of a cystocarp cavity (San-
telices and Hommersand, 1997); and (3) all the

members of the large Gelidium-complex clade
(Ptilophora, Capreolia, Acanthopeltis, Onikusa
and Gelidium) possess brush-type secondary
rhizoidal attachments and carposporangia de-
veloping on both sides of the central plane of a
cystocarp (Okamura, 1900; Akatsuka, 1986;
Bailey and Freshwater, 1997).

The three types of secondary rhizoidal at-
tachments were found to correspond to the
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Gelidiella

Pterocladia
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Pterocladiella

Gelidium
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N

Acanthopeltis

Fig. 3. Correlation of morphological data and SSU tree topology. The types of secondary rhizoidal attachments
and developing carposporophyte were used as morphological data.

three major clades resolved in the molecular
study. This means that the types reflect
phylogenetic relationships of gelidialean algae.
Although the genera Pterocladia(2a) and Ptero-
cladiella (2b) have been shown to share the same
type of secondary rhizoidal attachments, these
two genera possess different development of
the female reproductive system and car-
posporophytes (Bailey and Freshwater, 1997).
This indicates that the reproductive system has
evolved faster than the morphology of seconda-
ry rhizoidal attachments.

Once the usefulness of secondary rhizoidal at-
tachments as a taxonomic criterion is estab-
lished, it can be used as an aid to sort out taxo-
nomic problems that are seen in several genera
such as Gelidiella, Pterocladia/Pterocladiella and
Gelidium, even when only small amounts of
material or sterile individuals are available. For
example, Gelidiella calcicola Maggs et Guiry is
known to possess peg-type attachments (Maggs
and Guiry, 1987), and this suggests that the spe-
cies belongs to either Pferocladia or Pterocladiel-

la rather than to Gelidiella or Gelidium (Norris,
1992). Such suggestion should prompt further
taxonomic researches as well as molecular stu-
dies on the species.

Some taxonomic problems remains in the
phylogenetic analysis of the Gelidiales. Gelidi-
um pusillum has been separated into three
clades in the molecular analyses (Freshwater et
al., 1995). In this study, a Japanese population
of G. pusillum was included in the G. coulteri
clade that contains the Pacific/Caribbean popu-
lations of G. pusillum, and this clade was sepa-
rated from European or Eastern Atlantic popu-
lations of G. pusillum. It is obvious that se-
quencing of specimens from the type locality
(Sidmouth, Deveon, England) of G. pusillum,
and taxonomic revision of the species is needed.
The genus Onikusa offers another problem.
The genus was erected on the basis of G.
pristoides from South Africa as the type species
(Akatsuka, 1986) and includes O. japonica
(Akatsuka, 1986) from Japan and Taiwan and
O. foliacea (Okamura) R. E. Norris (1992) from
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Fig. 4. Phylogenetic tree inferred from rbcL sequences with the maximum parsimony (MP) method. The
numbers at each node indicate bootstrap values (1000 replications) greater than 60%.

Japan. According to Akatsuka (1986), the ag-
gregation of surface cells in tetrads and the
presence of abundant proliferations are the
main features that distinguish Onikusa from
Gelidium. Rodriguez and Santelices (1988) and
Santelices (1990), however, pointed out that
such features are not robust to separate these
two genera. In the previous molecular analysis
(Freshwater et al., 1995), O. pristoides was in-
cluded in the Suhria clade and the revival name
S. pristoides (Turner) J. Agardh was suggested
as the correct placement for this species. I have
demonstrated that O. japonica is not closely
related to O. pristoides. Onikusa pristoides is
closely related to Suhria as suggested by
Freshwater et al. (1995), while O. japonica has
close affinity with the Acanthopeltis clade. It
seems appropriate to treat O. japonica as
another genus. However, more information on
morphology of O. japonica is needed prior to the

formal taxonomic action. As Freshwater et al.
(1995) reported, the Capreolia clade and Suhria
clade contain other Gelidium species. This
result requires more morphological data for
suitable taxonomic treatment of these species.

Species of Pterocladiella in Japan

The phylogenetic tree of the species of Ptero-
cladiella in Japan is shown in Figure 4. Three
species, P. nana, P. tenuis (84% bootstrap value)
and P. capillacea (63% bootstrap value), were
shown to be monophyletic clades, respectively.
The sequence divergence values between/wi-
thin three species are as follows: 4.5-4.8% (P.
nana and P. tenuis); 4.6-5.0% (P. nana and P.
capillacea); 0.5-1.1% (P. tenuis and P. capillacea);
0.0-0.4% (within P. tenuis); and 0.0-0.5% (wi-
thin P. capillacea).

Morphological data was shown in Fig.5. Pte-
rocladiella nana (Fig. 6,7) is reddish-brown in
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Fig. 5. The means and standard deviations of dimensions in each population are plotted in the following
combinations: (a) length of axes vs. maximum length of first-order branches: (b) length of axes vs. maximum
width of second-order branches ; (c) length of axes vs. branching intervals of axes; (d) length of axes vs.
branching intervals of first-order branches. *: Pterocladiella nana ; B . Pterocladiella tenuis ; O . Pterocladiella

capillacea

color and 1.0-2.4 cm high. Up to three orders of
branches are produced. First-order branches
are borne regularly pinnately at intervals of
0.1-1.6 mm and reach 0.4-1.5 cm long. These
branches bear irregularly pinnately arranged
second-order branches 0.2-0.6 mm wide at in-
tervals of 0.1-1.4 mm.

Pterocladiella tenuis (Fig. 8,9) is dark red in
color and 5.2-18.0 cm high. Up to four orders of
branches are formed. First-order branches are
borne regularly pinnately at intervals of
1.0-16.0 mm and reach 2.6-14.2 cm long. These
branches bear regularly (sometimes irregularly)
pinnately arranged second-order branches
1.4-2.3 mm wide at intervals of 1.0-11.0 mm.

Pterocladiella capillacea (Fig. 10,11) is dark
red in color and 3.7-9.8 cm high. Up to five ord-
ers of branches are produced. First-order bran-
ches are borne regularly pinnately at intervals
of 0.5-4.4 mm and reach 0.9-4.6 cm long. These
branches bear regularly pinnately arranged
second-order branches 0.2-1.0 mm wide at in-
tervals of 0.1-1.6 mm.

For the analysis of morphological variations

within and between the populations, the mean
and standard deviations of each population are
plotted in the following combinations in order to
clearly highlight morphological distinctiveness
between groups (Fig. 5): a) length of axes vs.
maximum length of first-order branches; b)
length of axes vs. maximum width of second-
order branches; c) length of axes vs. branching
intervals of axes; d) length of axes vs. branching
intervals of first-order branches. Pterocladiella
nana is distinguished from P. fenuis by all five
dimensions measured (Fig. 5-a, 5-b, 5-c, 5-d),
and from P. capillacea by the lengths of axes and
first-order branches (Fig. 5-a) and branching in-
tervals of axes (Fig. 5-c). Pterocladiella tenuis
differs from P. capillacea in the width of second-
order branches (Fig. 5-b) and branching inter-
vals of first-order branches (Fig. 5-d).

In my culture study, morphologically distincti
characters of these three groups, such as short
axes in P. nana (Fig. 12), wide branches and
long branching intervals in P. fenuis (Fig. 13)
and slender branches and short interval bran-
chlets in P. capillacea (Fig. 14) were also main-
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Fig. 6—11. Formalin/seawater-preserved specimens and type material of the Pterocladia species described by
Okamura.

Fig. 6. Pterocladiella nana, collected at the southernmost locality Shimo-Koshiki Island, Koshiki Islands,
Kagoshima Prefecture. Scale bar = 5mm.

Fig. 7. Lectotype specimen of Pterocladia nana collected at Yura-jima, Shimo-Koshiki Island, Koshiki Islands,
Kagoshima Prefecture (19.vii.1919, Okamura Herb. in SAP). Scale bar = 5mm.

Fig. 8. Pterocladiella tenuis, collected at the Pacific coast of central Japan (Shimoda, Shizuoka Prefecture). Scale
bar = 2cm.

Fig. 9. Lectotype specimen of Pterocladia tenuis collected at Enoshima, Kanagawa Prefecture (iii.1897, Okamura
Herb. in SAP).

Fig. 10. Pterocladiella capillacea, collected at the northernmost locality, Oshoro, Hokkaido. Scale bar = lcm.

Fig. 11. Lectotype specimen of Pterocladia densa collected at Uradomi, Tottori Prefecture (viii.1923, Okamura
Herb. in SAP).

tained under the same culture conditions, i.e. 15 C and 16:8 h LD cycle.
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Fig. 12—14. Five-month-old cultured plants grown at 15_C and 16:8 h LD cycle.
Fig. 12. Pterocladia nana (Koshiki Island, Kagoshima Prefecture) showing short axes and branches with short

intervals.

Fig. 13. Pterocladia tenuis (Shimoda, Shizuoka Prefecture) showing broad branches with long branching intervals.
Fig. 14. Pterocladiella capillacea (Tomioka, Kumamoto Prefecture) showing slender branches that issue ultimate

branchlets with short intervals.

Analysis of 7bcL sequences resolved that
three species belong to separate monophyletic
clades. These three species can also be distin-
guished from each other on morphological
grounds. Pterocladiella nana is characterized by
small thalli; P. fenuis is distinguished from the
other two groups by having wide branches of
the second-order with longer branching inter-
vals; and P. capillacea is separated from P. nana
by larger thalli and from P. tenuis by possessing
more slender second-order branches with short-
er branching intervals. Although I have not
been able to conduct crossing experiments yet,
the congruence of molecular and morphological
data strongly suggests that these three species
represent different species.

In order to elucidate precise relationships be-
tween these three species and the three species
of Pterocladia described by Okamura (1932, 1934),
I reexamined the type materials of Pterocladia
nana, P. tenuis and P. densa. Based on morpho-
logical observations, type materials of P. nana
(Fig. 7) and P. tenuis (Fig. 9) were congruent
with our material of P. nana (Fig. 6) and P.
tenuis (Fig. 8), respectively.

The axis of the lectotype specimen of P. den-
sa (Fig. 11) is 6.2 cm long and produces first-
order branches up to 3.7 cm long at intervals of
0.8-2.6 mm that form second-order branches up
to 0.4 mm wide at intervals of 0.1-0.8 mm.
These dimensions agree with those determined

in this study for the P. capillacea. The type illus-
tration of P. capillacea (Gmelin, 1768, pl. 15, fig.
1, as Fucus capillaceus S. Gmelin) shows similar
characteristics to P. densa, i.e. gradually
decreasing widths from axes to second-order
branches, and having slender branchlets that
are formed at short intervals. In our molecular
analysis, the sequence of the population of P.
capillacea from Italy (type locality, Mediterrane-
an) was included in the P. capillacea clade. The
morphological similarity and molecular close-
ness suggest that P. densa should be considered
to be a synonym of Pterocladiella capillacea

New species of Gelidium

Shimada et al., (2000b) described two new
species of Gelidium, G. tenuifolium and G. ko-
shikianum from Japan. Gelidium tenuifolium
(Fig. 14) with large-sized thalli (up to 30 cm tall)
is distinguished from species with such thalli by
the production of wide, flattened and thin bran-
ches (up to 2 mm wide and 60-80 g m thick), the
presence of an apical depression, and simple de-
terminate branches. Gelidium koshikianum
(Fig. 15) with middle-sized thalli (5-8 cm tall) is
distinguished from species with such thalli by
having wide axes (up to 2.5 mm wide) and short
(2.0-3.2 mm), unbranched, second- and third-
order branches issuing at short intervals
(0.8-1.4 mm). In phylogenetic analyses of #bcL
sequences (Fig. 2), four Gelidium species that
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Fig. 15. Type specimen of Gelidium tenuifolium. Holotype specimen collected at Shirahama, Shimoda, Shizuoka

Prefecture (28.ii1.1998; SAP #070868).

Fig. 16. Type specimen of Gelidium koshikianum. Holotype collected at Nagahama, Shimo-Koshiki Island, Koshiki

Islands, Kagishima Prefecture (2.viii.1997; SAP #070874).

Fig. 17. Gelidiella pannosa. Formalin/seawater-preserved specimen collected at Nosoko, Ishigaki Island, Okinawa

Prefecture (3.iii.1999; SAP #071771). Scale bar = Imm.

Fig. 18. Gelidiella ligulata. Formalin/seawater-preserved specimen of collected at Izu-misaki, Miyake Island,

Tokyo. (13.vii.1998; SAP #063883). Scale bar = lcm.

are chiefly distributed in Japan (G. linoides, G.
tenuifolium, G. elegans and G. pacificum) were
clustered together with 100% bootstrap value
(Japanese Gelidium-complex clade). Gelidium
linoides Kiitzing was in the position of a sister
group to G. tenuifolium with 94% bootstrap

value. There were four substitutions (0.3%
divergence) between G. linoides and G. tenuifoli-
um sequences. Gelidium koshikianum and G. al-
lanii Chapman were clustered together with
99% bootstrap value and they formed a sister
group to the Japanese Gelidium-complex clade
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with 93% bootstrap value. There were six sub-
stitutions (0.4% divergence) between G.
koshikianum and G. allanii sequences.

New records of Gelidiales from Japan

Shimada and Masuda (1999, 2000) newly
reported four species of Gelidiales from Japan.
Gelidiella pannosa grows gregariously on bedr-
ock in the upper intertidal zone and are dark
red. Individual thalliconsist of a creeping axis
and numerous erect axes (Fig. 16), all of which
are terete to subterete. Creeping axes attach to
the substratum by unicellular independent at-
tachments that are up to 200 g m long by 10-25
¢ m wide. The majority of branches grow into
erect axes and some become creeping branches
that grow like the parental axis. Erect axes are
up to 8 mm high and 65-115 ¢ m wide. They are
usually simple, but are sometimes irregularly
branched. Thalli consist of a medulla composed
of 3-5 layers of cells 6-12 g m in diameter and a
cortex composed of 1 or 2 layers of slightly
smaller cells 4-10 g m in diameter. Rhizines
(slender, thick-walled, internal, hypha-like fila-
ments) are absent throughout the thalli.

Gelidiella ligulata tufts on bedrock in the mid-
dle intertidal zone of sheltered shores or in tidal
pools are up to 4.5 cm tall (Fig. 17) and are dark
red to purplish red in color. Individual thalli
consist of a creeping axis and erect blades. The
creeping axis attaches to the substratum by
unicellular independent attachments that are
50-240 g¢m in length and 10 g¢m in diameter.
Erect blades arise from the creeping axis. They
are terete (250-350 g m in diameter) at the
proximal portion, gradually expanding and
become flattened. The blades are fan-shaped
when young, but become lanceolate with age
(1-3 mm wide, 100-270 g m thick). They are
usually simple, but are sometimes irregularly to
dichotomously branched. Blade margins are un-
dulate and sometimes ruffled. Subterete to lan-
ceolate proliferations issue from both sides of
blades pinnately, injured (perhaps grazed) ends
of blades and blade surfaces. Both creeping
axes and erect blades consist of a medulla com-
posed of 10-18 layers of cells 6-40 g m in di-
ameter and a cortex composed of 2-3 layers of
smaller cells 3-5 #m in diameter. Rhizines are
absent throughout creeping axes and erect
blades.

Pterocladiella caerulescens tufts on bedrock in

the upper intertidal zone are up to 3.3 cm tall
and grayish to blackish green in color. Individ-
ual thalli consist of a creeping axis and
numerous erect axes. Erect axes arise from a
creeping axis, which attaches to the substratum
by peglike secondary rhizoidal attachments that
are up to 360-480 g m in length and 95-145 p¢m
in diameter. Erect thalli are terete to subterete,
240-300 # m in diameter in the basal region, be-
coming compressed upward, reaching up to 1.3
mm wide and 150-175 g m thick in the middle
region. They are oppositely or alternate-
distichously branched 2 or 3 times. First- to
third-order branches are terete to subterete, up
to 2.3 cm in length, 110-200 g m in diameter in
the proximal region, becoming compressed to
flattened upward, reaching up to 940 g m wide
and 130-160 g m thick in the distal portion.
Axes and first- to third-order branches have ob-
tuse apices. First-order branches consist of a
medulla composed of 4-7 layers of cells 10-15 g
m in diameter and a cortex composed of 3 or 4
layers of slightly smaller cells 4-8 g m in di-
ameter in the middle region. Rhizines of first-
order branches are abundant in the central
medulla.

Pterocladiella caloglossoides grows gregarious-
ly on bedrock in the upper intertidal zone and is
purplish red. Individual thalli consist of a creep-
ing axis and erect axes (Fig. 19). Creeping axes
are subterete to compressed, 110-160 z# m in di-
ameter, attach to the substratum by peg-like at-
tachments that are 135-455 u# m long by 65-90
1« m wide. Erect axes are up to 3 mm tall, terete
to subterete, 60-240 ¢ m in diameter in the
basal region, becoming flattened upward,
reaching up to 700 g m wide and 65-115 gm
thick in the middle region. They are usually
simple, but are sometimes irregularly bran-
ched. Erect axes consist of a medulla composed
of a single layer of cells 8-16 pm in diameter
and a cortex composed of 2-4 layers of slightly
smaller cells 4-12 g m in diameter (Fig. 20).
Rhizines of first-order branches are rare in the
central medulla.

The SSU rDNA phylogenetic tree obtained
from MP analysis is shown in Figure 1. Gelidiel-
la pannosa and Gelidiella ligulata were included
in the Gelidiella clade (98% bootstrap value)
with G. acerosa. Pterocladiella caerulescens and
P. caloglossoides were included in the Pter-
ocladiella clade (100% bootstrap value), and



19

. Shimada

20

Fig. 19. Pterocladiella caerulescens. Formalin/seawater-preserved specimen of collected at Sonai, Yonaguni
Island, Okinawa Prefecture (1.iii.1999; SAP #071774). Scale bar = 2mm.
Fig. 20. Pterocladiella caloglossoides. Formalin/seawater-preserved specimen of collected at Oohama, Ishigaki
Island, Okinawa Prefecture (4.iii.1999; SAP #071778). Scale bar = Imm.

they were clustered with Japanese three species
of Pterocladiella with 96% bootstrap value.
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TR, WELLIRLREHYEHL 23D T, EXHDL
YT EBLI L OFRFAVLETHS L b TE
Too ZITAMETIE, AARBOEAEITICZDOL
N7 Y complex ¥ FHFHRE T8O, 5 FRHF
B - RSN 2o, BARZHOA /87521
BE&EFE D O rbcL FIR T OB EE T % RO TR %
BELLLECAH, 2737 Y complex it 3 2D7 L —F
CoHhhic, RIS, FFREICHC/ES L R—EE
HOBEL OHAEKE TE 52T REEGH109MEE
ELICHEOREK #T-7-& A, BHORE, F—
BRORSE, BBOKE, BOSEMRE K05
Bl & OBV E T3 >0V —T %R+ 5
LHTEI, E6IC, HFOHMET— 2% &
DEREREEG YR &4 CTHEIED L, Lo
HEBEIEEIhTWAI tdbhor, 2%9, H
AREEA /37 Y complex (FBIEHIIC 3 2D T IL—FiTh
hh, ZTOTINV—TREMC L EHEERF-> TP,
Lad, ZORBIIR—&GOREERTEEI T
WD, TOIEMLINGIIV—TEIFNFh
WAL L/ ETH B LEERMAT .

FUTYBD2OOFEE 4 DOAKFEYREL
7oo HHE Gelidium tenuifolium (7 Z/NFV 7 ) (%
KEDOBRGKT, HIIBLEL BFECHSBRIER, &
FREBITRIFX 7Y LABTHHILIHEESO
72 b D 1 DDOFHE Gelidium koshikianum (<5
V) BFEOEBGT, BENERVERTES
SRLEVE_MERUCE=MESA KRB L, 5FR/H%k
B Cid = 2 —V—5 v FBED Gelidium allanii ¥
AFETHHENHEREINL, LI, PEPL=EE
6 BABEE Gelidiella pannosa (4 b <5/ 7Y),



Molecular phylogeny of Gelidiales
Gelidiella ligulata (95 <5 7 4), Ptero-

cladiella caerulescens (7 A% /87 %), Pterocladiella
caloglossoides (V. AZ/\7%) #@MELI,





