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temperatures. These morphological, molecular and 

physiological data suggest that G. subfastigiaturn and G. 

elegans are different species. 

Two new species, Gelidiurn tenuifoliurn Shimada, 

Horiguchi et Masuda sp. nov. and Gelidiurn koshikianurn 

Shimada, Horiguchi et Masuda sp. nov. were described from 

Japan. Gelidium tenuifolium with large-sized thalli is 

distinguished from species with such thalli by the 

production of wide, flattened and thin branches and the 

presence of an apical depression. Gelidiurn koshikianurn with 

middle-sized thalli is distinguished from species with such 

thalli by having wide axes and short, unbranched, second­

and third-order branches issuing at short intervals. In the 

molecular phylogenetic study using rbcL sequences, Gelidium 

linoides Klitzing came to the position of the sister group to 

G. tenuifoliurn with 99 % bootstrap value, and Gelidiurn 

koshikianurn and G. allanii Chapman were clustered together 

with 100 % bootstrap value. 

Four species, Gelidiella ligulata Dawson, Gelidiella 

pannosa (Feldmann) Feldmann et Hamel, pterocladiella 

caerulescens (Klitzing) Santelices et Hommersand and 

pterocladiella caloglossoides (Howe) Santelices, were 

reported from Japan for the first time, and their diagnostic 

features were described. Monoecious plants of P. 

caerulescens produce spermatangial sori on: i) fertile 

cystocarpic branchlets; ii) special spermatangial branchlets 

on a cystocarpic axis; and iii) branchlets of a special 

spermatangial axis. The latter two were newly found in this 

species. 
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GENERAL INTRODUCTION 

The red algal order Gelidiales currently includes 11 genera 

(Acanthopeltis Okamura, Capreolia Guiry et Womersley, 

Gelidiella Feldmann et Hamel, Gelidium Lamouroux, Onikusa 

Akatsuka, porphyroglossum Klitzing, pterocladia J. Agardh, 

pterocladiella Santelices et Hommersand, Ptilophora Klitzing, 

Suhria J. Agardh and Yatabella Okamura) and approximately 

140 species that are distributed worldwide (Santelices 1990; 

Bailey & Freshwater 1997). In Japan, seven genera, i.e. 

Acanthopeltis, Gelidiella, Gelidium, Onikusa, 

Pterocladiella, Ptilophora and Yatabella are known, although 

separation of the genus Onikusa from the genus Gelidium 

(Akatsuka 1986) is uncertain (Santelices 1990; Freshwater et 

al. 1995; Yoshida 1998), and 21 species of Gelidiales are 

recognized in Japanese waters (Yoshida 1998). 

Distinction between Gelidium and Pterocladia has 

always been notoriously difficult (Dixon and Irvine 1977; 

Santelices 1990). Several taxonomists have sought characters 

to separate Gelidium from Pterocladia, 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 (Akatsuka 1970, 1981) and apical 

architecture (Rodriguez and Santelices 1988). However, 

Rodriguez and Santelices (1987, 1988) claimed that these 

characters have only limited taxonomic value, and only 

reliable feature for distinguishing these genera is in the 
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female reprodu9tive structure (Santelices & Stewart 1985; 

Rodriguiz & Santelices 1988). Female plants of Gelidium and 

pterocladia are only occasionally found, so that reliance on 

other vegetative features becomes a necessity (Santelices & 

Stewart 1985). Recently, Santelices & Hommersand (1997) 

separated a new genus pterocladiella from the genus 

pterocladia based on the development of carpogonia and 

cystocarps. Then, Santelices (1997a, 1998) transferred four 

species from Pterocladia to pterocladiella. In recent 

taxonomic reviews of a pterocladia/pterocladiella-complex 

(Santelices 1998, 1999), two species are remained in 

pterocladia (only Australian species) and eight species (or 

ten species including two uncertain species) are included in 

pterocladiella. Thus, we now need to seek vegetative 

characters to separate Gelidium from 

Pterocladia/Pterocladiella-complex, instead of Gelidium from 

pterocladia. 

Monotypic genera Acanthopeltis Okamura (sympodial 

growth) and Yatabella Okamura (monopodial growth) had been 

suggested to be derived from separate lineages by previous 

researchers who emphasized the difference of growth pattern. 

However, Okamura who described these two genera commented 

that Yatabella is similar to Acanthopeltis in its vegetative 

and reproductive features. The phylogenetic position of 

these genera, therefore, needs to be confirmed on the basis 

of molecular phylogenetic data. 

A number of taxonomic studies of Japanese gelidialean 

species have been reported (Yatabe 1892; Okamura 1900, 1901, 

1913, 1932, 1934, 1936; Segi 1955, 1957; Tanaka 1965; 
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Akatsuka 1982, 1986; Akatsuka & Masaki 1983). Although 

Yoshida (1998) recently reported 21 species of Japanese 

Gelidiales, he included uncertain species, such as Gelidium 

decumbensum Okamura and Gelidium subfastigiatum Okamura. 

Furthermore, small species belonging to Gelidiella, Gelidium 

and pterocladiella in southern Japan have not been studied. 

Further taxonomic researches are needed to recognize 

Japanese gelidialean species. 

Recent molecular phylogenetic studies of the 

Gelidiales using nuclear-encoded SSU rDNA (small subunit of 

ribosomal DNA), ITS1 (internal transcribed spacer 1) and 

plastid-encoded rbcL (large subunit of'the ribulose-1,5-

bisphosphate carboxylase/oxgenase) sequences resolved 

phylogenetic positions of several gelidialean species 

(Freshwater & Rueness 1994; Freshwater et al. 1995; Bailey & 

Freshwater 1997; Patwary et al. 1998). However, these 

studies included only a few Japanese species. 

The present paper contains several analyses to resolve 

the above-mentioned problems. It is composed of 6 chapters. 

In Chapter 1, phylogenetic relationships of Japanese and 

other gelidialean species will be inferred on the basis of 

trees using the SSU rDNA, rbcL and ITS1 sequences. Secondary 

rhizoidal attachments will be evaluated whether this 

vegetative character reflects phylogeny of the Gelidiales or 

not. 

In Chapter 2, the divergence of the SSU rDNA, rbcL and 

ITS1 sequences will be compared between monotypic genera 

Acanthopeltis and Yatabella, and growth patterns of these 
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genera will be reexamined on the basis of type materials, 

laboratory-cultured plants and several herbarium specimens. 

The purpose of Chapter 3 is to elucidate the taxonomic 

status of three pterocladia species described by K. Okamura. 

The sequences of rbcL gene for 21 local populations of a 

Pterocladia/Pterocladiella-complex will be determined, and 

morphological variation of these popUlations will be 

examined in order to assess the congruence of molecular and 

morphological data. Furthermore, the type specimens of the 

three species described by Okamura will be reexamined. 

In Chapter 4, an uncertain species, Gelidiurn 

subfastigiaturn Okamura, will. be treated. Although this 

species was described by Okamura (1934), Akatsuka (1982) 

reduced it to the synonymy with Gelidiilrn elegans Klitzing. 

However, Yoshida (1998) did not adopt this Akatsuka's 

opinion in his recent review. The taxonomic status of this 

uncertain species will be confirmed by molecular, 

morphological and physiological methods. 

In Chapter 5, two new species of Gelidiurn, G. 

tenuifolium sp. nov. and G. koshikianurn sp. nov. will be 

described. These species have been collected along the warm 

coasts of central to western Japan. Then, phylogenetic 

positions·of these two new species are discussed using rbcL 

sequences. 

In Chapter 6, four small species, Gelidiella ligulata 

Dawson, Gelidiella pannosa (Feldmann) Feldmann et Hamel, 

pterocladiella caerulescens (Klitzing) Santelices et 

Hommersand and pterocladiella caloglossoides (Howe) 

Santelices will be reported in Japan for the first time. 
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They have been collected at several localities of Okinawa 

Islands and Hachijo Island. Their phylogenetic positions are 

discussed using SSU rDNA sequences and secondary rhizoidal 

attachments. 
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Chapter 1. Molecular phylogeny of Gelidiales 

INTRODUCTION 

Phylogenetic relationships among a number of gelidialean 

species and populations have been determinated based on 

plastid-encoded rbcL (large subunit of the ribulose-1,5-

bisphosphate carboxylase/oxgenase) sequence analyses 

(Freshwater & Rueness 1994; Freshwater et ale 1995) and 

nuclear-encoded SSU rDNA (small subunit of ribosomal DNA) and 

rbcL sequence analyses (Bailey and Freshwater 1997). 

Recently, Patwary et ale (1998) presented phylogenetic 

relationships from nuclear-encoded SSU rDNA gene and ITS1 

(internal transcribed spacer 1) sequences. However, only a 

few Japanese species have been included in these analyses. 

In this study, nucleotide sequences of the nuclear-encoded 

SSU rDNA gene, ITS1 sequence and plastid encoded rbcL gene 

of 11 species of Japanese gelidialean species which cover 

all the genera of the Gelidiales distributed in Japan will 

be reported, and phylogenetic relationships between 

gelidialean species in the world will be discussed. 

Recently, new characters have been proposed as 

distinguishing ones between Gelidium and 

pterocladia/Pterocladiella-complex, i.e. type of secondary 

rhizoidal attachments (De Gregorio & Perrone 1994; Perrone 

1994) and medullary structures (Rodriguez & Santelices 

1996). In this study, I will pay attention to the secondary 

rhizoidal attachments. Secondary rhizoidal attachments of 17 

10 



species belonging to 9 genera will be reported and their 

taxonomic value will be evaluated using molecular data. 

MATERIALS AND METHODS 

Sampling and DNA extraction 

Total DNAs were .extracted from 11 unialgallycultured 

strains (Table 1). Voucher specimens'are deposited in the 

Herbarium of Graduate School of Science, Hokkaido 

University, Sapporo (SAP). Unialgal cultures were 

established from the tips of branchlets of field-collected 

plants and grown in PES medium (provasoli 1968) or Tris­

buffered medium (van der Meer & Patwary 1991) at 15°C or 

20°C and 16:8 h LD cycle with the photon flux of 15-25 pEm-

2s-1. 

Blotted algal tissue was ground in liquid nitrogen. 

The frozen powder was rinsed with washing buffer (Kawahara 

et ale 1995) 3-5 times until the supernatant became 

colorless to remove polysaccharides, and then UNSET buffer 

(Garriga et ale 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 extraction was repeated three times. CIA 

(chloroform:isoamyl alcohol = 24:1) mixture was added and 

mixed gently for 10 min. ,The solution was then centrifuged 
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al. 1996) and then refined by eye. The rbcL sequences were 

aligned manually because no insertion/deletion mutations 

were detected. Sequences of 50 additional gelidialean 

species were downloaded frpm GenBank and included in these 

alignments (Table 2). Hildenbrandia rubra (Sommerfelt) 

Meneghini and Chondrus crispus Stackhouse were used as 

outgroups for SSU rDNA (Ragan et al. 1994) and rbcL 

(Freshwater et al. 1994) analyses (Table 2). 

The distance matrix method was used to construct 

phylogenetic trees. I used Kimura's two-parameter method 

(Kimura 1980) to calculate the distance "matrix and neighbor­

joining (NJ) method (Saitou & Nei 1987) to construct the 

trees. These procedures were performed using the CLUSTAL W 

computer program (Thompson et al. 1994f Higgins et al. 

1996). Bootstrap analyses based on 100 resamplings of the 

data set (Felsenstein 1985) were calculated to evaluate 

statistical reliability. 

Secondary rhizoidal attachments and correlation of 

molecular and morphological data 

Secondary rhizoidal attachments of 17 species of 9 genera 

were examined using cultured strains and field-collected 

plants (Table 1). The correlation between morphological 

data, secondary rhizoidal attachments and phylogenetic trees 

of the SSU rDNA and rbcL was analyzed. 

RESULTS 
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monophyletic clade of G. vagum, G, elegans, G. latifolium 

and G. americanum was supported by 85% bootstrap value. 

rbcL analysis 

Forty one samples (36 species) were used for the rbcL gene 

(1467 bp) analyses. The phylogenetic tree obtained from NJ 

analysis is shown in Figure 2. Four monophyletic clades, the 

pterocladiella clade, pterocladia clade, Gelidiella clade 

and large Gelidium-complex clade, were evident with high 

bootstrap values (93-100%), although bootstrap values of 

their topological positions were less than 50%. 

Monophyly of the large Gelidium-complex clade was 

supported by 97% bootstrap value and three clades that were 

shown in the SSU rDNA tree were also identified in this 

clade as the Ptilophora clade (100% bootstrap value), 

Capreolia clade (98% bootstrap value) and Gelidium-complex 

clade (100% bootstrap value). The Gelidium-complex clade was 

composed of three subclades, although the topological 

positions were not resolved. The Gelidium coulteri clade 

(Gelidium coulteri complex, Freshwater et ale 1995) 

contained G. pusillum (Stackhouse) Le Jolis (strains of 

Japan, California in U.S.A. and Puerto Rico), G. capense 

(Gmelin) Silva and G. coulteri Harvey. The Acanthopeltis 

clade contained Onikusa japonica (Harvey) Akatsuka, Gelidium 

vagum Okamura, Acanthopeltis japonica and Yatabella hirsuta. 

The monophyly of this subclade was supported by 100% 

bootstrap value and Gelidium vagum came to the position of 

the sister group to an Acanthopeltis/Yatabella group, 
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although the bootstrap value was low (53%). Onikusa japonica 

did not form a monophyletic clade with Onikusa pristoides 

(Turner) Akatsuka that was included in the 'Gelidiurn' clade. 

ITSl analysis 

Fifteen samples (14 species) in the Gelidiurn-complex clade 

and Gelidiurn divaricaturn as outgroup were used for the ITS1 

sequence (252 bp, including gaps) analyses. The phylogenetic 

tree was obtained from NJ analysis (Fig. 3). The three 

subclades that were described above were also supported by 

high bootstrap values: 97% for the Gelidiurn coulteri clade; 

100% for the Acanthopeltis clade; 97% for the 'Gelidiurn' 

clade. However, no bootstrap support (less than 52%) was 

obtained for the topological positions of these subclades. 

Acanthopeltis and Yatabella formed a monophyletic 

group, and G. vagurn that includes strains of Japan and the 

Pacific coast of Canada was recognized as the sister group 

of the Acanthopeltis/Yatabella group with 94% bootstrap 

value. Onikusa japonica was again not monophyletic with 

Onikusa pristoides. Gelidiurn elegans Klitzing, G. linoides 

Klitzing and G. subfastigiaturn Okamura were recognized as a 

monophyletic group and came to the position of the sister 

group to the European species of Gelidiurn such as G. 

sesquipedale (Clemente) Turner, G. arbuscula (Montabne) 

B0rgesen and G. latifoliurn (Greville) Bornet et Thuret. 

Secondary rhizoidal attachments and correlation of 

molecular and morphological data 
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As Perrone (1994) has demonstrated, three types of secondary 

rhizoidal attachments were recognized in the present study 

(Figs 4-6); (1) the unicellular independent type was 

observed in Gelidiella acerosa (Fig. 4) and Gelidiella 

ligulata; (2) the peg type was found in pterocladia lucida, 

pterocladiella capillacea (Fig. 5) and pterocladiella sp.; 

(3) the brush type was observed in Ptilophora subcostata, 

Capreolia imprexa, Acanthopeltis japonica, Yatabella 

hirsuta, Onikusa japonica, Gelidium divaricatum, G. 

pusillum, G. elegans (Fig. 6), G. linoides, G. pacificum, G. 

vagum and G. subfastigiatum. These three types of secondary 

rhizoidal attachments were correlated with the types of 

cystocarps (Fan 1961; Dawson 1953; Bailey & Freshwater 1997; 

Yoshida 1998) and correspond to the Gelidiella clade and 

pterocladialpterocladiella clade in the NJ tree of the ssti 

rDNA gene (Fig 7), and the large Gelidium-complex clade in 

the rbcL gene tree, respectively. 

DISCUSSION 

Phylogeny of the Gelidiales 

Results of the molecular analyses in this study were almost 

congruent with those of previous reports (Freshwater et al. 

1995; Bailey & Freshwater 1997; Patwary et ale 1998). 

Several points were improved and additional information was 

obtained by including additional Japanese species and non­

gelidialean outgroups in the analyses. These can be 
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summarized as follows: (1) three major clades were 

recognized; the Gelidiella clade (SSU rONA and rbcL 

analyses), pterocladialpterocladiella clade (SSU rONA 

analysis) and large Gelidium-complex clade (rbcL analysis); 

(2) the genus Gelidiella was recognized as the earliest 

diverging lineage within this order with high bootstrap 

value in the SSU rONA analysis; (3) the large Gelidium­

complex clade contained three clades, the Ptilophora clade, 

the Capreolia clade and the Gelidium-complex clade (SSU rONA 

and rbcL analyses); (4) the Gelidium-complex clade includes 

three subclades, the Gelidium coulteri clade (the Gelidium 

coulteri complex, Freshwater et ale 1995), the Acanthopeltis 

clade that is recognized for the first time and contains 

Onikusa japonica, Gelidium vagum, Acanthopeltis japonica and 

Yatabella hirsuta, all of which are distributed in the 

western and eastern Pacific, and the I Gelidium' clade that 

is divisible into four groups, the Indo-Pacific/Carribbean 

Gelidium complex, the European Gelidium complex, the Suhria 

clade and the European Gelidium pusillum clade as reported 

previously (Freshwater et al. 1995) (rbcL and ITSI analyses); 

(5) Onikusa japonica was not monophyletic with the type 

species of t,he genus, o. pristoides, which was included in 

the Suhria clade (Freshwater et al. 1995) (rbcL and ITSI 

analyses); (6) a Japanese strain of Gelidium pusillum was 

included in the Gelidium coulteri clade (rbcL and ITSI 

analyses) • 

There is a tendency that a better bootstrap support is 

obtained for the analysis of early branches in the SSU rONA, 

while better bootstrap values can be obtained in the 
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analysis of the rbcL among recently diverged groups. This is 

due to the different level of conservativeness in each gene, 

i.e. the SSU rDNA is more conservative than the rbcL (Bailey 

& Freshwater 1997) and therefore the SSU rDNA is not 

suitable for the analysis of recently diverged taxa. 

Freshwater et al. (1995) have suggested that certain 

genera, species and populations of Gelidiales can be 

assembled in groups based on geographic distribution. This 

statement is also confirmed to be valid in this study, as 

shown in the cases from (4) to (6) described above. Gelidium 

pusillum has been separated into three clades in the 

molecular analyses (Freshwater et al. i995). In this study, 

a Japanese population of Gelidium pusillum was included in 

the Gelidium coulteri clade that contains the 

Pacific/Caribbean populations of G. pusillum, and this clade 

was separated from European or Eastern Atlantic populations 

of G. pusill.um. It is obvious that sequencing 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 Gelidium 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 Japan. According 

to Akatsuka (1986), the aggregation 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), 
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however, pointed out that such features are not robust to 

separate these two genera. 

In the previous molecular analysis (Freshwater et al. 

1995), Onikusa pristoides was included in the Suhria clade 

and the revival name Suhria pristoides (Turner) J. Agardh 

was suggested. I have demonstrated that Onikusa japonica is 

not closely related to o. pristoides. Onikusa pristoides is 

closely related .to Suhria as suggested by Freshwater et al. 

(1995), while Onikusa japonica has close affinity with the 

Acanthopeltis clade. It seems appropriate to treat Onikusa 

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. 

Acanthopeltis clade 

Acanthopeltis japonica, Yatabella hirsuta, G. vagum and o. 
japonica were shown to be a monophyletic clade 

(Acanthopeltis ,clade) in both rbcL and ITS1 analyses with 

100% bootstrap values. Although Gelidium vagum came to the 

position of the sister group of Acanthopeltis/Yatabella, SSU 

rDNA analysis showed G. vagum and Acanthopeltis/Yatabella to 

be in different lineages. In the SSU rDNA analysis, the low 

sequence divergence was detected among the member of the 

Gelidium-complex clade (only three bases change between G. 
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vagum and Acanthopeltis/Yatabella) and the tree might not 

reflect the true phylogeny within this clade. In this point, 

taking the results of rbcL and ITS1 analyses (100 % 

bootstrap value, respectively) into consideration, I 

conclude that G. vagum is included in the Acanthopeltis 

clade. 

Spermatangial sori, which are exclusively formed on 

cystocarpic branchlets, have been reported for the following 

six gelidialean species: pterocladiella caerulescens 

(Klitzing) Santelices et Hommersand, Gelidium howeii Acleto, 

G. mcnabbiana (Dawson) Santelices, G. pluma Loomis, Gelidium 

vagum Okamura, Onikusa japonica (Okamura) Akatsuka 

(Santelices & Flores 1995). Acanthopeltis japonica and 

Yatabella hirsuta are also monoecious, but they have special 

spermatangial branchlets on the cystocarpic erect axes 

(Kaneko 1968; this study, figs 8, 9). Thus, all four spec1es 

in the Acanthopeltis clade, A. japonica, Y. hirsuta, o. 

japonica and G. vagum, are monoecious. Although the 

Acanthopeltis clade is characterized by the production of 

monoecious gametophytes, other three monoecious species of 

Gelidium, Gelidium howeii, G. mcnabbiana and G. pluma, have 

not been included in molecular phylogenetic analyses. 

Taxonomic revision of species in the Acanthopeltis clade is 

needed to determine the phylogenetic positions of other 

three monoecious species of Gelidium and whether monoecism 

is limited in the Acanthopeltis clade or not. 

Secondary rhizoidal attachments 
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Based on Figure 7, it can be concluded that: (1) Gelidiella 

is characterized by having unicellular independent 

attachments and the absence of sexual reproduction; (2) 

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 developing only on 

one side of the central plane of a cystocarp .(Bailey & 

Freshwater 1997); and (3) pterocladiella is characterized by 

the possession of peg-type secondary rhizoidal attachments, 

nutritive filaments arising from third-order filament basal 

cells adjacent to the central axis, and carposporangia 

developing on all sides of the central axis except where 

gonimoblasts attach to the floor of a cystocarp cavity 

(Santelices & Hommersand 1997). Furthermore, in the rbcL 

tree I can conclude that: (4) all the members of the large 

Gelidium-complex clade (Ptilophora, Capreolia, 

Acanthopeltis, Yatabella, Onikusa.and Gelidium) possess 

brush-type secondary rhizoidal attachments and 

carposporangia developing on both sides of the central plane 

of a cystocarp (Okamura 1900, 1901; Akatsuka 1986; Bailey & 

Freshwater 1997). 

Three types of the secondary rhizoidal attachments 

were found to correspond to the three major clades resolved 

in the molecular study (the Gelidiella clade, 

Pterocladia/Pterocladiella clade and large Gelidium-complex 

clade). This means that the types reflect phylogenetic 

relationships of gelidialean algae. 
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In the case of rbcL analysis, affinities of 

pterocladia and pterocladiella have not been resolved 

clearly because of low bootstrap values. However, congruence 

of morphological characteristics and the SSU rDNA tree 

suggest monophyly of pterocladia and pterocladiella and 

robustness of the SSU rDNA tree, at least in this position. 

Although the genera pterocladia and pterocladiella have been 

shown to share the same type of secondary rhizoidal 

attachments, these two genera possess different patterns of 

the female reproductive system and developmental 

carposporophytes (Bailey & Freshwater 1997). This indicates 

that the reproductive system has evolved faster than the 

morphology of secondary rhizoidal attachments. 

Once the usefulness of secondary-rhizoidal attachments 

as a taxonomic criterion is established, it can be used as 

an aid to sort out taxonomic problems that are seen in 

several genera such as Gelidiella, 

pterocladialpterocladiella and Gelidium, even when only 

smalll amounts of material or sterile individuals are 

available. For example, Gelidiella calcicola Maggs et Guiry 

is known to possess peg-type attachments (Maggs & Guiry 

1987), and this suggests that the species belongs to either 

pterocladia or pterocladiella rather than to Gelidiella or 

Gelidium (Norris 1992). Such suggestion should prompt 

further taxonomic researches as well as molecular studies on 

the species. 
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Chapter 2. Phylogenetic affinities of two 

genera Acanthopeltis and Yatabella inferred 

from molecular and morphological analyses 

INTRODUCTION 

Acanthopeltis and Yatabella are monotypic and possess unique 

properties in the Gelidiales with regard to geographical 

distribution and morphology. The genus Acanthopeltis with A. 

japonica Okamura (in Yatabe 1892) is restricted to Japan 

(Yoshida 1998), Korea (Lee & Kim 1995) and the Philippines 

(Hurtado-Ponce et ale 1998). It has been said to have 

sympodial growth, whereas all other members of the 

Gelidiales show monopodial growth (Okamura 1900, 1901; Fan 

1961; Santelices 1990). The erect axes are subcylindrical 

and numerous spinelike proliferations are arranged on 

leaflike structures. The genus Yatabella with Y. hirsuta 

Okamura (1900) is endemic to southern Japan and has 

subcylindrical erect axes beseted with numerous multifid­

echinate ramuli. 

On the basis of growth patterns, sympodial vs. 

monopodial, Acanthopeltis and Yatabella have been regarded 

to be derived from separate lineages in the Gelidiales (Fan 

1961; Santelices 1990; Norris 1992). However, these two 

genera are similar to each other in other vegetative and 

reproductive features (Okamura 1900, 1901). Furthermore, 

Acanthopeltis and Yatabella were included in the same clade, 

Acanthopeltis clade, in the molecular analyses of Chapter 1. 
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In this study, I compared the sequence divergence of 

nuclear-encoded SSU rDNA, ITSI and plastid-encoded rbcL 

between four samples of Acanthopeltis japonica and Yatabella 

hirsuta. I also reexamined growth patterns of Acanthopeltis 

japonica and Yatabella hirsuta on the basis of type 

materials, laboratory-cultured plants and herbarium 

specimens. 

MATERIALS AND METHODS 

DNA analysis 

Methods for total DNA extraction, polymerase chain reaction 

(PCR) amplification, and sequencing of -the rbcL gene were as 

described in Chapter 1. In Chapter 1, I determined the SSU 

rDNA, rbcL and ITSI sequences of Acanthopeltis japonica 

(Shimoda, Shizuoka,Prefecture, 25.ix.1996) and Yatabella 

hirsuta (Oryuzako, Miyazaki Prefecture, II.vii.1996). In 

this study, additional SSU rDNA, rbcL and ITSI sequences of 

Acanthopeltis japonica (Oryuzako, Miyazaki Prefecture, 

3.viii.1997) and Yatabella hirsuta (Oryuzako, Miyazaki 

Prefecture, 3.viii.1997) were determined, and aligned these 

sequences by eye. The sequence divergence was, thus, 

compared between individuals from different localities of 

Acanthopeltis japonica and two individuals of Yatabella 

hirsuta from the same locality but collected at different 

time (Table 3). 
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of Y. hirsuta and only one substitution betweeen A. japonica 

from Oryuzako and two samples of Y. hirsuta in the rbcL, and 

one substitution and one gap between A. japonica and Y. 

hirsuta in the ITS1 (Table 4). In order to assess the effect 

of technical error, I have extracted DNA from the same 

individual twice and independently sequenced these genes. No 

sequence difference was found in these repeated experiments 

and thus the sequences reported here are free from the 

technical error. 

Observations of growth pattern of Acantbopeltis and 

Yatabella 

Growth patterns of erect axes of Acanthopeltis and Yatabella 

are shown in Figures 12-17. Isolated apical tips of 

branchlets of both species grew into creeping axes in 

laboratory culture, and these creeping axes formed erect 

axes 1-2 months after inoculation at 20°C. The erect axis of 

A. japonica became broad and grew into a leaflike structure, 

producing proliferations on both surfaces (Fig. 17, stage 

A1). Then one of the proliferations became broad and grew 

into a second leaflike structure (Fig. 12) that overtopped 

the parental leaflike structure (Fig. 17, stage A2). The 

second leaf like structure also produced proliferations on 

the surfaces, one of which grew into a third leaflike 

structure (Fig. 13 and Fig. 17, stage A3). This process was 

repeated many times and leaf like structures were piled up in 

three-dimensions (Fig. 14 and Fig. 17, stage A4, AS). 
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When Okamura (1900) described a new genus Yatabella with a 

new species Y. hirsuta, he noticed that this species is 

similar to A. japonica in its vegetative and reproductive 

features. However, the difference in growth patterns, 

sympodial vs. monopodial, let Okamura to separate these two 

species at the generic level. 

In the present study I have demonstrated that 

Acanthopeltis and Yatabella possess a fundamentally similar 

growth pattern. Sympodial growth (the production of 

overtopped leaflike structures) occurs repeatedly and 

regularly with short intervals in Acanthopeltis, whereas 

sympodial growth (the formation of overtopped branches) does 

infrequently and irregularly in Yatabella. In the latter 

lateral branches are formed monopodially on a particular 

branch, and one of such branches formed near the apex of the 

parental branch shows sympodial growth. I think that Okamura 

(1900) might be misled by the frequent, monopodial emergence 

of lateral branches that obscure sympodial growth. 

In the molecular analyses, Acanthopeltis and Yatabella 

were recognized as a monophyletic group in the rbcL and ITS1 

analyses, and a similar result was obtained with the SSU 

rDNA analysis (Chapter 1). Then, there are no sequence 

differences in the SSU rDNA gene, or one substitution 

between these two species in the rbcL gene, and there are 

two substitutions in the ITS1 sequences (Table 4). These 

results indicate that Acanthopeltis and Yatabella are 

closely related. Taking morphological and molecular 

closeness into consideration, I think that there is no 

reason to separate these taxa at the generic rank any more. 
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has occurred in A. japonica of the Oryuzako population and 

its base change has been maintained. This intraspecific 

variation can be seen in other gelidialean species as 

demonstrated by Freshwater and Rueness (1994). 

Concluding remarks 

Acanthopeltis and Yatabella are congeneric on the basis of 

morphological similarities, no sequence difference in the 

SSU rDNA, and a close range of sequence divergence in the 

rbcL genes and ITS1 sequences. The following new combination 

is therefore proposed. 

Acanthopeltis hirsuta (Okamura) Shimada, Horiguchi et 

Masuda, comb. nov. 

Basionym: Yatabella hirsuta Okamura, Illustrations of the 

Marine Algae of Japan 1: 1, pl. 1, 1900. 
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Chapter 3. The confirmation of the status of 

three Pterocladia species described by K. 

Okamura 

INTRODUCTION 

pterocladiella was recently separated from the genus 

pterocladia based on the development of car po gonia and 

cystocarps by Santelices and Hommersand (1997). The 

following three species that are assignable to either of 

these genera occur in Japanese waters: pterocladia nana 

Okamura (1932), pterocladia tenuis Okamura (1934) and 

pterocladia densa Okamura (1934). pterocladia tenuis and P. 

densa were reduced to the synonymy of pterocladiella 

capillacea (S. Gmelin) Santelices et Hommersand (Stewart 

1968, as pterocladia capillacea [So Gmelin] Bornet et 

Thuret), and P. nana was also considered to be the dwarf 

form of the widespread P. capillacea (Santelices 1991b, as 

pterocladia 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 

Okamura's (1934) original description was made, and he 

proposed to treat P. densa and P. tenuis as distinct 

species. Although P. nana was included in P. capillacea by 

Santelices (1991), morphological variability of P. nana has 

not been adequately analyzed in his work. Thus, the species 

of pterocladia described by Okamura (1932, 1934) need to be 

reexamined. 
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In this study, I determined nucleotide sequences of 

plastid-encoded rbcL gene for 21 populations of the species 

described by Okamura (1932, 1934). I also examined 

morphological variation in these samples in order to assess 

the congruence of molecular and morphological data. 

Furthermore, the type specimens of the three species 

described by Okamura were reexamined and compared to my 

materials. Based. on these studies, I will confirm the 

taxonomic status of the three pterocladia species described 

by Okamura (1932, 1934). 

MATERIALS AND METHODS 

Sampling 

Twenty one unialgal cultures were established from excised 

tips of branchlets of plants collected from 21 local 

populations in Japan (Table 5). Voucher specimens are 

deposited in the Herbarium of Graduate School of Science, 

Hokkaido University, Sapporo (SAP 064842, 065448-065496). 

Unialgal cultures were grown in Tris-buffered medium (van 

der Meer & Patwary 1991) at 15°C and 16:8 h LD cycle with 

the photon flux of 15-25 pEm-2s-1 • 

Molecular analysis 

Methods for total DNA extraction, polymerase chain reaction 

(PCR) amplification, and sequencing of the rbcL gene were. as 

described in Chapter 1. For this study, sequences of three 
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intervals of axes at the middle third portion; and (5) 

branching intervals of first-order branches at the middle 

third portion. 

The character number (2), (3) and (5) were not measure 

by Stewart (1968). I also measured the length and width o·f 

the tetrasporangia and carposporangia. The following type 

materials from the Okamura herbarium housed in SAP were 

examined: 1) the. lectotype specimen of pterocladia nana, 

which was designated in this study, collected at Yura-jima, 

Shimo-Koshiki Island, Koshiki Islands, Kagoshima Prefecture 

(19.vii.1919); 2) the lectotype specimen of pterocladia 

tenuis collected at Enoshima, Kanagawa 'Prefecture 

(iii.1897); and 3) the lectotype specimen of pterocladia 

densa collected at Uradomi, Tottori Pre-fecture (viii.1923). 

Furthermore, the type material of Gelidium decumbensum 

Okamura was examined to clarify its status, as Okamura 

(1934) comments that this species is similar to pterocladia 

tenuis. 

RESULTS 

rbcL analysis 

Nucleotide sequences of the rbcL gene were determined for 21 

local populations of pterocladialpterocladiella (Fig. 18). 

Eight different rbcL sequences (same length, 1467 bp) were 

found within the 21 samples sequenced: (1) Oshoro, Taisei, 

Oga, Kasashima, Unoura, Echizen, Uradomi, Hinomisaki #304, 

Kiwado (Sea of Japan), Takedatsu (Seto Inland sea) and 
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Shiriya (Pacific); (2) Enoshima and Shimoda (pacific); (3) 

Onahama and Hachijo Island (Pacific); (4) Hamashima and 

Kushimoto (pacific); (5) Shimo-Koshiki Island (pacific); (6) 

Tomioka (pacific); (7) Tsuyazaki (Sea of Japan); and (8) 

Hinomisaki #314 (Sea of Japan). 

The phylogenetic tree obtained from NJ analysis is 

shown in Figure 19. Three monophyletic clades were 

identified: group 1 comprised of only the Shimo-Koshiki 

Island strain, group 2 consisting of the Tsuyazaki, 

Hinomisaki #314, Enoshima and Shimoda strains (98% bootstrap 

value), and group 3 including the rest of Japanese strains 

and P. capillacea from Australia, Spain and Italy (82% 

bootstrap value). The sequence divergence values 

between/within three groups are as follows: 4.5-4.8% (group 

1 and 2); 4.6-5.0% (group 1 and 3); 0.5-1.1% (group 2 and 

3); 0.0-0.4% (within group 2); and 0.0-0.5% (within group 

3). The Hinomisaki #304 and #314 strains were resolved in 

different clades emphasizing the overlapping geographical 

distribution of the two taxa represented by the group 2 and 

group 3 clades (Fig. 18). 

Observations of morphological variations 

Group 1 plants (Fig. 20) are reddish-brown in 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 intervals of 0.1-1.4 mm. 
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Tetrasporangia are irregularly disposed at the apices of 

axes and branches. Cruciately divided sporangia are 44-48 pm 

long by 20-40 pm wide. Cystocarps are formed near the apices 

of branches. A cystocarp is attached to one side of the 

cystocarp floor and produces chains of carpogonia from the 

remaining three sides. Nutritive filaments grow 

centripetally and form a virtually solid cylinder around the 

central axis. Carposporangia are 30-40 pm long by 16-20 pm 

wide. Spermatangia were not found in·our specimens. 

Group 2 plants (Figs 21, 22) are 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. Tetrasporangia are irregularly disposed at' 

the apices of branches. Cruciately divided sporangia are 48-

52 pm long by 20-36 pm wide. Cystocarps are formed near the 

apices of branches. The cystocarpic structure is similar to 

that of group 1 plants, and carposporangia are 28-36 pm long 

by 16-22 pm wide. Spermatangia were not found in our 

specimens. 

Group 3 plants (Figs 23, 24) are dark red in color and 

3.7-9.8 cm high. Up to five orders of branches are produced. 

First-order branches 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 intervals of 0.1-1.6 mm. 

Tetrasporangia are irregularly disposed at the apices of 
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branches. Cruciately divided sporangia are 40-48 pm long by 

16-28 pm wide. Cystocarps are formed near the apices of 

branches. The cystocarpic structure is similar to that of 

group 1 plants, and carposporangia are 28-40 pm long by 20-

24 pm wide. Spermatangial sori are formed at the apices of 

branches of male gametophytes. Spermatangial mother cells 

are elongated and 8-10 pm long by 1.5-2.0 pm wide. 

No significant differences of positions and dimensions 

of reproductive structures were found between the three 

groups. I then, analyzed vegetative morphology. 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. 25) : a) leng·th 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. 

populations of the three groups recognized by the 

molecular analysis were given respective group specific 

symbols in Figure 25. Group 1 is distinguished from group 2 
( 

by all five dimentions measured (Figs 25-a, 25-b, 25-c, 25-

d), and from group 3 by the lengths of axes and first-order 

branches (Fig. 25-a) and branching intervals of axes (Fig. 

25-c). Group 2 differs from group 3 in the width of second-

order branches (Fig. 25-b) and branching intervals of first-

order branches (Fig. 25-d). 
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In my culture study, morphological distinctiveness of 

these three groups, such as short axes in group 1 (Fig. 26), 

wide branches and long branching intervals in group 2 (Fig. 

27) and slender branches and short interval branchlets in 

group 3 (Fig. 28) were also maintained under the same 

culture conditions, i.e. lSoC and 16:8 h LD cycle. 

DISCUSSION 

Taxonomic treatment of three groups 

When Okamura (1932, 1934) described three species of 

pterocladia (P. nana, P. tenuis and P. densa) from Japan, he 

commented that P. nana is distinguished from the other two 

species by dwarf thalli. Furthermore, he stated that P. 

tenuis and P. densa are similar to each other, but the 

latter can be separated from the former by having a slender 

branchlets with shorter intervals. He also mentioned that P. 

tenuis possesses broader branches than those of the 

cosmopolitan species pterocladia capillacea. Unfortunately, 

Stewart (1968) and Santelices (1991) did not seem to pay 

much attention to these diagnostic features, which might 

lead these authors to recognize the three species as 

conspecific. 

Analysis of rbcL sequences resolved three separate 

monophyletic clades (group 1-3) in the Japanese 

pterocladialpterocladiella. These three groups can also be 

distinguished from each other on morphological grounds. 

Group 1 is characterized by small thalli; group 2 is 
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distinguished from the other two groups by having wide 

branches of the second-order with longer branching 

intervals; and group 3 is separated from group 1 by larger 

thalli and from group 2 by possessing more slender second­

order branches with shorter branching intervals. In culture 

experiments, the morphological characteristics of each group 

are maintained under the same conditions. Although I have 

not been able to. conduct crossing experiments yet, the 

congruence of molecular and morphological data strongly 

suggests that these three groups represent different 

species. 

In order to elucidate precise relationships between 

these three groups and the three species of pterocladia 

described by Okamura (1932, 1934), I reexamined the type 

materials of pterocladia nana, P. tenuis and P. densa. 

In describing pterocladia nana, Okamura (1932) 

illustrated four specimens (pI. .278, figs 1-3), which were 

collected at Yura-jima, Shimo-Koshiki Island, Koshiki 

Islands (vii.1919), according to the label of the specimens 

that are deposited in the Okamura Herbarium (SAP). However, 

none of the specimens were designated as the holotype. The 

Okamura Herb. has two specimens of pterocladia nana 

designated in Okamura's writing as 'Type' on the cover sheet 

that were illustrated in his later publication (Okamura 

1934, pl. 33, fig. 9). Although he wrote that these 

specimens were collected from Koshiki Islands (as Koshiki­

dima), his label shows that they were collected at Seto, Kii 

Provo (Seto, Shirahama, Wakayama Prefecture) in July 1930. 

There are numerous specimens in the Okamura Herb. which were 
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designated by Okamura as 'Type' even for species that were 

not established by himself. They are not actually 

nomenclatural types but specimens used for published 

illustrations by Okamura himself. The specimens illustrated 

in his later publication (Okamura 1934, pl. 33, fig. 9) 

reach 3 cm in height and did not fit his original 

description stating 'plant attaining 2 cm in height', 

whereas those illustrated in his original publication 

(Okamura 1932, pl. 278, figs 1-3) are 1.5-2.5 cm in height. 

Okamura divided the latter specimens into two groups in his 

herbarium, 'regular type' and 'large type'. I select one of 

the regular type, which is more compatible with the type 

description, as the lectotype specimen (Fig. 29). 

The axis of the lectotype specimen of pterocladia nana 

is 1.9 cm long and produces first-order branches up to 0.9 

cm long at intervals of 0.2-1.4 mm that form second-order 

branches up to 0.6 mm wide at intervals of 0.2-1.1 mm. Based 

on these measures, I identify the group 1 taxon as P. nana. 

pterocladiella caerulescens (Klitzing) Santelices et 

Hommersand is similar in gross morphology to P. nana. This 

species was first described by Klitzing (1868) under the name 

of Gelidiurn caerulescens from material collected at New 

Caledonia, later transferred to pterocladia by Santelices 

(1976), and recently transferred to pterocladiella by 

Santelices and Hommersand (1997). This species is 

distributed in the Caribbean Sea and the tropical Pacific: 

Venezuela (Rodriguez de Rios 1992), Line Islands (Dawson 

1959), Australia (price and Scott 1992), Hawaii (Santelices 

1976, 1977, 1978) and Indonesia (Hatta and Prud'Homme van 
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possibility that it might be an abnormal form of another 

alga (Okamura 1936). I reexamined the lectotype specimen of 

G. decumbensum. The specimen has the peg-type secondary 

rhizoidal attachments that are exclusively found in 

pterocladia and pterocladiella (Perrone 1994; Chapter 1), a 

broad axis up to .2 rom wide and broad second-order branches 

up to 2.5 rom wide, and long branching intervals of axis 

(1.0-5.5 rom) and. first-order branches (1.5-7.0 rom). These 

features indicate that G. decumbensum is a synonym of P. 

tenuis. 
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Chapter 4. A reassessment of the taxonomic 

'status of Gelidium subfastigiatum Okamura 

INTRODUCTION 

Gelidium subfastigiatum Okamura was described from materials 

collected from the northern part of Japan (Okamura 1934). In 

the original description of this species (Okamura 1934), he 

commented that this species is most similar to Gelidium 

elegans Klitzing (as G. amansii Lamouroux), but this species 

can be distinguished from G. elegans by more robust thalli 

that have subterminally swollen branches and tooth-like 

sterile branchlets (Okamura 1934). Akatsuka (1982) argued 

that robustness is not an adequate criterion for 

distinguishing G. subfastigiatum from G. elegans (as G. 

amansii), due to its variability, and he reduced G. 

subfastigiatum to the synonymy of G. elegans (as G. 

amansii). However, he did not compare morphology of widened 

branches between these species, and Yoshida (1998) suspended 

Akatsuka's taxonomic treatment of G. subfastigiatum. 

In this study, seasonal variation of subterminally 

swollen branches of G. elegans/G. subfastigiatum complex 

were examined on the basis of periodic samplings at two 

localities including the type locality of G. subfastigiatum. 

Nuclear-encoded ITS1 sequences for 26 samples of ,,20 

populations of this complex were determined. Furthermore, 

morphology of subterminally swollen branches and tolerance 

to lower temperature in these samples were examined in order 

to assess the congruence of molecular, morphological and 
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type 2 ITS! sequence did not change color and they were 

slightly elongated. 

DISCUSSION 

Morphology of subterminally swollen branches 

Okamura (1934) described Gelidium subfastigiatum with his 

comment that this species is distinguished from G. elegans 

by subterminally swollen branches. However, Akatsuka (1982) 

reduced it to the synonym with G. elegans (as G. amansii), 

although Yoshida (1998) did not adopt this Akatsuka's 

opinion in his recent review. 

Analysis of seasonal variations of subterminally 

swollen branches between materials from Oshoro (type 

locality of G. subfastigiatum) and Yura resolved clearly 

that subterminally widened and thickened branches were 

observed only from December to May in the Oshoro population. 

These branches, however, became slender and thinner from 

June to November and cannot be distinguished from materials 

of Yura whose branches showed no seasonal variation (always 

slender and thin). As Okamura described (1934), there are 

two types of branches; however, clearly subterminally 

swollen branches can be formed during only limited season. 

The lectotype specimen of G. subfastigiatum (Fig. 42), which 

was illustrated in the original description (Okamura 1934), 

was collected at Oshoro in March 1920, so that it possesses 

subterminally widened and thickened branches. However, 

widened and thickened branches of G. subfastigiatum change 
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sympatrically (in Oga, Akita Prefecture), and no 

intermediate forms have been observed from December to May. 

Furthermore, types of ITS1 sequence and tolerance to lower 

temperatures were found to correspond to these two types of 

the branches: 1) slender and thin type has type 1 ITS1 

sequence and cannot tolerate lower temperatures; 2) whereas 

widened and thicken type has type 2 ITS1 sequence and can 

tolerate lower temperatures. These congruence of 

morphological, molecular and physiological data strongly 

suggests that these two groups are different species. As 

Okamura (1934) described, I identify the' slender and thin 

type as G. elegans, and the widened and thickened type as G. 

subfastigiatum, respectively. 

Speciation of G. subrastigiatum 

In this study, I was able to demonstrate that G. 

subfastigiatum has tolerance to lower temperature and is 

distributed along the coast of the Sea of Japan and the 

Pacific coast of northern Honshu. These results suggest that 

G. subfastigiatum might be evolved from G. elegans in the 

Sea of Japan or the northern Pacific coast of Japan, as 

predicted by Okamura (1934). Gelidium subfastigiatum might 

have obtained the tolerance to lower temperatures and 

extended its geographical range to the northern part of· 

Japan. Further investigation is needed to understand the 

nature of the tolerance to lower temperatures in these 

species, for example, what gene of G. subfastigiatum 
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functions which genes of G. subfastigiaturn expressed 

exclusively in lower temperatures. 
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It is, therefore, important to make clear its phylogenetic 

position by molecular means when a new species is described. 

In the present chapter, Gelidium tenuifolium and G. 

koshikianum are described as new species from the Pacific 

coast of Japan. Their phylogenetic positions within the 

genus Gelidium are discussed with the aid of a molecular 

phylogenetic study using rbcL sequences. 

MATERIALS AND METHODS 

Specimens of Gelidium tenuifolium were collectea at Touji 

(25.ix.1996) and Shirahama (25.ix.1996,'28.iii.1998), 

Shimoda, Shizuoka Prefecture and Naminoura (29.ix.1997), 

Kushimoto, Wakayama Prefecture (Fig. 44). Specimens of G. 

koshikianum were collected at Nagahama (31.vii.1997), Shimo­

Koshiki Island, Koshiki Islands, Kagoshima Prefecture and 

Yamatategami (2.viii.1997), Makurazaki, Kagoshima Prefecture 

(Fig. 44). The majority of materials were fixed and 

preserved in 10% formalin-seawater. Some were dried as 

voucher herbarium specimens and were deposited in the 

Herbarium of the Graduate School of Science, Hokkaido 

University, Sapporo (SAP 070862-070877). Some plants were 

transported live to Hokkaido University for culture studies. 

Unialgal cultures were established from excised apical tips 

of branchlets of plants and grown in PES medium (provasoli 

1968) at 15°C, 16:8 h L:D (light:dark) with the photon flux 

density of 15-25 1LEm-2s-1. 

Sections were made by hand using a razor blade. 

Tissues of fixed materials were stained with 0.5% (w/v) 
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cotton blue in a lactic acid/phenol/glycerol/water (1:1:1:1) 

solution and mounted in 50% glycerol-seawater on microscope 

slides. 

Methods for total DNA extraction, polymerase chain 

reaction (PCR) amplification, and sequencing of the rbcL 

gene were as described in Chapter 1. For this study, I 

determined six rbcL sequences: Gelidium linoides Klitzing 

collected at Shirahama, Shimoda, Shizuoka Prefecture 

(25.ix.1996)(AB030622); Gelidium elegans Klitzing collected 

at Touji, Shimoda, Shizuoka Prefecture 

(25.ix.1996.)(AB030623); Gelidium koshikianum collected at 

Nagahama, Shimo-Koshiki Island, Koshiki' Islands 
, 

(31.vii.1997)(AB030626); Gelidium pacificum Okamura 

collected at Enoshima, Kanagawa Prefecture 

(29.iii.1997)(AB030627); and Gelidium tenuifolium collected 

at Touji, Shimoda, Shizuoka Prefecture (25.ix.1996, #37) and 

at Shirahama, Shimoda, Shizuoka Prefecture (28.iii.1997, 

#139)(AB030628). Twenty-one additional species, i.e. 

Gelidium pusillum (Japanese material) (AB017679), Gelidium 

capense (Gmelin) Silva (L22461), Gelidium coulteri Harvey 

(U00105), Gelidium micropterum Klitzing (U00446), Suhria 

vittata (Linnaeus) J. Agardh (U00112), Gelidium sesquipedale 

(Clemente) Thuret (L22071), Gelidium pulchellum (Turner) 

Klitzing (U01822), Gelidium canariense (Grunow) Seoane-Camba 

(L22460), Gelidium latifolium (Greville) Bornet et Thuret 

(U00112), Gelidium attenuatum (Turner) Thuret (U00110), 

Gelidium floridanum Taylor (U00106), Gelidium purpurascens 

Gardner (U00979), Gelidium serrulatum J. Agardh (U01042), 

Gelidium americanum (Taylor) Santelices (L22459), Gelidium 
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abbottiorum Norris (U16829), Gelidium pteridifolium Norris, 

Hommersand et Fredericq (U16833), Gelidium robustum 

(Gardner) Hollenberg et Abbott (U01041), Gelidium allanii 

Chapman (L22458), Gelidium elegans from Chiba Prefecture 

(U16830), Gelidium pacificum from Chiba Prefecture (U16832) 

and Ptilophora pinnatifida (J. Agardh) Norris (U16834) were 

downloaded from GenBank and included in the alignment. 

Ptilophora pinnatifida was used as an outgroup. 

The distance matrix, maximum parsimony, and maximum 

likelihood methods were used to construct phylogenetic 

trees. For the distance matrix method, I" used Kimura's 

(1980) two-parameter method to calculate the distance matrix 

and neighbor-joining (NJ) method (Saitou & Nei 1987) to 

construct the tree using the CLUSTAL W computer program 

(Thompson et al. 1994; Higgins et al. 1996). Bootstrap 

analysis based on 100 resamplings of the data set 

(Felsenstein 1985) was calculated to evaluate statistical 

reliability. Maximum parsimony (MP) analysis was implemented 

with the PAUP program (version 3.1.1.; Swofford 1993) using 

heuristic search. Bootstrap analysis (100 replications) was 

made using PAUP. The maximum likelihood (ML) method was 

implemented with the fastDNAml program (version 1.0.6c; 

Olsen et al. 1994) using the global search option. 

RESULTS 

Gelidium tenuifolium sp. nov. 
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Axes erecti, 15-30 cm alti, cartilaginei, purpureorubri ad 

brunneoli-rubri, teres ad subteres, 480-720 pm diametro in 

parte basali, sur sum compressescentes, attingentes 1.4-2.0 

mm in latitudine et 280-340 pm in crassitudine in parte 

medio, oppositim vel alternatim-distichim ramosi 4-plo vel 

5-plo; rami laterales numerosi breves, simplices, 

determinati sed aliqui indeterminati; rami indeterminati 

ordinis primae ad tertiae teres ad subteres, 400-560 pm 

diametro in parte proximali, sursum compressescentes ad 

complanatescentes, attingentes usque ad 2 mm in latitudine 

et 60-80 pm in crassitudine in parte distali; axes et rami 

indeterminati apicibus obtusis; cullulae apicales axium et 

ramorum indeterminatorum vulgo immersae in depressione 

apicali. Tetrasporangia irregulariter disposita ad apices 

ramorum determinatorum brevium, cruciatim vel decussatim 

divisa, 44-60 pm longa et 24-40 pm lata; cystocarpia facta 

in parte medio ramorum determinatorum brevium; spermatangia 

ignota. 

Erect axes 15-30 cm tall, cartilaginous, purplish to 

brownish-red, terete to subterete, 480-720 pm in diameter in 

the basal region, becoming compressed upward, reaching 1.4-

2.0 mm in width and 280-340 pm in thickness in the mid­

region, oppositely or alternate-distichously branched 4 or 5 

times; many lateral branches short, undivided, determinate 

but a few indeterminate; indeterminate first- to third-order 

branchesterete to subterete, 400-560 pm in diameter in the 

proximal region, becoming compressed to flattened upward, 

reaching up to 2 mm in width and 60-80 pm in thickness in 
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included in the Japanese Gelidium-complex clade (99 % 

bootstrap value) that included three other Japanese Gelidium 

species. Gelidium linoides came to the position of the 

sister group toG. tenuifolium (99 % bootstrap value). Four 

substitutions (0.3% divergence) were found between Gelidium 

linoides and G. tenuifolium. Gelidium koshikianum was 

clustered with G. allanii (100 % bootstrap value), and this 

clade came to the position of the sister group to the 

Japanese Gelidium-complex clade (83 % bootstrap value). Six 

substitutions (0.4% divergence) were found between Gelidium 

koshikianum and G. allanii. Intraspecific divergence between 

Shimoda and Chiba populations of GelidiUm elegans was 0.2% 

(three substitutions), while in Gelidium pacificum 0.4% 

divergence (six substitutions) was found. Other two 

phylogenetic methods (MP and ML) showed the same topology 

for the branching of Japanese species and G. allanii. (Figs 

67, 68). 

DISCUSSION 

Gelidium tenuifolium 

Gelidium tenuifolium is one of the largest species in this 

genus. Some species with large-sized thalli are known in the 

Pacific ocean: Gelidium linoides, G. pacificum, G. elegans 

(Japan), G. latiusculum Okamura (Taiwan), G. nudifrons 

Gardner, G. purpurascens Gardner, G. robustum (Gardner) 

Hollenberg et Abbott (California), G. asperum (C. Agardh) 
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compressed branches, acute apices and elongating and 

branching branchlets (Okamura 1934; Table 9); Gelidium 

nudifrons is compressed to flattened throughout (Abbott & 

Hollenberg 1976); Gelidium robustum possesses thicker (up to 

1.-7 rom) axes (Abbott & Hollenberg 1976); Gelidium asperum 

and Gelidium australe possess subterete to slightly 

compressed branches (Nelson et ale 1994; Womersley 1994). 

Freshwater ·et ale (1995) have suggested that certain 

genera, species and populations of the order Gelidiales can 

be assembled in groups based on geographical distribution. 

In this study, too, four Gelidium species including G. 

tenuifolium chiefly distributed in Japan are clustered 

together with 99 % bootstrap value (Japanese Gelidium­

complex clade). 

Gelidium linoides was shown to be most closely related 

to G. tenuifolium morphologically, and four. substitutions 

(0.3% divergence) were found between the two species in rbcL 

sequence. In Gelidiales, iptraspecific sequence divergence 

has been known to be a range of 0.0-1.8%, while the value 

for interspecific divergence is 0.0-11.5% (Freshwater et ale 

1994; Bailey & Freshwater 1997; Chapter 2, 3). Thus, the 

sequence divergence found between G. tenuifolium and G. 

linoides falls into either intra- or interspecific 

variations of other taxa as shown above. As Bird et ale 

(1992) pointed out, the taxonomic significance of molecular 

sequence divergence must be evaluated on a case-by-case 

basis, and it is important to interpret these values with 

the combination of other features such as morphology and 

geographical distribution when one decide whether these 
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values indicate species difference or merely an 

intraspecific difference. In this case, the geographical 

distributions of G. tenuifolium and G. linoides almost 

overlap and they often occur sympatrically: for example, in 

Shirahama, Shimoda, Shizuoka Prefecture, the two species co­

occur. However, the two species are clearly distinguished 

morphologically in the field as mentioned above (Table 9), 

and no intermediate forms have been observed. These facts 

strongly indicate that these two entities are separate 

species rather than intraspecific taxa. Therefore, the 

sequence divergence of four base pairs in the rbcL sequence 

is indicative of the species difference. 

Gelidium koshikianum 

Gelidium koshikianum is one of middle-sized species in this 

genus. In the Indo-Pacific regions and Carribbean Sea, a 

number of middle-sized species have been reported. These 

include G. tenue Okamura, G. vagum, G. yamadae Fan (Japan), 

G. planiusculum Okamura, G. kintaroi (Okamura) Yamada 

(Taiwan), G. americanum (Taylor) Santelices, G. serrulatum 

J. Agardh, G. johnstonii Setchell et Gardner, G. floridanum 

Taylor (Pacific coast of America and Carribbean Sea), G. 

abbottiorum Norris (South Africa), and G. allanii Chapman 

(New Zealand) (Setchell & Gardner 1924; Gardner 1927; 

Okamura 1934, 1935; Taylor 1943, 1960; Segi 1955; Chapman 

1969; Abbott & Hollenberg 1976; Stewart & Norris 1981; 

Norris 1990; Rodriguez 1991). 
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Gelidium koshikianum can be distinguished from other 

middle-sized species as follows: G. tenue possesses slightly 

broader lateral branches (up to 2 rom) and lacks short 

second- and third-order determinate branches (Okamura 1934); 

G. vagum has twisted axes and branches (Okamura 1934); G. 

yarnadae has densely arranged branches (Okamura 1935, as G. 

densum Okamura; Fan 1951); G. planiusculum has numerous, 

linear branches (Okamura 1935); G. kintaroi has clavate 

branches (Okamura 1934, as G. clavatum Okamura; Segi 1955); 

G. arnericanum has obtuse apices of branches and lacks short 

second- and third-order determinate branches (Taylor 1943; 

Santelices 1976; Rodriguez 1991); G. serrulatum has serrate 

branchlets (Rodriguez 1991; Taylor 1960); G. johnstonii has 

glossy color and flattened branchlets (Setchell & Gardner 

1924; Segi 1955; Stewart & Norris 1981); G. floridanum has 

very notable congestion of reproductive branchlets (Taylor 

1943; Rodriguez 1991); G. abbottiorum has longer branching 

intervals (3-4 rom) (Norris 1990); and G. allanii has very 

prominent apical cells, narrower axes (up to 0.5 rom), longer 

second- and third-order branches and tetrasporangia formed 

in elongate patches with sterile margins (Chapman 1969; Adam 

1994; Nelson et al. 1994; Table 9). 

Gelidium allanii was shown to be most closely related 

to G. koshikianum in the analysis of rbcL sequences, and six 

substitutions were found. Gelidium allanii was described 

from New Zealand and found at only one locality at the time 

of establishment (Chapman 1969). To date, it has been found 

from six localities in New Zealand and thought to be endemic 

to northern New Zealand with a highly localized distribution 
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(Nelson et al. 1994). The geographical distributions of both 

species, therefore, are widely separated from each other. 

Although our molecular data indicate that these two entities 

are closely related, the vegetative and reproductive 

morphology of G. koshikianurn and G. allanii can be clearly 

distinguished as mentioned above (Table 9). Taking these 

clear differences in morphology into consideration, I 

conclude that these entities should be treated as 

independent species. 
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Chapter 6 





3.iii.1999), Yonaguni Island, and Oohama (24°20'10"N, 

124°12' 00 "E; 4. iii .1999) and Nosoko (24°30' 40 "N, 

124°15'OO"E; 6.iii.1999), Ishigaki Island, Okinawa 

Prefecture. Specimens of pterocladiella caerulescens were 

collected at Sonai (24°27'55"N, 123°00'10"E; 1.iii.1999), 

Irizaki (24°26' 40"N, 122°54' OO"E; 2. iii. 1999 ) and Agarizaki 

(3.iii.1999), Yonaguni Island, and Oohama (4.iii.1999), 

Ishigaki Island .. Specimens of pterocladiella caloglossoides 

were collected at Oohama (4.iii.1999), Ishigaki Island. The 

majority of specimens were fixed and preserved in 10% 

formalin-seawater and then, some were dried, or mounted in 

30% Karo on microscope slides as voucher specimens that are 

deposited in the Herbarium of the Graduate School of 

Science, Hokkaido University, Sapporo (SAP 063883-063886, 

071771-071778). Some plants were transported live to 

Hokkaido University for culture studies. unialgal cultures 

were established from excised apical tips of branchlets of 

plants and were grown in Tris-buffered medium (van der Meer 

& Patwary 1991) at 20°C, 16:8 h L:D (light:dark) with the 

photon flux of 15-25 1lEm-2s-1. 

Methods for total DNA extraction, polymerase chain 

reaction (PCR) amplification, and sequencing of the SSU rDNA 

gene were as described in Chapter 1. For this study, I 

determined four sequences: #326 Gelidiella pannosa collected 

at Nosoko, Ishigaki Island (AB031300); #321 pterocladiella 

caerulescens collected at Sonai, Yonaguni Island (AB031301)i 

#328 pterocladiella caloglossoides collected at Oohama, 

Ishigaki Island (AB031302); #83 pterocladiella nana 

(Okamura) Shimada, Horiguchi et Masuda collected at Teuchi, 
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Shimo-Koshiki Island, Koshiki Islands 

(31.vii.1997)(AB031303). Additional 13 species, i.e. 

Gelidium latifolium (Greville) Bornet et Thuret (U60350), 

Gelidium americanum (Taylor) Santelices (U60347), 

Acanthopeltis japonica Okamura (AB017664), Capreolia implexa 

Guiry et Womersley (U60344), Ptilophora subcostata (Okamura) 

Norris (U60348), Ptilophora pinnatifida (J. Agardh) Norris 

(U60345), pterocladiella capillacea (Gmelin) Santelices et 

Hommersand (AB017672), Gelidiella ligulata Dawson 

(AB017669), Gelidiella acerosa (Forsskal) Feldmann et Hamel 

(U60342), Gracilaria tikvahiae MacLachlan (M33640), and 

Chondrus crispus Stackhouse (Z14140) were downloaded from 

GenBank and included in the alignment. Gracilaria tikvahiae 

and Chondrus crispus were used as outgr6ups. SSU rONA 

sequences were first aligned with the CLUSTAL W computer 

program (Thompson et ale 1994; Higgins et ale 1996) and then 

refined by eye. The alignments are available from the first 

author upon request. The distance matrix method was used to 

construct phylogenetic tree. For the distance matrix method, 

I used Kimura's (1980) two-parameter method to calculate the 

distance matrix and neighbor-joining (NJ) method (Saitou &' 

Nei 1987) to construct the tree using the CLUSTAL W computer 

program (Thompson et ale 1994; Higgins et ale 1996). 

Bootstrap analysis based on 100 resamplings of the data set 

(Felsenstein 1985) was calculated to evaluate statistical 

reliability. 

RESULTS 
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thick in the distal portion. Axes and first- to third-order 

branches have obtuse apices. 

A dome-shaped apical cell is evident at the apices of 

axes and branches, as is typical of the Gelidiales. The 

majority of apical cells of axes and branches are immersed 

in the apical depression (Fig. 84). First-order branches 

consist of a medulla composed of 4-7 layers of cells 10-15 

pm in diameter and a cortex composed of 3 or 4 layers of 

slightly smaller cells 4-8 pm in diameter in the middle 

region (Fig. 85). Rhizines of first-order branches are 

abundant in the central medulla. 

Tetrasporangia are irregularly disposed at the apices 

of axes and branches (Fig. 86). Cruciately or decussately 

divided sporangia are 24-36 pm long by 44-64 pm wide (Figs 

87, 88). 

Cystocarps are formed near the apices of branches 

(Fig. 89). Nutritive filaments grow centripetally and form a 

virtually solid cylinder around the central axis (Fig. 90). 

A cystocarp is attached to one side of the cystocarp floor 

and produces chains of carposporangia from the remaining 

three sides (Fig. 91). Carposporangia are 20-30 pm long by 

14-22 pm wide. 

The majority of cystocarpic plants bear spermatangial 

sori on the cystocarpic branchlets. Some of them produce 

spermatangial sori on spermatangial branchlets (Fig. 92) 

that are independently formed from cystocarpic branchlets on 

the erect axes. A few cystocarpic plants bear a special 

erect axis that produce only spermatangial branchlets (Fig. 

93). These three types of spermatangial sori are formed on 
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Tetrasporangia are regularly arranged in transverse 

rows (Fig. 100), 8-16 per row, and are ovate in surface 

view, 16-32 pm in diameter. They are divided cruciately or 

decussately (Fig. 101). Sexual reproductive structures were 

not found in our specimens. 

SSU rDNA analysis 

The phylogenetic tree 'obtained from NJ analysis is shown in 

Figure 102. Gelidiella ligulata and G. pannosa was included 

in the Gelidiella clade (100 % bootstrap value) with G. 

acerosa. pterocladiella caerulescens and P. caloglossoides 

were included in the pterocladiella clade (99 % bootstrap 

value), and they were clustered with pterocladiella 

capillacea and P. nana (91 % bootstrap value). 

DISCUSSION 

Gelidiella ligulata 

The genus Gelidiella currently includes 22 species that are 

distinguished from members of other genera in the Gelidiales 

by the absence of rhizines. The species of Gelidiella have 

been characterized by thallus habit, thallus size (height 

and diameter/width), axis symmetry, tetrasporangial location 

and tetrasporangial arrangement (Kraft & Abbott 1998). A few 

species are known to have flattened thalli: G. bornetii 

(Weber-van Bosse) Feldmann et Hamel (1934), G. feldmannii 

Baardseth (1941), G. indica Sreenivasa Rao (1970) and G. 
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ligulata. Of these species, G. bornetii and G. feldmannii 

differ from the Japanese material by having very narrow 

blades up to 300 pm wide (Weber-van Bosse 1926, as Gelidium 

bornetii Weber-van Bosse) and 500 pm wide (Baardseth 1941), 

respectively. Gelidiella indica and G. ligulata are more 

similar to the Japanese material. These two species have 

lanceolate erect blades. Dawson (1953) did not describe 

tetrasporangia, but womersley and Bailey (1969) reported 

tetrasporangial lateral branches of their material from the 

Solomon Islands. Similarly, G. indica has tetrasporangial 

lateral branches in the upper to middle part of the erect 

axes (Sreenivasa Rao 1970, fig. 4c). One marked difference 

between G. indica and G. ligulata is the presence/absence of 

deciduous branches. For G. ligulata, Dawson (1953, p. 81) 

described older blades becoming closely pinnately branched 

near the extremities, and readily deciduous and apparently' 

serving as a vegetative means of reproduction, whereas 

Sreenivasa Rao (1970) reported that lateral branches of G. 

indica are not generally deciduous. Pinnate branches that 

are very similar to those of Dawson's alga (1953, pl. 6, 

fig. 5) have been found in the Japanese material (Fig. 74), 

but they are not deciduous. At present the deciduous nature 

of Dawson's (1953) material, whether those deciduous 

branches function as propagules or are artifacts during 

preservation, has not been confirmed. Gelidiella indica 

seems to represent matured stages of G. ligulata and the 

latter (Dawson 1953) has nomenclatural priority over the 

former (Sreenivasa Rao 1970). However, it is prudent to 

maintain G. ligulata and G. indica as separate species until 
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fully matured plants of the former alga from its type 

locality are collected and these two algae are thoroughly 

compared. I refer our material to G. ligulata that has 

nomenclatural priority over G. indica. 

Gelidiella pannosa 

Four small-sized Gelidiella have been reported from the 

western Pacific: G. adnata Dawson, G. bornetii (Weber-van 

Bosse) Feldmann et Hamel, G. myrioclada (B0rgesen) Feldmann 

et Hamel and G. pannosa (Dawson 1954; Hatta & Prud'homme 

1991; Kraft & Abbott 1998). Gelidiella Dornetiican be 

distinguished from the other three species by the flattened 

creeping and erect axes (Kraft & Abbott -1998). Gelidiella 

myrioclada is characterized by alternately, oppositely or 

pectinately branched erect axes (B0rgesen 1934). Gelidiella 

adnata is most similar to G. pannosa. However, there is 

marked difference between these two species in two points 

(Kraft & Abbott 1998). Gelidiella adnata has a dense rank of 

short unicellular independent rhizoids that develop along 

the entire undersurface and stichidia that'are formed on 

special short erect axes, whereas G. pannosa has units of 

unicellular independent rhizoids in several portions and 

terminal stichidia on fertile branches. Although I cannot 

observe tetrasporangial stichidia of Japanese material, it 

has the G. pannosa like attachment (Feldmann and Hamel 

1934), and I refer our material to this species. 

pterocladiella caerulescens 
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pterocladiella caerulescens is one of monoecious species in 

the Gelidiales (Santelices & Flores 1995). Spermatangial 

sori, which are exclusively formed on cystocarpic 

branchlets, have been reported for this alga together with 

the following five gelidialean species: Gelidium howeii 

Acleto, G. mcnabbiana (Dawson) Santelices, G. pluma Loomis, 

Gelidium vagum Okamura, Onikusa japonica (Okamura) Akatsuka 

(Santelices & Flores 1995). Acanthopeltis japonica and 

Acanthopeltis hirsuta (Okamura) Shimada, Horiguchi et Masuda 

are also monoecious, but they have special spermatangial 

branchlets on the cystocarpic erect axes (Kaneko 1968; 

Chapter 1). In this study, three types of spermatangial sori 

were found in Japanese materials of P. caerulescens on: i) 

fertile cystocarpic branchlets; ii) special spermatangial 

branchlets of a cystocarpic axis; and iii) branchlets of a -

special spermatangial axis. The latter two types are 

reported from P. caerulescens for the first time. 

pterocladiella caloglossoides 

In the original description by Howe (1914), pterocladiella 

caloglossoides was characterized by the repent flattened 

thalli throughout, regularly arranged tetrasporangia, and a 

single row of medullary cells. However, this species shows a 

wide range of morphological variations: creeping axes being 

subterete to flattened and the length of erect axes ranging 

from 0.8 rom to 1.2 cm (Howe 1914; Santelices 1977; Norris 

1987). Japanese material is more similar to South African 
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(Norris 1987) specimens that have more terete creeping axes 

and longer erect axes than those of the original 

description. However, all the materials identified as P. 

caloglossoides (Howe 1914; Santelices 1977; Norris 1987) 

show a regular arrangement of tetrasporangia that is a 

unique feature of this species among the genus 

pterocladiella. The Japanese material also has regularly 

arranged tetrasporangia, so that I refer them to P. 

caloglossoides. 

Secondary rhizoidal attachments 

Three types of secondary rhizoidal attachments are known in 

the Gelidiales: i) unicellular independent type; ii) peg 

type; and iii) brush type (Chapter 1). This study revealed 

that Gelidiella ligulata and G. pannosa has the unicellular 

independent type, and P. caerulescens and P. caloglossoides 

have the peg type. Each type of secondary rhizoidal 

attachments is completely consistent with the corresponding 

genus clade in SSU rDNA tree with high bootstrap values, 

which suggests that this morphological character reflects 

the phylogeny of this order. 
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Figures & Tables 



Table 1. List of species used in DNA extraction and rhizoid observation. 

Species Locality DNA rhizoid 

(Date, voucher number in SAP) 

Acanthopeltis japonica Okamura Shimoda, Shizuoka Prefecture * * 
(25.ix.1996,. 064829) 

Capreolia implexa Guiry et Womersley Tamarama, Australia * 
(23.iv.1998, 064831) 

Gelidiella acerosa (Forssk&l) Feldmann et Hamel Ginowan, Okinawa Prefecture * 
(11.vi.1998, 064832) 

Gelidiella ligulata Dawson Miyake Is., Shizuoka Prefecture * * 
(14.vii.1998, 063883) 

Gelidium divaricatum Martens Nishiizu, Shizuoka Prefecture * * 
(26.ix.1996, 064833) 

Gelidium elegans Kiitzing Awaji Is., Hyogo Prefecture * * 
(16.v.1996, 064834) 

, 
Gelidium linoides Kiitzing Shimoda, Shizuoka Prefecture * * 

(25.ix.1996, 064835) 

Gelidium pacificum Okamura Enoshima, Kanagawa Prefecture * 
(29.iii.1998, 064836) 

Gelidium pusillum (Stackhouse). Le Jolis Awaji Is., Hyogo Prefecture * * 
(1.x.1996, 064837) 

Gelidium subfastigiatum Okamura Oshoro, Hokkaido * * 
(6.iii.1997, 064838) 



Table 1. continued. 

Species 

Gelidium vagum Okamura 

Onikusa japonica (Harvey) Akatsuka 

Locality 

(Date, voucher number in SAP) 

Jodogahama, Iwate Prefecture 

(11.vi.1997, 064839) 

Shimoda, Shizuoka prefecture 

(25.ix.1996, 064840) 

pterocladia lucida (Brown et Turner) J. Agardh Scarborough, Perth 

(7.xii.1997, 064841) 

pterocladiella capillacea (Gmelin) Santelices et Hommersand Shimoda, Shizuoka Prefecture 

(25.ix.1996, 064842) 

pterocladiella Sp." 

ptilophora subcostata (Okamura) Norris 

Yatabella hirsuta Okamura 

Sandakan, Malaysia 

(16.v.1998, 064843) 

Naminoura, Wakayama Prefecture 

(29.ix.1996, 064844) 

Oryuzako, Miyazaki Prefecture 

(11.vii.1996, 064845) 

1 This alga has pterocladiella-type unilocular cystocarps and this is similar to 

P. minima (Guiry et Womersley) Santelices et Hommersand (1997), described from Australia. 

However, it has much larger erect axes (4-7 mm high) than the latter (0.5-1.5 mm high). 

DNA rhizoid 

* * 

* * 

* 

* * 

* 

* 

* * 



Table 2. List of species used in the molecular study and GenBank accession number. 

Species 

Acanthopeltis japonica Okamura 

Capreolia implexa Guiry et Womersley 

Gelidiella acerosa (FOrsskal) Feldmann et Hamel 

Gelidiella ligulata Dawson 

Gelidium abbottiorum Norris 

Gelidium allanii Chapman 

Gelidium americanum (Taylor) Santelices 

Gelidium arbuscula (Montagne) B0rgesen 

Gelidium attenuatum (Turner) Thuret 

Gelidium canariense (Grunow) Seoane-Camba 

Gelidium capense (Gmelin) Silva 

Gelidium caulacantheum J. Agardh 

Gelidium coul teri Harvey 

Gelidium divaricatum Martens 

Gelidium elegans Klitzing 

Gelidium floridanum Taylor 

Gelidium latifolium (Greville) Bornet et Thuret 

accession number 

SSU 

ABOl7664 

U60344 1 

U60342 1 

ABOl7669 

U60347 1 

U603431 

AB017662 

AB017670 

U60350 1 

rbcL 

AB017673 

L224562 

L224572 

AB017678 

U168292 

L224582 

L224592 

U001102 

L224602 

L224612 

U001032 

U001052 

U168282 

U168302 

U001062 

U00112 2 

ITSl 

AB017682 

Y119563 

Y1196P 

Y11962 3 

AB017692 

AB017688 

Y119653 



Table 2. C0ntinued. 

Gelidium linoides Kiitzing 

Gelidium micropterum Kiitzing 

Species 

Gelidium pteridifolium Norris, Homrnersand et Fredericq 

Gelidium pulcbellum (Turner) Kiitzing 

Gelidium purpurascens Gardner 

Gelidium pusillum (Stackhouse) Le Jolis CA U.S.A. 

Gelidium pusillum (Stackhouse) Le Jolis Canary Is. (CI) 

Gelidium pusillum (Stackhouse) Le Jolis Japan (Ja) 

Gelidium pusillum (Stackhouse) Le Jolis Norway (No) 

Gelidium pusillum (Stackhouse) Le Jolis Puerto Rico (PR) 

Gelidium robustum (Gardner) Hollenberg et Abbott 

Gelidium serrulatum J. Agardh 

Gelidium sesquipedal.e (Clemente) Thuret 

Gelidium subfastigiatum Okamura 

Gelidium vagum Okamura Ja 

Gelidium vagum Okamura Ca 

Onikusa japonica (Harvey) Akatsuka 

accession number 

SSU 

AB017663 

AB017671 

AB017667 

rbcL 

U004462 

U168332 

U018222 

U009792 

U009842 

U010032 

AB017679 

U009992 

U009832 

U010412 

U01042 2 

L220712 

AB017680 

AB017676 

ITS1 

AB017689 

AB017691 

Y1l963 3 

AB017690 

AB017687 

Y1l952 3 

AB017685 



Table 2. Continued. 

accession number 

Species 

Onikusa pristoides (Turner) Akatsuka 

pterocladia lucida (Brown et Turner) J. Agardh 

pterocladiella capillacea (Gmelin) 

Santelices et Hommersand Japan (Ja) 

pterocladiella capillacea (Gmelin) 

Santelices et Hommersand U.S.A. 

pterocladiella melanoidea (Schousboe ex Bornet) 

Ptilophora pinnatifida (J. Agardh) Norris 

ptilophora subcostata (Okamura) Norris 

Suhria vittata (Linnaeus) J. Agardh 

Yatabella hirsuta Okamura 

Chondrus crispus Stackhouse 

Hildenbrandia rubra (Sommerfelt) Meneghini 

Santelices et Hommersand 

SSU 

U603531 

U60349 1 

AB017672 

U60346 1 

U603411 

U603451 

U603481 

AB017666 

Z14140 4 

L19345 4 

1 Bailey & Freshwater (1997),2 Freshwater et ale (1995), 3 Patwary et ale (1998), 

4 Ragan et ale (1994) and 5 Freshwater et ale (1994) 

rbcL 

U010442 

U010482 

AB017681 

U018962 

U010462 

U168342 

U168352 

U001122 

AB017675 

U02984 5 

U04174 5 

ITS1 

Y11964 3 

AB017684 
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Fig. 3. Phylogenetic tree to elucidate phylogenetic position of species 
in Gelidium-complex clade inferred from ITS 1 sequences with the 
neighbor-joining (NJ) method based on Kimura's correction using the 
Clustal W computer program. The numbers under the branches 
indicate bootstrap values (100 replications) greater than 50. Scale bar = 
10% divergence. 
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Figs 4-6. Secondary rhizoidal attachments. 
4. Unicellular independent attachment of Gelidiella acerosa (field­
collected plant, Ginowan, Okinawa Prefecture). 5. Peg-type 
attachment of Pterocladiella capillacea (cultured plant, grown at 20°C 
and 16:8 h LD cycle, Shimoda, Shizuoka Prefecture). 6. Brush-type 
attachment of Gelidium elegans (cultured plant, grown at 20°C and 
16:8 h LD cycle, Awaji Is., Hyogo Prefecture). 





Figs 8-9. Spermatangial sorus of Yatabella hirsuta. 
8. Spermatangial sorus (arrow head) with cystocarp (double arrow heads). 
9. Surface view of spermatangial sorus. 
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Figs 10, 11. Holotype specimens of Acanthopeltis japonica and Yatabella 
hirsuta. 10. Acanthopeltis japonica collected at Misaki, Kanagawa 
Prefecture (iv.1885, TI). 11. Yatabella hirsuta collected at Oryuzako, 
Miyazaki Prefecture (13.viLI899, herb. Okamura in SAP). 
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Figs 12-16. Development of erect axes of Acanthopeltis japonica (Figs 4-
6) and Yatabella hirsuta (Figs 7-8). 
Figs 12-14. Cultured plants of Acanthopeltis japonica grown at 20°C and 
16:8 h LD cycle. 12. Erect axis developing from a creeping axis (arrow), 
the arrowhead indicating the first leaflike structure, the double arrowheads 
showing the second one (3-month old). 13. The stage after Fig. 12 three 
weeks showing a creeping axis (arrow), the first leaflike structure 
(arrowhead), the second one (double arrowheads) and third one (triple 
arrowheads). 14. Portion of a 7-month-old plant showing leaflike 
structures repeatedly piled up, the arrows indicating leaflike structures 
ceasing elongation. 15. 5-month-old cultured plant of Yatabella hirsuta 
grown at 20°C and 16:8 h LD cycle, showing three lateral branches (arrow) 
and multifid-echinate ramuli (arrowheads). 16. Portion of a herbarium 
specimen of Yatabella hirsuta collected at the type locality (11.vii,1996, 
SAP 064847) showing overtopped branches (arrow). 
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Fig. 18. Map showing populations of the three groups of Japanese 
PterocladialPterocladielia complex revealed in the molecular analysis. 
* , group 1; • , group 2; 0 , group 3. The population numbers 
correspond to those in Table 5. 
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Fig. 19. Phylogenetic tree to elucidate phylogenetic position of 
Japanese PterocladialPterocladiella complex inferred from rbeL 
sequences with the neighbor-joining (NJ) method based on Kimura's 
correction using the Clustal W computer program. The numbers at 
each node indicate bootstrap values (100 replications) greater than 70. 
Identical sequences from multiple populations (sample numbers 
enclosed in boxes) were represented by only one sequence in the 
analysis. AU, Australia; SP, Spain; IT, Itary. Scale bar = 1 % 
divergence. 
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Figs 20-24. Formalin/seawater-preserved specimens of three groups of 
Japanese PterocladialPterocladielia complex. 
20. Group 1 plants, collected at the southernmost locality Shimo­
Koshiki Island, Koshiki Islands, Kagoshima Prefecture. Figs 21, 22. 
Group 2 plants. 21. Plant collected at the Pacific coast of central Japan 
(Enoshima, Kanagawa Prefecture). 22. Plant collected at the Pacific 
coast of central Japan (Shimoda, Shizuoka Prefecture). Figs 23, 24. 
Group 3 plants. 23. Plant collected at the northernmost locality, 
Oshoro, Hokkaido. 24. Plant collected at the Pacific coast of central 
Japan (Hamashima, Mie Prefecture). 
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