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MORPHOLOGY, LIFE HISTORY, AND MOLECULAR PHYLOGENY OF CHORDA RIGIDA, SP.
NOV. (LAMINARIALES, PHAEOPHYCEAE) FROM THE SEA OF JAPAN AND THE GENETIC
DIVERSITY OF CHORDA FILUM!
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Chorda rigida Kawai et Arai, sp. nov. (Chordaceae,
Laminariales) is described from the Sea of Japan,
NW Pacific. This species resembles Chorda filum
(Linnaeus) Stackhouse but is distinguished by the
following characteristics: 1) the sporophytes grow on
more or less exposed rocks at 2-7 m depth and do
not form dense tufts; 2) compared with C. filum,
sporophytes of C. rigida are much more rigid and are
composed of denser cortical layers (6-18 cells thick); 3)
C. filum becomes fertile and disappears in late spring to
summer, whereas C. rigida appears in early summer,
oversummers, and becomes fertile only in late autumn
at the same localities; 4) in culture, C. rigida sporo-
phytes tolerate higher temperature conditions (20
and 25° C) than C. filum; and 5) C. rigida has consid-
erably longer sequences of the rDNA ITS region
than does C. filum. The independence of the species
is further supported by molecular phylogenetic analy-
ses using sequence of the ITS + 5.8S ribosomal DNA.
Interestingly, C. filum is shown to be genetically di-
verse and possibly paraphyletic, and it may require
subdivision into several species or subspecies. The
rbcl and associated spacer sequence data established
monophyly of the genus Chorda among Laminariales,
but the resolution was limited for discussing the phy-
logenetic relationships within the genus.

Key index words: 5.8S rDNA; Chordaceae; Chorda
filum; Chorda rigida sp. nov.; ITS; Laminariales;
molecular phylogeny; Phaeophyceae; rbcL; Rubisco
spacer

Abbreviations: ITS, internal transcribed spacer; ML,
maximum likelihood; MP, maximum parsimony; NJ,
neighbor joining

The order Laminariales (so-called kelps) is a well-
defined systematic group and is regarded as one of
the most derived in the Phaeophyceae (Bold and
Wynne 1985, van den Hoek et al. 1995). Six families
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are included in the order at present: Alariaceae,
Chordaceae, Laminariaceae, Lessoniaceae, Phyllari-
aceae, and Pseudochordaceae (Setchell and Gardner
1925, Tilden 1935, Kawai and Kurogi 1985, Henry and
South 1987). Although phylogenetic relationships rel-
ative to other phaeophycean orders are unclear (Clay-
ton 1984, Miiller et al. 1985, Kawai 1992, Tan and
Druehl 1996, Boo et al. 1999), within the Laminari-
ales the families with terete sporophytes (Chordaceae
and Pseudochordaceae) have been considered to be
primitive based on the following characteristics (Kawai
and Kurogi 1985, Henry and South 1987, Kawai and
Nabata 1990): 1) relatively simple organization of sporo-
phytes without differentiation between blade and
stipe and lack of a meristematic rhizoidal holdfast, 2)
annual nature of sporophytes and lack of distinct in-
tercalary meristem (except for Chorda filum), 3) lack of
mucilage organs (e.g., mucilage gland cells or mucilage
ducts) and mucilage caps on paraphyses, 4) presence
of eyespots in zoospores, 5) occurrence of mono-
ecious (Chorda tomentosa Lyngbye = Halosiphon tomen-
tosus [Lyngbye] Jaasund) or monomorphic dioecious
(Pseudochorda nagaii [Tokida] Inagaki) gametophytes,
and 6) lack of inner hyphae (C. tomentosa, Pseudo-
chorda spp.).

The placement of H. tomentosus in the family Chor-
daceae has been controversial because the species dif-
fers from the generitype C. filum in various basic fea-
tures: 1) occurrence of long assimilatory filaments
instead of unicellular paraphyses, 2) absence of an in-
tercalary meristem, 3) absence of trumpet-shaped hy-
phae or an obvious differentiation between cortical
layer and peripheral (meristodermal) layer, 4) occur-
rence of monoecious gametophytes, and 5) presence
of different sexual pheromones (Maier 1995). More
recently, Peters (1998) established a relatively substan-
tial genetic distance between C. filum and H. tomentosus
based on molecular phylogenetic data. (He reinstated
the generic name Halosiphon at that time, which was
established by Jaasund [1957] based on a misunder-
standing of an epiphyte as the gametophyte of the spe-
cies.) Peters (1998) discussed the possibility that Halosi-
phon was incorrectly placed in the Chordaceae but did
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not present a formal taxonomic treatment. Therefore,
the genus Chorda (and probably the family Chor-
daceae) only includes the type species C. filum.

Here we describe a new species in the genus
Chorda, found in a relatively limited area in the Sea of
Japan, NW Pacific. We describe its morphology, phe-
nology, life history in culture, and phylogenetic affini-
ties based on sequences of the nuclear internal tran-
scribed spacer (ITS) regions of the rDNA (ITS1-5.8S-
ITS2) and the Rubisco large subunit gene (rbdl) and
the spacer region between rbcl. and rbcS.

MATERIALS AND METHODS

Morphological observations and anatomical comparison. The spec-
imens of Chorda rigida sp. nov. and C. filum preserved in 5%
formaldehyde seawater as listed in Table 1 were used for mor-
phological observations by Nomarski light microscopy and ana-
tomical investigations of the sporophyte generation. For com-
parisons of the number of cortical cell layers for sporophytes,
cross-sections were made by hand using razor blades, and an av-
erage of 8-10 sections were observed for the following regions
on each plant: intercalary meristem (except for old plants that
had lost their meristem), the middle portion between the mer-
istem and base, and the lower part of the thallus near the base.
The herbarium voucher specimens of C. filum as listed in Table
2 housed in SAP (Herbarium of the Department of Botany,
Graduate School of Science, Hokkaido University) were also
examined for morphological comparisons of the number of
cell layers constituting the cortex. The Statview v. 4 program
(Abacus Concepts, Berkeley, CA) was used for the statistical
analysis (#test) of the data.

Culture experiments. Cultures of C. rigida sp. nov. were started
from zoospores released from unilocular sporangia (unispores)
on erect thalli collected on November 1, 1991 at Kashiwazaki.
The zoospores were pipetted onto glass slides and cultured in
glass vessels containing 200 mL of PESI medium, or they were
pipetted directly into plastic petri dishes containing 50 mL
PESI medium (Tatewaki 1966). The sets of culture conditions

used were as follows: 5° C short day (SD; 8:16h light:dark), 5° C
long day (LD; 16:8h light:dark), 10° C SD, 10° C LD, 15° C SD,
15° C LD, 20° C SD, 20° C LD, and 25° C LD. All culture condi-
tions were illuminated under daylight-type white fluorescent
tubes of approximately 50 wmol photons-m~2-s~! using a tem-
perature gradient culture chamber (TG-100AD, TG-200AD,
Nippon Medical and Chemical Instruments, Osaka, Japan). To
compare growth differences under the culture conditions and
to make anatomical comparisons, unialgal culture strains of C.
filum isolated from Oshoro, Hokkaido and Hakui, Ishikawa
Pref., Japan and Bergen, Norway were used. For anatomical
comparisons, well-developed sporophytes of 50-100 mm in
length grown under 10° C (C. filum) and 20° C (C. rigida sp.
nov.) LD conditions were used.

Molecular phylogenetic analysis. The origins of specimens used
for molecular phylogenetic studies are listed in Table 3. Genomic
DNA was extracted using the DNeasy Plant Mini Kit (Qiagen,
Hilden, Germany), following the manufacturer’s instructions. Al-
gal material was ground in liquid nitrogen, and approximately
40 mg of algal tissue was used. Extracted total DNA was moni-
tored on ethidium bromide-stained 1.0% agarose gels.

PCR amplification of the ITS regions and the Rubisco large
subunit gene (rbcL) and the spacer region between rbcl. and
rbS were carried out with a GeneAmp PCR Cycler 2400 and
9700 (Perkin Elmer, Foster City, CA) using a TaKaRa Ex Taq
(Takara Shuzo, Shiga, Japan) reaction kit (total volume of
25 wL composed of 2.5 uL 10X Ex Taq Buffer, 5.0 uM dNTP
mixture, 0.1 uM of each primer, 0.625 units TaKaRa Ex Tagq,
and 2.0 uL. DNA solution including 0.5-1.0 wg DNA). Primers
(Table 4) were designed based on published sequences of the
corresponding regions reported for related taxa (Tan and
Druehl 1993, 1996, Kawai et al. 1995, Stache-Crain et al. 1997
for ITS; Assali et al. 1990, Valentin and Zetsche 1990, Daug-
bjerg and Andersen 1997 for rbd. and spacer). The profile of
PCR conditions was as follows: an initial denaturation at 95° C
for 5 min, followed by 30 cycles of denaturation at 95° C for 30 s,
annealing at 42 or 58° C (for bl and spacer) for 30 s and 54
or 58° C (for ITS) for 30 s, extension at 72° C for 30 s, and a fi-
nal extension at 72° C for 7 min. PCR products were monitored
on ethidium bromide-stained 1.0% agarose gels. PCR products
were directly sequenced using the Cyb Auto Cycle Sequencing
Kit (Pharmacia Biotech AB, Uppsala, Sweden), following the

TaBLE 1. List of liquid-preserved specimens of Chorda rigida and Chorda filum used for anatomical comparisons.

Species Locality Collection date n* Collector

Chorda rigida, sp. nov. Kashiwazaki, Niigata Pref. 4 July 1988 1 S. Arai
Kashiwazaki, Niigata Pref. 22 September 1990 7 S. Arai
Kashiwazaki, Niigata Pref. 26 October 1990 6 S. Arai
Kashiwazaki, Niigata Pref. 3 June 1991 2 S. Arai
Kashiwazaki, Niigata Pref. 1 November 1991 5 A. Arai
Awashima Isl., Niigata Pref. 4 August 1991 2 S. Arai
Futami, Sado Isl., Niigata Pref. 16 October 1991 3 H. Kawai
Nanao, Ishikawa Pref. 7 August 1992 2 S. Arai

Chorda filum Rishiri Isl., Hokkaido 19 June 1991 5 H. Kawai
Oshoro, Hokkaido 27 July 1982 2 T. Kudo
Oshoro, Hokkaido 25 April 1988 2 H. Kawai
Oshoro, Hokkaido 3 June 1988 7 Y. Hattori
Oshoro, Hokkaido 11 July 1988 6 Y. Hattori
Kikonai, Hokkaido 21 April 1988 8 H. Kawai
Kikonai, Hokkaido 16 May 1988 5 K. Kogame
Kikonai, Hokkaido 24 July 1988 3 Y. Hattori
Shichigahama, Miyagi Pref. 20 May 1984 2 H. Kawai
Shiga, Ishikawa Pref. 14 June 1993 2 S. Arai
Fukuura, Ishikawa Pref. 31 May 1993 2 S. Arai
Takahama, Fukui Pref. 29 April 1993 1 Y. Maeda
Takahama, Fukui Pref. 7 June 1993 2 Y. Maeda
Aidani, Hyogo Pref. 15 July 1993 1 H. Kawai
Shodoshima Isl., Kagawa Pref. 28 May 1987 1 H. Kawai
Takashima, Ehime Pref. 14 June 1991 2 H. Kawai
Futashima, Nagasaki Pref. 14 May 1991 5 S. Arai

aValues are numbers of erect thalli (individual sporophytes) used for anatomical comparisons.
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TaBLE 2. List of voucher specimens of Chorda filum used for anatomical comparisons.

Locality Collection date Collector

Outside Japan
Dairen, China 27 July 1937 Y. Yamada
Bohuslan, Rattholmen, Fiskebakskil, Sweden 16 August 1894 H. G. Simmons
Sverige, Bohuslidn, Bonden, Sweden 18 July 1946 T. Levring
Frederikshaven, Denmark 2 August 1985 T. Yoshida
Roscoff, France 21 November 1972 T. Yoshida
Roscoff, France 30 June 1973 T. Yoshida

Inside Japan
Soyamisaki, Hokkaido 27 July 1980 M. Kurogi
Shiretoko Peninsula, Hokkaido 16 September 1943 Y. Yamada
Tomari, Kunashiri Isl. 30 July 1936 M. Nagai
Notsuke, Hokkaido 28 May 1987 T. Yoshida
Muroran, Hokkaido 23 June 1936 T. Muraoka
Muroran, Hokkaido 1 July 1966 T. Funano
Usu, Hokkaido 13 June 1957 Y. Enomoto
Kikonai, Hokkaido 7 April 1988 I. Mine
Asamushi, Aomori Pref. June 1927 Y. Yamada
Takonoura, Iwate Pref. 19 May 1951 S. Kawashima
Ozuchi, Iwate Pref. 28 May 1979 S. Kawaguchi
Hayata, Yamagata Pref. 2 July 1984 K. Ikehara
Aikawa, Niigata Pref. 12 June 1987 K. Ikehara
Senami, Niigata Pref. 1 June 1968 S. Kikuchi
Miyako, Miyagi Pref. 14 May 1952 M. Kurogi
Matsushima, Miyagi Pref. 24 May 1952 M. Kurogi
Misaki, Kanagawa Pref. April 1923 Y. Yamada
Misaki, Kanagawa Pref. May 1927 S. Akiyama
Shinmaiko, Aichi Pref. 11 April 1944 N. Segi
Takashima, Ehime Pref. 12 June 1987 S. Enomoto
Ikata, Ehime Pref. 1 June 1957 Y. Nomura
Hirado, Nagasaki Pref. 25 May 1983 T. Yoshida
Nomozaki, Nagasaki Pref. 25 April 1933 Y. Yamada
Amakusa, Kumamoto Pref. 5 May 1958 M. Ichinoki

manufacturer’s instructions. Reactions were electrophoresed,
and the sequence data were collected with the ALF express
DNA sequencer (Pharmacia). Sequences were aligned for phy-
logenetic analysis using the Clustal W computer program (Thomp-
son et al. 1994) or manually.

The aligned sequences were subjected to maximum parsi-
mony (MP) analyses in a general heuristic search using PAUP v.
4.0.2b (Swofford 1999). Fifty random taxon addition replicates
were performed in each heuristic search, using the option TBR
branch swapping. Gaps were not taken into account in every
analysis. From the same alignment, two-parameter distances
(Kimura 1980) between taxa were estimated, and a phylo-
genetic tree was constructed with the neighborjoining (NJ)
method, using PAUP. Maximum likelihood (ML) analyses were
also performed using PAUP in a general heuristic search (10
random taxon additions) with a substitution model of transi-
tion/transversion ratio = 2 and empirical base frequencies (us-
ing Hasegawa-Kishino-Yano model) and equal among-site rate
variation. The robustness of the resulting phylogenies was
tested by bootstrap analyses with 1000 (MP and NJ) and 200
(ML) resamplings (Felsenstein 1985). In an additional MP
analysis, gaps were recognized as a fifth base. Pseudochorda na-
gaii and P. gracilis Kawai et Nabata (Pseudochordaceae, Lami-
nariales), Laminaria diabolica Miyabe, and L. yendoana Miyabe
(Laminariaceae, Laminariales) were used as outgroups in ITS-
5.8S trees, whereas Ectocarpus siliculosus (Dillwyn) Lyngbye and
Pilayella littoralis (Linnaeus) Kjellman (Ectocarpales) were used
for rbcl. + spacer analyses.

RESULTS
Chorda rigida Kawai et Arai, sp. nov.

Sporophyton macroscopicum epilithicum sublittorale, soli-
tarium vel sparsim, simplex filiforme, 0.3-0.5 (—1.2) m lon-

gum et circa 3.5 mm diametro, fulvescens vel fuligineum,
parenchymatosum cavum, cum hypha, cortice, epiderme, pi-
lis, paraphysibus unicellularibus sine pileolibus, et hapteris
discoideum rhizoideis. Cortex densum, ad 9—13 (—17) cellula
crassum. Sporangium uniloculare sessile, anguste ovatum.
Gametophyton minutum, oogamum, dioecium, dimorphum.
Antheridium solitarium. Cellulae sporophyticae et gameto-
phyticae cum chloroplastis numerosis discoideis sine pyrenoid-
tbus.

Quoad fabricam ad Chordae filum accedit, sed ab ea dif-
fert essentialiter robore maiore thalli, etiam in maturitate
cum meristema intercalare.

Holotype: No. 21416. 1990.10.26. Collected from
Kashiwazaki, Niigata, Japan. Deposited in the Herbar-
ium of the Science Faculty of Kobe University.

Etymology: The specific epithet originates from the
rigid sporophytic thallus of the species.

Sporophyte macroscopic, epilithic, sublittoral, soli-
tary or sparse, simple, cord-shaped, 0.3-0.5 (-1.2) m
in length and about 3.5 mm in diameter, medium
brown to dark brown, parenchymatous, hollow, com-
posed of hypha, cortex, epidermis, and hairs, unicel-
lular paraphyses without mucilagenous cap, and disk-
shaped rhizoidal holdfast. Cortex dense composed of
9-13 (—17) cells. Unilocular sporangia sessile and
narrowly ovate. Microscopic gametophytes dioecious,
sexually dimorphic, oogamous. Antheridium solitary.
Sporophytic and gametophytic cells containing many
disk-shaped chloroplasts without pyrenoid.



133

CHORDA RIGIDA, SP. NOV.

%wﬁ:\\.&ﬁew
— GLLGEODV 995 8.3 mg-1D (remey] "H) 2Immy uede[ ‘pleseSeN ‘ewryseing wngy D
— ¥LLSS0AV 98 GLS MNN-AD (uszoay) yuerd pporg uede[ ‘ewiyso ] ‘ewysen wnpyf
— €LL950dV 196 9.3 seS-10 (remey] “H) 20mmy) uede[ ‘eurysoury] ‘ewtleseg wngy D
¢L81H0dV
‘1,8L8609dV BLLSE0AV 198 8.3 ewl-4D) (uazoay) yuerd ppiy uede[ ‘0804 ‘ernoFew] wngy D
— 1206609V 198 9.3 Yel-dD (uazoay) yuerd pporg uede[ ‘myn, ‘eweyeye], wngy D
— 0LLS50dV  09% 6.3 YeH-10D (remey] “H) 2Imimy uede[ ‘emerysy ‘myey wngy D
— 696604V 093  LL% Ang-AD (uazoay) yuerd pparg uede( ‘emeyrysy ‘emnynyg wngy D
— 89,6604V 093  LL3 V=10 (udzoay) yuerd pporg uede( “e1eSuN ‘emery wnpyf
— £94660dV  09& 083 z4O-AD (uazoay) yuerd ppiy uede[ ‘1SeAIN ‘ToNzYO wngyf D
— 9945509V 098 9.3 gwes-1D (remey] “H) 2Immy () uede[ ‘oprexp[o}] ‘ostrurey] wnpyf )
91833dV
— ‘G1866dV 696 6.3 [wey-1D [6661 'Te 30 eanynsiox] (1) uede[ ‘oprexp[o}] ‘ostrurey] wngyf D
— G9.,660dV 198 9.3 SUSO-10 (remey] “H) sammp) (g) uede[ ‘oprexpol] ‘o10ysQ wngy D
— $9.9609V  39% 083 UsO-1D (remey] "H) 20mmy () uede[ ‘oprexyjo ‘oroysQ wnpy D
3L8THOIV
‘98L5509V €9.650dV 693 LL3 TUYsO-dD (remey] "H) 2Immy (1) uede[ ‘oprexpjol] ‘o10ysQ wngy D
— 39L960dV  99% 686 SAD-AD (udzoay) yuerd pporg (¢) uede[ ‘oprexyo] ‘reuoyry wnpyf
— 1946609V 995 83 SIDFAD (uszoay) yuerd ppiy (g) uede[ ‘oprexpol] ‘reuodry wngy D
L8170V
‘G8L5509V 096509V~ 993 063 DID-D (remey] “H) SImmy (1) uede[ ‘oprexpol] ‘reuodry wngy D
— 69.950dV  SS8 393 gd-1D (1oyonop) juerd pparg (3) erssy ‘expeyowrey Ysaopedonog wnpyf D
— 866504V ¥9%  G8% 19410 (1oyonop) juerd prarg (1) erssny ‘expeyowrey] Ysaopredonog wngy D
0L81709dV .
$8L450IV LGLSS0AV 698 683 Sng-1D (1oyonop) juerd prarg VSN VM ‘Punos 1a8ng wnpyf
6981704V
‘684,409V 9626604V 696 693 PS-AD (198 eorptg) Juerd prary VSN ©oG SuLiag ‘pue[s] 90UIIME] IS wnpyf
898TH0dV
‘8LGE0V GGL6e0dV 198 1L3 TAN-AD (Aruop] ) samyn) epRUR) ‘pUR[PUNOIMIN wnpyf
— $6L8609V VLG 0LS AY-1D (198 eoris) Juerd prarg puead] “Yaebdoy wngy D
— §6LG809V 9L 0LG ©I0-4D (128 eo111s) yuerd ppory pue[ad] ‘profjsyery wngyf )
— 3GLS60dV €46 0L3 12940 (remey] "H) 20mmy) AemION ‘U93I10g wngy D
— 1646609V V.3 0.3 JNI-D (198 eorptg) Jued ppatyg URJN JO S| ‘UL 10 wngy D
— 06LG609dV 645  0L& ANI-AD (198 eorpts) ued pag uey Jo 9[s Jutod Aq[q wnpyf
— 6VLS50dY  3LE  1L3 10d-1D (198 eoris) Juerd praryg SN ‘pnowsyiog wngy D
986867
— ‘G8G867Z 995 0L3 ues-1D [866T 191941 souely ‘Aueyng Oojueg wngy D
LISTHOIV
‘I8LSS0V 8vLGS0dV  GLE 893 sod-1D (remey] “H) 2Immy Pouel] ‘AuenLrg JJoosoy asnowelg (1) wnpif vpioyy)
— 829609V 308  69¢ ueN-Y) (uszoay) yuerd ppiy uede[ ‘emeqIys] ‘ovueN PG D)
FL8THOIV
‘88LG609AV LLLGEOTV 3OS 09€ SeYID (remey] "H) 2Immpy uede[ ‘@SN ‘Dlezemiysey DpIGU D)
— 916609V €0§  8G¢ pesAD (uszoay) yuerd pporg uede[ ‘e1eSUN ‘pues] opes ‘Twreing aou “ds vpudu vpaoy)
(soreLreuTUIeTY)
aradepIoy)
Aeanoadsaa 1ooeds VNI (dq) (dq) SUOTIBIARIQQY SO (921108) 9IS UOTIII[O)) (uonisod osrwouoxey)
pue gt 103 "ou S8'¢-S1I 10j 'ou GSLI ISLI sapadg

uoIssadde [gaa

uoIssadde [qaa

o) JO SIdQqUINU UOISSIDOE Iseqelep pue ‘(sired oseq) soouoanbos ggr1 pue [SLI Jo ypSuop

*(uede[ jo yueq vreq VYNJ :[gaq) seouanbas

‘SUOTIBIADICQE IO ‘SIsA[eUR IL[NII[OW I0J pasn suawads Jo 2oInog

¢ ATAV],



HIROSHI KAWAI ET AL.

134

uewR

3LE9GX — — — — (0661 77 12 1essy) — (1) symaony vppatopd
24qBukT (‘M)
£0989X — — — — (0661 Y2197 pue unusfeA) — SnsopnotLs Snda20pasy
(soredareso3oy)
araoediedoyoyg
0881704V emuweyQ (uewpfy)
F6.5509V —_ —_ — —_ (owreSoy x) 21mny) uede[ ‘ewrysnyoy, DUDIUISINIG DUDPUL)
6L8170dV Jyoardny 319 s[AIs0g (‘[PwO)
‘66L8509V — — — — (198 eorptg) Jued patyg eissiy ‘expeyouwey] ‘Aeg eyoeqy snayp wnyCydorssvpvy g,
8L81+04V oqRATY
‘Z6L8509dV —_ — — —_ (198 ®orq1g) Juerd prarg uede[ ‘opreyoH ‘ueIoInp YOSissL0 vYjRUDWAL]
808309V aqedIy
‘2,083309V 696 |§724 — (6661 'T& 10 eINYNSION) uede[ ‘oprexpio puvopual DUDUIUD T
963309V oqRATY
‘G6L3609V 966 966 — (6661 'T& 10 eINYNSION) uede[ ‘oprexpioy DIYOGVIP DUDUINUD"]
LL8TY04dV
‘1645€09V — — — — (198 eorpis) yuerd prarg uede[ ‘oprexpol ‘ueIioIny JIONIOWN (] UTIDIYID]) WD
(SoeLreuTUIR]) SBIDRLIBUIUIR]
aL81v0dVv ppedeu] (epnjo])
68L9509V 6LL960dV €65  £FE — (remey] "H) 21y uede[ ‘oprexyoH ‘Teseuey unSvu VPUYI0PNISy
9L81%04dV eleqeN 19 remeyy
‘06L8509V 08L49604dV 086 166 — (remey] "H) 2I1mn) uede[ ‘oprexyol ‘efosy $1D43 VPA0YIOPNIS
(sorerreurure)
JrddEpIOYIOPNISY
Areanooadsox 1ooeds VNQX (dq) (dq) SUONRIAIQQY ursQO (921108) 9IS UONI[[O)) (uonisod srwouoxey)
pue pgs 10y "ou S8'¢-S1I 10j "'ou GSLI ISLI soadg

uoIssad0e [qaq

uoIssadoe [qqq

‘ponunuoy) g A1dV]J,



CHORDA RIGIDA, SP. NOV.

TaBLE 4. List of primer sequences and their annealing positions.
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Code Direction Sequences (5'-3") Annealing position
18F1 Forward AAGGTGAAGTCGTAACAAGG 18S (1768-1787)
5.8F-1 Forward ACGCAGCGAAATGCGATACG 5.8S (47-66)
5.8R-1 Reverse CGTATCGCATTTCGCTGCGT 5.8S (66-47)
26R-1 Reverse GTTAGTTTCTTTTCCTCCGC 26S (70-51)
rbc-FO Forward ATCGAACTCGAATAAAAAGTGA rbcl. (20-41)
rbe-F1 Forward CGTTACGAATCWGGTG rbcl. (43-58)
rbc-F2 Forward AGGTTCWCTWGCTAA rbcl. (342-356)
rbc-F2.5 Forward TTCCAAGGCCCAGCAACAGGT rbcl. (454-474)
rbc-F3 Forward CACAACCATTCATGCG rbcl. (635-650)
rbec-F4 Forward GTAAATGGATGCGTA rbel. (953-967)
rbc-FH Forward ATTTGGTGGTGGTACTATTGG rbel. (1212-1232)
rbe-R1 Reverse TTAGCWAGWGAACCT rbcl. (356-342)
rbc-R2 Reverse CGCATGAATGGTTGTG rbcl. (650-635)
rbc-R3 Reverse CCTTTAACCATTAAGGGATC rbcl. (1040-1021)
rbc-R4 Reverse GTAATATCTTTCCATAAATCTAA rbcl. (1406-1384)
rbc-Rb Reverse AAASHDCCTTGTGTWAGTYTC rbeS (23-3)
rbc-R6 Reverse AATAAAGGAAGACCCCATAATTCCCA rbeS (167-142)

This species is similar to C. filum in habit but differs
essentially by the more robust thallus with an interca-
lary meristem even at maturity.

Geographical distribution, phenology, and morphology.
Specimens referable to the new species were collected
at several localities in Ishikawa and Niigata Prefec-
tures, central Honshu on the Sea of Japan (Fig. 1).
This species grows subtidally on rocks in slightly
muddy areas at a depth of 2-7 m below mean low wa-
ter level forming relatively dense populations associ-
ated with Sargassum pallidum (Turner) C. Agardh. Few
other macroscopic algae were found at the same sites.
Thalli grew in sparse tufts or solitary from a small dis-
coid holdfast up to 4 mm in diameter (Fig. 2, a—c).
The holdfast was well developed and composed of
densely packed rhizoidal filaments issuing from the
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Fic. 1. Geographical distribution of Chorda rigida sp. nov.
(a) Kannonzaki, Nanao, Ishikawa. (b) Futami, Sado Isl., Nii-
gata. (c) Awashima Isl., Niigata. (d) Kashiwazaki, Niigata.

lower part of the erect thalli (Fig. 2h). The erect thalli
were simple, cord-shaped, medium to dark brown,
and resembled C. filum but were distinguished by
their solitary or sparse habit and by short and rigid
erect thalli with a persistent meristematic zone (Fig.
2d). Young specimens with an intact distal portion
above the intercalary meristem were collected in early
June (Fig. 2a). Plants grew throughout the summer
and attained a maximum length of 30-50 cm (rarely
up to 120 cm) and a diameter of 3.5 mm by August-
September. Specimens collected in August still re-
tained the distal portions beyond the meristem; how-
ever, this portion was absent in specimens collected in
September (Fig. 2b). Most of the specimens, includ-
ing fertile individuals, retained a rigid solid meriste-
matic zone (Fig. 2, d and e).

The new species largely had the same anatomical
features as C. filum. Thalli had a solid meristem com-
posed of small almost equal-sized meristematic cells
(Fig. 2, e and f). Epidermal cells of the meristem were
not tightly coherent in crosssection, and they con-
tained many disk-shaped chloroplasts without pyrenoids
(Fig. 2g). Pyrenoids were not detected in the field or
in culture materials throughout the life history investi-
gations. Phaeophycean hairs of 20-25 pm in diameter
were abundant in the meristematic region (Fig. 2f).
The central part of the thallus near the meristem was
composed of two types of inner hyphae (i.e. trumpet-
shaped hyphae and secondary hyphae), cortical cells,
and epidermal cells (Fig. 3, a and b). The inner trum-
petshaped hyphae were formed by the elongation of
inner meristematic cells (Fig. 3, c and d). The thallus
was hollow in the thicker portion further below, and
the hyphae were attached on the inner surface of the
cortex (photograph not shown). The cortical layer
was dense, up to 18 cells thick (see below for detailed
descriptions). Cells of the cortical layer were almost
hyaline, cylindrical, ca. 40-80 pum in diameter. In the
epidermal layer, unicellular paraphyses without muci-
laginous appendages developed from epidermal cells
in August, but the thalli remained vegetative during
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F1G. 2. Field-collected plants of Chorda rigida, sp. nov. Arrowheads indicate intercalary meristem. (a) Young sporophytes with long
portion distal to meristem (3 June 1991). (b) Vegetative sporophyte without portion distal to meristem but retaining meristem (26
October, 1990). (c) Fertile specimen (1 November, 1991). (d) Rigid intercalary meristem. (e) Longitudinal section of sporophyte
through meristematic zone. (f) Cross-section through meristem. (g) Outermost part of meristematic zone in cross-section. (h) Longi-
tudinal section of lowermost part of sporophyte and rhizoidal filaments composing basal holdfast.

summer and autumn. Cylindrical-oblong unilocular
sporangia appeared on the entire surface of the thal-
lus in October and November (Fig. 3, e and f). They
contained about 16 zoospores and had conspicuous
thickenings of the upper sporangial walls. Collections
could not be made during midwinter because of the
rough wave conditions. No sporophytes were seen in
early spring, and regeneration from old erect thalli or
the holdfast did not occur; hence, this species is an
annual.

Life history. Zoospores were teardrop shaped, flag-
ellated with the usual longer anterior and a shorter
posterior flagellum, and contained one chloroplast
with an eyespot and showed negative phototaxis.
Zoospores germinated by forming a germ tube and
developed into sexually dimorphic male and female
gametophytes (Fig. 4, a—c, f). The gametophytes ma-
tured under LD and SD conditions at 5 and 10° C.
Male gametophytic filaments were 5-6.5 um in diame-
ter (Fig. 4a), forming terminal antheridia (Fig. 4, b
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FiG. 3. Field-collected plants of Chorda rigida, sp. nov. (a) Longitudinal section just below meristem indicating secondary hyphae
(arrow), trumpet-shaped hyphae (arrowheads), cortical layer, and paraphyses. (b) Cross-section just below meristem. (c) Initials of
trumpet-shaped hyphae (arrowhead) in the central portion of meristem. (d) Developed trumpet-shaped hyphae (arrowheads). (e)
Unicellular paraphyses without mucilage caps and initials of unilocular sporangia (arrowheads). (f) Mature (arrowheads) and prema-
ture (arrows) unilocular sporangia among paraphyses. C, cortical layer; M, medullary layer; P, paraphyses.

and c). Sperm were 7-13 pm in length and 4-5 pm in
width, with two laterally inserted flagella, a shorter an-
terior (ca. 16 pm long) and a longer posterior one
(42—46 pm long including ca. 25 wm of a distal thin-
ner portion) (Fig. 4, d and e). The shape of sperm
was rather variable depending on the time that had
elapsed since release. Newly released sperm were rela-
tively elongated but tended to become rounder with
time (5-10 min or longer after release). They con-
tained several small chloroplasts ca. 1.5 pm in diame-
ter in the posterior part of the cell and had no eyespot
(Fig. 4, b—e). The chloroplasts were not spatially asso-
ciated with the base of the posterior flagellum (Fig. 4,
d and e). Female gametophytic filaments were rich in
chloroplasts and measured 13-15 pm in diameter
(Fig. 4f).

Although actual fertilization was not observed, pre-
sumptive zygotes (in mixed-sex cultures) and unfertil-

ized eggs (in female cultures) developed into sporo-
phytes attached to the mouth of the oogonia (Fig. 4f).
They developed into 12- to 16-celled uniseriate em-
bryos forming cross-walls by diffuse growth and then
became polystichous by forming longitudinal walls in
the distal portions (Fig. 4, g—j). Terminal and lateral
hairs (often in whorls in later stages; photographs not
shown) occurred in young sporophytes under LD
conditions (Fig. 4i) but were rare or absent under SD
conditions (Fig. 4, g and h). The thalli were occasion-
ally flattened in cross-section in earlier developmental
stages (Fig. 4, g and k) but later became terete. Sec-
ondary rhizoids issued from the lower part of the
erect thalli (Fig. 4l). The intercalary meristem ap-
peared near the base (Fig. 41) of the erect thalli, and
then the elongation of the portion below the mer-
istem became more active and new growth displaced
the meristem toward the distal portion of the thallus.
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F1G. 4. Gametophytes and sporophytes in culture of Chorda rigida, sp. nov. (a) Male gametophyte. (b) Antheridia with terminal
thickening of the wall (arrowhead). (c) Antheridia and walls of emptied antheridia (arrowheads). (d and e) Sperm. a, anterior flagel-
lum; arrow, basal part of anterior and posterior flagella; p and arrowheads, posterior flagellum. (f) Female gametophyte and embryos
of young sporophytes (arrows). Arrowheads show walls of emptied oogonia. (g) Young flat sporophyte without phaeophycean hairs.
(h) Young sporophytes without phaeophycean hair on female gametophyte. (i) Young cylindrical sporophyte with phaeophycean
hairs. (j) Basal part of young sporophyte with basal uniseriate portion. (k) Slightly flat young sporophyte. (1) Lower part of young
sporophyte with initial of intercalary meristem (arrowhead). (m) Cross-section of fertile sporophyte in culture. Arrowhead indicates
unicellular paraphysis. C, cortical layer; M, medullary layer.
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The sporophytes elongated up to ca. 10 cm within 2-3
months at 10, 15, 20, and 25° C but did not grow well
at 5° C. They became fertile at 15° C, forming unilocu-
lar sporangia among unicellular paraphyses (Fig. 4m),
and completed the life history. The cultured sporo-
phytes had relatively dense cortical layers composed
of as many cell layers (up to 16 cells thick) as field-col-
lected thalli.

In contrast, the strains of C. filum (Ishikawa Pref.
and Hokkaido, Japan and Bergen, Norway) showed
relatively good growth at 5, 10, and 15° C culture con-
ditions (5 and 10° C in Bergen strain) but did not
grow well at 20 and 25° C.

Anatomical comparison with Chorda filum. Chorda rigida
has a considerably denser cortical layer than C. filum,
and hence the sporophyte is conspicuously more rigid.
To clarify the intraspecific morphological variations
within these two taxa and to compare their differ-
ences more clearly, the anatomies of sporophytes of
C. filum and C. rigida were compared with the number
of cell layers comprising the intercalary meristem and
cortical layers of the middle and lower portions of
sporophytes in field-collected, as well as cultured, ma-
terial.

Chorda rigida had more cortical cell layers than C.
filum in all parts of the thallus. The average number of
cells forming the meristem (from center to surface)
was 19.0 £ 2.6 (SD) in C. filum and 25.2 = 2.9 in C.
rigida. The average number of cortical cell layers in
non-meristematic portions was 5.0 = 1.1 (middle part
of sporophyte) and 5.5 = 1.0 (near the base) in C.
filum versus 8.7 = 1.5 (middle part) and 12.8 * 1.7
(near the base) in C. rigida.

This tendency was maintained even in sporophytes
grown in culture. The average number of cells form-
ing the meristem (from center to surface) was 16.5 *
2.3 in C. filum (strains from Oshoro, Hokkaido and
Hakui, Niigata Pref., Japan) and 22.3 * 1.9 in C. rigida.
The average number of cortical cell layers in the non-
meristematic portions was 7.1 = 1.0 (middle part of
sporophyte) and 7.1 £ 1.0 (near the base) in C. filum
and 11.2 = 1.7 (middle part) and 10.8 = 1.2 (near the
base) in C. rigida. Significance of the difference in
these measurements between the two species in all
these features was confirmed by #test (P < 0.001).

Molecular phylogenetic analysis. ITS +5.8S rDNA region:
As seen in Table 3, the sequences of ITS1 and ITS2 re-
gions were considerably longer in C. rigida (358-360
base pair [bp] for ITS1 and 302-303 bp for ITS2)
than in C. filum (259-290 bp for ITS1 and 255-275 bp
for ITS2).

The aligned ITS + 5.8S rDNA sequence data in-
cluded 1054 sites in total. There were 260 parsimony-
informative nucleotide positions in our alignment. All
C. rigida specimens formed a close monophyletic clus-
ter supported in all analyses by 100% bootstrap values
(Fig. 5, a—c). In contrast, C. filum was shown to be rela-
tively genetically diverse. In the NJ tree (Fig. 5b) C.
filum was monophyletic, but in the MP (Fig. 5a) and
ML (Fig. 5c) trees it was paraphyletic, although the

bootstrap support was weak in all cases. The species
was resolved as 4-5 groups in all analyses. North Atlan-
tic specimens, including those from France (CF-Ros,
CF-San), Norway (Ber), Iceland (Ora, Rey), Britain
(Por, IME, IMP), and NE Canada (NFL), formed a
cluster supported by high bootstrap values in all analy-
ses. There appear to be two groups in the northern-
most Pacific Ocean, including specimens from NW
America (Pug), the Bering Sea (StL), and Kamchatka
(Petl and Pet2), but their phylogenetic relationships
with other populations appear to be relatively unclear.
Most Japanese specimens from various localities formed
a single cluster supported by bootstrap values as high as
for the Atlantic cluster. Interestingly, however, the spec-
imens from Kikonai (southern part of Hokkaido) did
not cluster with other Japanese C. filum but rather
joined specimens from Kamchatcka (Petl) and NW
America (Pug). In a second parsimony analysis with
gaps recognized as a fifth base, the tree topology was
basically the same (data not shown).

rbcL + spacer region: The aligned sequence data of
the rbcL. gene and spacer region consisted of 1834 bp,
of which 311 were informative. Among the Laminariales
clades, including Chordaceae, Pseudochordaceae, and
Laminariaceae, Pseudochorda was basal in distance (Fig.
6b) and ML (Fig. 6¢) analyses, although they formed
a trichotomy with Chorda and the advanced Laminari-
ales in the MP tree (Fig. 6a). Within the Chorda clade,
a North Atlantic group was basal in distance (Fig. 6b)
and ML (Fig. 6¢) trees. The genetic diversity of C. filum,
especially the independence of the North Atlantic
(Ros, NFL) and North Pacific (Oshl, Ima, Kikl, Pug)
groups, was supported by rbcL trees. Chorda rigida (CR-
Kas) clustered with Pacific C. filum (CF-Oshl, Ima, Kikl,
Pug) in all analyses, and C. filum was again paraphy-
letic. Phylogenetic analyses using amino acid se-
quence for the rbcdL gave essentially the same tree to-
pology as those based on DNA sequences. In addition,
combined analyses of rbcl. gene and spacer regions
with ITS + 5.85 rDNA sequence data yielded tree to-
pologies essentially the same as those based on 7bcL
gene and spacer region sequence data (trees not
shown).

DISCUSSION

Chorda rigida, sp. nov. resembles C. filum, generi-
type and until now was the only species of the genus
in basic morphological features of the sporophyte and
occurrence of sexually dimorphic dioecious gameto-
phytes (Reinke 1892, Kylin 1918, South and Burrows
1967, Kogame and Kawai 1996). However, the new
species is distinguished from C. filum by the following
characteristics of the sporophytes: 1) relatively short,
more rigid and solitary, or sparsely clustered thalli; 2)
different phenology; 3) greater tolerance to consider-
ably higher temperature conditions; and 4) thicker
and firmer meristem and cortical layers. Further-
more, C. rigida has considerably longer ITS1 and ITS2
regions when compared with C. filum collected from a
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F16. 5. Molecular trees based on ITS1, 5.8S, and ITS2 rDNA sequences. Bootstrap values indicate percents based on 1000 (a and
b) and 200 (c) replications. See Table 3 for collection abbreviations. Chorda rigida highlighted by gray bar. (a) MP analysis. (Strict con-
sensus tree of 87 MP trees. Tree length, 712; consistency index, 0.7219; retention index, 0.8210.) (b) NJ analysis. (c) ML analysis (one

of the two ML trees, —Ln likelihood = 5356.77325).

large proportion of its distributional range. The inde-
pendence and monophyletic status of C. rigida was
also supported by ITS sequence analysis. A detailed
discussion of these features follows.

Character 1. Chorda rigida grows in more exposed
habitat than C. filum. Perhaps due to the shorter and
more rigid thalli that are firmly attached to stable
rocks, the sporophytes of C. rigida can resist relatively
strong wave action. The two species do not mix in the
areas where they both occur.

Characters 2 and 3. On the Japanese coast, new
sporophytes of C. filum usually appear in early spring
and become fertile soon after attaining their maxi-
mum length, disappearing before mid-summer. In
contrast, sporophytes of C. rigida appear in late spring
to early summer, attain their maximum length in
summer, but remain vegetative during summer (over-
summer) and become fertile in late autumn to winter.
In colder habitats (e.g. northern Europe where the
monthly average surface water temperature in August
is 11-13° C) (South and Burrows 1967) where sum-
mer water temperatures are considerably lower, growth
of C. filum may be slower and the sporophytes often
oversummer (Lund 1959, South and Burrows 1967,

our own observations). However, even in such locali-
ties, the sporophytes do not remain vegetative after at-
taining their maximum length in summer (South and
Burrows 1967). As shown in the present culture ex-
periments, Japanese C. filum grew well at 10 and 15° C
but poorly or not at all at 20° C and could not tolerate
temperatures over 25° C. In contrast, C. rigida showed
tolerance to higher temperature ranges and grew even
at 25° C. This result agrees with the field water tem-
perature conditions of the locality where the monthly
average surface water temperature in August is ca. 24—
25° C (Funahashi 1974).

Character 4. In C. filum, the distal portion of sporo-
phytes above the meristem is gradually lost as they
grow, and a meristem is rarely found in sporophytes
that have reached their maximum length (South and
Burrows 1967, our own observations). However, in C. rig-
ida the decay stops at the meristem, and the meristem
is often retained even in fertile sporophytes, probably
because of the rigid meristem and cortex below the
meristem.

Although the number of cortical cell layers is more
or less predetermined by the number of cells com-
posing the meristem (Kogame and Kawai 1996), it is
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somewhat variable depending on the portion of the
sporophyte. Chorda filum is reported to have 4-10 cor-
tical layers (Kylin 1918, South and Burrows 1967, Rus-
sell 1985, Kogame and Kawai 1996), whereas C. rigida
has 6-18. The cell numbers composing the meristem
and cortical cell layers might possibly change depend-
ing on the environmental conditions; however, they
were found to be rather stable in culture experiments.

The morphology of juvenile sporophytes was rather
variable depending on the culture conditions; phaeo-
phycean hairs were abundant under LD conditions but
sparse or totally absent under SD conditions. In brown al-
gae, hair formation has been reported to be controlled by
light quality in Scytosiphon lomentaria (Lyngbye) Link
(Dring and Liining 1975); however, in the present species
it is apparently controlled by day length. Juvenile sporo-
phytes of C. rigida became relatively flat in culture, but it is
still unclear whether C. filum has the same tendency.

Chorda filum sensu stricto (excluding C. rigida) has a
broad geographical distribution along Arctic, Atlantic
(south to the Spanish coast in Europe and south to
New Jersey on the American coast), and Pacific coasts
(south to southern Japan on the Asian coast and
south to Washington on the American coast). The
ITS + 5.85 rDNA and rbd. + spacer sequence data
showed great genetic diversity and possibly paraphyly
for C. filum, and this species may require taxonomic re-
vision. However, at present there are insufficient mor-
phological and physiological data to support any use-
ful taxonomic recognition of genetically distinct
populations of C. filum. Variations in the number and
size of cells comprising the cortical layer have been
noted in European populations (South and Burrows
1967, Russell 1985). Specimens from Kikonai, Japan,
which were shown to be genetically distant from
other C. filum in the current study, have been noted to
have cortical layers composed of fewer cells compared
with other Japanese specimens (H. Kawai and Y. Ko-
game, unpublished data). Therefore, detailed mor-
phological comparisons, especially those of cortical
layers, and responses to different temperature and
day-length conditions may provide useful information
to clarify the taxonomic relationship between the
Kikonai population and other C. filum.

Kanda (1938) reported that sperm of C. filum had a
shorter posterior flagellum and a distinct eyespot un-
like all other laminarialean species (Henry and Cole
1982, Kawai 1992). However, in our observations, C.
filum (data not shown) and C. rigida had a longer pos-
terior flagellum and lacked an eyespot. This latter
sperm morphology basically agrees with Halosiphon to-
mentosus (Maier 1984), Pseudochordaceae (Kawai and
Kurogi 1985, Kawai and Nabata 1990), Phyllariaceae
(Henry 1987), and advanced Laminariales (Henry
and Cole 1982). Therefore, all known members of the
order Laminariales are considered to lack eyespots in
sperm and have a longer posterior flagellum.
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