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Taxonomic reappraisal of Dilophus okamurae (Dictyotales, Phaeophyta) from the 
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Dilophus okamurae, a  com m on species o f  b row n alga in the  w arm  tem perate  w estern Pacific O cean ( Philippines, Taiw an, 
C hina, K o rea  and  Japan), is characterized by a typical vegetative m orphology  th a t w ould support its trad itiona l 
p lacem ent in the  genus Dilophus. The species has a  unilayered cortex, an d  the  m edulla is m ultilayered a t least near the 
m argins o f  the  thallus. Sporangia on  a two-celled stalk, w ithout an  involucrum , however, indicate a  close relationship  
w ith the  recently described genus R ugulopteryx. M olecular phylogenetic analyses, based  on  three  separate loci, large 
subunit rD N A  (LSU), rhcL a n d p sb A  confirm  the  close phylogenetic relationship  betw een D . okamurae  an d  R. radicans, 
an d  R  marginatus an d  R. suhrii. A  transfer o f  D. okamurae  to  the genus Rugulopteryx  is therefore p roposed. C o n trary  
to  the  expected d ip lobiontic  life cycle, typically encountered  in D ictyotales, the  species exhibits a n  asexual life cycle 
consisting o f  sporophytes only in the p opu lations studied on  the  east and  sou th  coast o f  K orea. G am etophytes were 
only ob ta ined  by cu ltu ring  field collected specimens.
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IN T R O D U C T IO N

T he fam ily D ictyotaceae is subdivided in to  the tw o tribes 
D ictyoteae and  Z onarieae on  the basis o f  the num ber o f  
m eristem atic cells at the frond  apices. The Z onarieae have a 
row  o r a small group  o f  such cells. In  con trast, m em bers o f  
the D ictyoteae are characterized by a single, transversely 
oriented, lenticular apical cell (D e C lerck et cd. 2006). 
G eneric delineation  posed relatively few problem s in  the 
Z onarieae, b u t the D ictyoteae has had  a long and  
troublesom e taxonom ic history. T he d istinction  o f  Dilophus 
from  D ictyota  has been particu larly  problem atic. Dilophus 
w as erected by J. A gardh  (1882), w ho included six species, 
D. repens (J. A gardh) J. A gardh, D. gunnianus J. A gardh, 
D. fastig ia tus  (Sonder) J. A gardh, D. opacus J. A gardh  and  
D. alternans J. A gardh. A  few years later, D e T oni (1891) 
designated D. gunnianus as generitype. T he grounds on 
w hich Dilophus w as segregated from  D ictyota, i.e. the 
presence o f  a m ultilayered m edulla, however, w as ques­
tioned  by Setchell and  G ard n er (1925). D aw son  (1950), 
studying Pacific M exican species, reported  th a t m any 
species, trad itionally  assigned to  the genus Dictyota, 
possessed a m ultilayered m edulla and /o r cortex  at least in 
som e p art o f  the thallus. D aw son’s findings indicated  th a t 
generic delineations o f  Dictyota, Dilophus an d  Pachydict­
yon, and  by extension in  the entire D ictyoteae the tribe to  
w hich they w ere assigned, were problem atic. D espite this 
criticism, no  one a ttem pted  a m erger o f  the genera o f  the
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D ictyoteae un til H orn ig  et al. (1992a, b) dem onstrated  
experim entally in  culture th a t the num ber o f  m edullary cells 
could  be altered in  m any  species depending on  the culture 
conditions. A lthough  several au thors follow ed H orn ig  et cd. 
(1992a, b) in  their decision to  m erge Dilophus in to  D ictyota, 
this taxonom ic recom m endation  was no t accepted u n an i­
m ously, an d  a m inority  o f  phycologists continued  to  
recognize Dilophus as a separate genus. A  recent study 
based on ribosom al an d  p lastid  sequences has altered our 
understanding  o f  the generic relationships w ithin the 
D ictyoteae considerably. D e C lerck et cd. (2006) dem on­
strated  th a t Glossophora, Glossophorella an d  Pachydictyon  
were resolved w ith in  a large genus D ictyota. H ence, a 
m erger o f  these genera in  D ictyota  w as proposed. Sim ul­
taneously  tw o new  genera, Canistrocarpus (incorporating  
D ictyota cervicornis K iitzing, D. crispata L am ouroux  and  
D. magneana  D e C lerck & Coppejans) an d  Rugulopteryx  
[accom m odating D. radicans H arvey, Dilophus suhrii 
(K iitzing) Papenfuss and  D. marginatus J. A gardh] were 
proposed. U nfo rtunate ly  no decision could  be m ade 
regarding the status o f  the genus Dilophus because o f  the 
absence o f  the generitype, D. gunnianus, from  the analyses. 
T herefore, only those species o f  Dilophus included in  the 
m olecular analyses were transferred  to  either D ictyota  o r 
Rugulopteryx. The status o f  several o ther species could  no t 
be verified then  because o f  the absence o f  critical 
m orphological d a ta  as well as D N A  sequences. In  this 
study we review the taxonom ic status o f  Dilophus okamurae 
based on  m orphological characteristics o f  vegetative and  
reproductive structures and  in terpret the m olecular phy ­
logeny based on rhcL, p sb A  and  L SU  gene sequences.
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MATERIAL AND M ETHO DS  

Fieldwork and morphological analyses

Specimens o f  D. okamurae were collected in  1994 from  28 
popu lations along the east and  sou th  coasts o f  K orea 
including Jejudo and  U lreungdo Island. Phenological data  
were derived from  a popu la tion  at G angnung, w hich was 
m onito red  m onth ly  during  an  entire year from  January  to  
D ecem ber in  1994. These phenological d a ta  were supple­
m ented  w ith  observations derived from  four additional 
popu lations (W ando, D olsando , G uryoungpo  an d  Jejudo) 
th a t w ere only occasionally m onitored . P lants fo r m o rp h o ­
logical analyses were collected in  A ugust 1994 and 
preserved in  5-10%  form aldehyde-seaw ater. Live p lants 
were b rough t to  the labo ra to ry  for in itia tion  o f  unialgal 
cultures an d  D N A  extraction. T he length an d  w id th  o f  
m edullary  an d  cortical cells were m easured in  surface view 
or longitudinal section. Thickness o f  the axes an d  the height 
o f  the respective cells were m easured  in  transverse section. 
R eproductive structures w ere m easured in  surface view as 
well as transverse section. Sections were m ade by a Leica 
C ryocut 1800 m icro to m e™  (Nassloch, G erm any), stained 
w ith  1% aqueous aniline blue solution, and  m oun ted  in  1 - 
5% clear co rn  sugar syrup p rio r to  m icroscopic exam ina­
tion. D raw ings w ere m ade using a cam era lucida (N ikon 
231412™ , Japan). V oucher specimens are preserved in  the 
herbarium  o f K angnung  N ational U niversity.

Unialgal cultures

Source m ateria l fo r unialgal cultures w as collected in  July 
from  six populations (G angnung, H aegeum gang, D o l­
sando, W ando, Jindo  and  Seongsan). C ultures were 
in itiated  from  spores released from  adult p lants th a t were 
free from  epiphytes. Specimens were m ain ta ined  in 
sterilized n a tu ra l seaw ater enriched w ith  P rovasoli m edium  
(Provasoli 1968). C ultures were kept a t 20°C ±  1°C under 
w hite fluorescent lights a t 50-70 pm ol m -2  s_1 an d  14:10  
L : D  photoperiod .

Phylogenetic analyses

Specimens used fo r m olecular phylogenetic analyses are 
listed in  T able 1. D N A  extraction, am plification and 
sequencing o f  the rbcL  gene an d  partia l large subunit o f  
the nuclear encoded rD N A  (LSU ) follow  D e C lerck et al. 
(2006). T he p lastid  encoded p sb A  gene w as am plified using 
prim ers listed by  Y o o n  et al. (2002). T he rbcL  an d  p sb A  
sequences w ere aligned by eye using B ioEdit 7.0.4.1 (Haii 
1999); the L SU  datase t w as aligned on  the basis o f 
secondary structure in fo rm ation  w ith  D C SE  v. 2.60 (De 
R ijk  & D e W achter 1993; see D e C lerck et al. 2006 for 
details). Sequences were analyzed separately as well as 
com bined using a likelihood approach . M axim um  likeli­
hood  (M L) analyses were carried  out in  P A U P  4 .0b l0  
(Sw offord 2002). M rBayes 3.1.2 (H uelsenbeck & R onquist 
2001) w as used fo r Bayesian phylogenetic inference (Bí). 
The best-fitting base-substitu tion  m odels an d  co rrespond­
ing settings fo r M L  analysis were determ ined using 
M odeltest 3.7 on  the basis o f  th e  A kaike In fo rm ation  
C riterion  (Posada & C randall 1998). T he follow ing settings

w ere used for the M L  analyses: starting  trees ob ta ined  by 
stepwise addition , random  sequence add ition  (250 repli­
cates), T B R  branch  sw apping and  M U L T R E E S  in effect. 
T he num ber o f  rearrangem ents was lim ited to  10,000 per 
addition-sequence replicate o r one hour. B ootstrap  analy­
ses consisted o f  100 replications w ith  the num ber o f 
rearrangem ents lim ited to  10,000 (or one hour) fo r each 
replicate under M L  using a neighbor jo in ing  tree as starting  
tree. All Bayesian analyses used a general tim e-reversible 
m odel w ith  ra te  varia tion  across sites an d  a p ro p o rtio n  o f 
invariable sites (G T R  + I + T m odel). P ro te in  coding 
sequences (rbch, p sb A )  were divided in to  tw o partitions 
corresponding  to  the first plus second codon  position  and 
the th ird  codon  position  (AAB configuration). A  separate 
G T R  + I + T m odel was applied to  each partition . F o r  the 
com bined analysis the d a ta  set w as partitioned  according to  
the different genes, allowing all partitions to  evolve at a 
different ra te  (ra tep r =  variable). Scoresbyella profunda, the 
sister taxon  o f  the D ictyoteae (De Clerck et al. 2006) was 
used as the ou tg roup  in  all analyses. All analyses were run  
fo r one m illion generations, w ith  tw o parallel runs o f  four 
chains each, trees an d  param eters were sam pled every 100th 
generation. The first 25% o f all trees were d iscarded as 
burn in . C onsensus trees illustrating  incongruence between 
different analyses m ethods were constructed  using Z- 
closure netw orks im plem ented in  Splitstree 4 (H uson  & 
B ryant 2006; see also H o lland  et al. 2005).

RESULTS  

Habitat and phenology

Dilophus okamurae is a com m on species along m ost o f  the 
K o rean  coast, except fo r the west coast w here it appears to  
be absent. T he alga grows in  the shallow  subtidal, 0 .5 -5  m  
deep, occasionally dow n to  15 m . A t G angnung  the species 
is present year-round, bu t is m ost ab u n d an t during  sum m er 
(Figs 1—12). D uring  w inter, p lan ts are reduced to  a 
perennial stoloniferous basal system. F rom  early M ay 
onw ards m any  germ lings are apparen t in  the populations, 
an d  young shoots develop from  the perennial bases (Figs 1 - 
4). M atu re  sporophytes w ere observed from  June to  
O ctober, w ith  their highest abundance in  Septem ber w hen 
20-55%  o f  all individuals in  a popu la tion  w ere fertile. 
D espite the abundance o f  fertile sporophytes no  gam eto- 
phytes w ere observed during  the present study. P lants, 
therefore, w ere assum ed to  p ropaga te  asexually in  the study 
area.

Vegetative morphology

Dilophus okamurae is characterized by  a d ichotom ously 
branched  thallus, to  15 cm high. The second in ternode 
below  the apex m easures 5.7-6.3 m m  distally and  3 .5 - 
4 m m  proxim ally. T he leng th -w id th  ra tio  o f  internodes 
varies between 2.4 and  4.1. Tw o branching  patterns can  be 
discerned am ong m atu re  te trasporophytes: one is highly 
branched  and  the o ther is relatively sparsely branched. The 
highly b ranched  specimens are d istribu ted  along the sou th  
coast and  are characterized by  in ternodes, w hich are m ore
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Table 1. T axa used in th is study in the  m olecular phylogenetic analyses.

Accession num ber

T axa Collecting d a ta rbcl- L SU p sb A

Canistrocarpus cervicornis (Kiitzing) SE o f  O lango Island, Philippines DQ 472048 DQ 472103 EU395603
D e P au la  & D e Clerck 

C. crispatus (L am ouroux) D e
(H . V erbruggen, 25 Jan . 2004, HV631) 

H in akpan , M anicani, G uiuan , E astern  Sam ar, DQ 472070 DQ 472124 EU395605
Pau la  & D e Clerck 

D ictyota  acutiloba J. A gardh
Philippines (D .A . Payo, 5 Aug. 2003, D A P048) 

A la M oana , H onolu lu , O ahu , H aw aii, U SA DQ 472056 DQ472111 EU395602

D. ceylanica K iitzing
(O. D e Clerck, 25 A pr. 2003, OD C888) 

F aaa , T ahiti, F rench  Polynesia DQ 472067 DQ 472122 EU395607

D. ciliolata Sonder ex K iitzing
(H . V erbruggen, 21 M ay 2002, HV 214a) 

SE O lango Island, Philippines DQ 472053 DQ 472107 EU395604

D. coriacea (Holm es) I.K . H w ang
(H . V erbruggen, 25 Jan . 2004, HV632)

D an a  Point, O range C ounty, C alifornia, U SA DQ 472054 DQ 472109 EU395619
e t aí.

D. dichotoma  (H udson) L am ouroux
(S. M urray , 23 N ov. 2004, C SU F003)

P o in t du  N id  de C orbet, Audresselles, France DQ472051 DQ 472105 EU395606

D. fascio la  (R oth) H ow e
(O. D e Clerck, 16 Oct. 2004, OD C1027) 

Ile de Friouel, M arseille, F rance DQ 472074 DQ 472126 EU395613

D. intermedia Z anard in i
(O. D e Clerck, 23 Sep. 2004, OD C1029) 

K eppel Bay, Y eppoon , Q ueensland, A ustra lia DQ 472086 E U 4 17906 EU395615

D. jam aicensis  T ay lor
(T. Cowling, 18 Aug. 2005, T C I)

D rax  H aii, E ast o f  St. A n n ’s Bay, St. A n n  Parish, DQ472061 DQ 472116 EU395608

D. kunthii (C. A gardh) Greville
Jam aica  (H. V erbruggen, 15 Aug. 2004, HV926) 

P an  de A zúcar, Chile (S. Faugeron , Aug. 2004, DQ 472057 DQ 472112 EU395618

D. naevosa (Suhr) M ontagne
C hile -M l)

M ission R ocks, K w azulu-N atal, Sou th  Africa DQ 472084 DQ 472108 EU395609

D. pinnatifida  K iitzing

(O. D e C lerck & F. Leliaert, 13 Jun. 2003, 
K ZN 2241)

P riory  Bay, St. A nn  Parish, Jam aica D Q 472059 DQ 472114 EU395612

D. sandvicensis Sonder ex K iitzing
(H . V erbruggen, 12 Aug. 2004, HV902) 

Lanikai, O ahu, H aw aii, U SA  (O. D e Clerck, DQ472063 DQ 472118 E U 395611

D. spiralis M ontagne
25 A pr. 2003, O D C  896)

Le T roc, Banyuls sur M er, France D Q 472079 E U 4 17907 EU395616

Dilophus fastig ia tus  Sonder
(O. D e Clerck, 24 M ay 2005, O D C1035) 

W oody Island, E sperance Bay, South DQ472068 DQ 472123 EU395614

D. okam urae  D aw son
A ustra lia  (N. G oldberg, 3 A pr. 2003, D96) 

H aegeum gang, South  K o rea  (I.K . H w ang, AY422673 E U 4 17908 AY748322

Rugulopteryx radicans H arvey
i f  Jul. 1996, D 194)

Figure o f  E ight Island, E sperance Bay, South DQ472045 DQ 472100 EU395610

R. suhrii (K iitzing) D e  Clerck &
A ustra lia  (N. G oldberg, 2 N ov. 2002, s.n.) 

Palm  Beach, K w azulu-N atal, Sou th  Africa D Q 472044 DQ 472099 EU395617
C oppejans 

Scoresbyella profunda  W om ersley
(O. D e C lerck et a l ,  11 N ov. 2003, K Z N -b  2346) 

G eographe Bay, W estern  A ustralia D Q 472046 DQ472101 EU395620
(J.M . H uism an, Oct. 2003)

elongated  to  14-16 m m  long. T he sparsely branched  thalli 
are confined to  the east coast, and  internodes are only 5— 
10 m m  long. F ro m  the base o f  the thallus terete stolonif- 
erous fibres arise (Figs 2-3 , 9). Sori o f  phaeophycean hairs 
orig inate from  cortical cells and  are irregularly  d istribu ted  
on b o th  sides o f  the thallus, except the apices an d  m argins. 
T he lens-shaped apical cell is p ro trud ing , 55 pm  high and  
85 pm  wide (Figs 13—15), an d  divides transversely to  
produce a subapical cell, w hich undergoes tw o periclinal 
divisions, resulting in  a three-layered thallus. The p rim ary  
cortical cells o f  D. okamurae p roduce a unilayered cortex. 
M edullary  cells o f  the second in ternode dow n from  the apex 
are abou t 106-130 pm  high, 64-87 pm  long and  53-58 pm  
wide in  the m edian  region o f  the axes, an d  108-113 pm  
high, 23-25 pm  long and  28-33 pm  wide near the m argins. 
P rim ary m edullary cells produce a unilayered m edulla 
except fo r the m arginal p a rt o f  thallus (Figs 16—19), w hich 
becom es m ultilayered due to  transverse division o f  the 
in ternal cells (Figs 20, 22, 23). This m ultilayered m edulla 
renders the m argins th icker th a n  the central p o rtio n  o f  
thallus. C ortical cells are 38 41 pm  long, 12-13.5 pm  wide

and  17-18 pm  high. The cortical cells sporadically  produce 
a cortex tw o to  th ree cells th ick  by periclinal division 
(Fig. 21). Thalli collected from  A ugust to  N ovem ber 
d isplay num erous proliferous branchlets on  b o th  surfaces. 
In  culture these proliferations grow  in to  p lants o f  the same 
life stage as the paren t thallus. O ntogenetically such 
proliferations develop th ro u g h  ou tw ard  developm ent o f  a 
g roup  o f  adjacent vegetative cortical cells (Fig. 24). F u rthe r 
developm ent is identical to  w hat is described for vegetative 
axes (Figs 25-28). Proliferous branchlets are readily o b ­
served on  cu ltu red  thalli also (Figs 44 49).

Reproductive structures

Sporangia occur on  b o th  thallus surfaces, except fo r the 
apical an d  m arg inal parts  (Figs 29, 32). M atu re  sporangia 
are subtended by tw o stalk  cells (Fig. 35) and  lack an  
involucrum . They release either m onospores o r tetraspores. 
U ndivided sporangia, m onospores, often tend  to  develop in 
situ  also. G am etophytes were n o t encountered  in  the field. 
O bservations on  sexual reproductive structures are, there-



Figs 1-12. Phenotypes o f  Dilophus okam urae  D aw son from  G angnung, K orea; collected from  Jan u ary  to  D ecem ber respectively in  1994. 
A rrow s in 2, 3, 9, 10 indicate terete sto loniferous fibres. Scale ba r applies to  all figures.

fore, derived exclusively from  cultured  plants. Fem ale 
gam etophytes are characterized by  sori con tain ing from  3 
to  35 oogonia each (Figs 30, 33, 36). O ogonia are 63 pm  
high and  26 p m  wide. Im m atu re  oogonia lack a stalk  cell 
(Fig. 36). M ale gam etophytes have sori con tain ing from  30 
to  100 an therid ia  each (Figs 31, 34). Individual antherid ia 
are 70-80 pm  high and  18-23 pm  wide. E ach  an therid ium  
is subtended by a single stalk  cell (Fig. 37).

Life history

Six strains collected in  July from  the east an d  the south  
coast (G angnung, H aegeum gang, D olsando , W ando, Jindo 
an d  Seongsan) were m ain ta ined  as unialgal cultures. All 
strains exhibited a regular biphasic life cycle w ith  a lte rn a t­
ing gam etophytes and  sporophytes. Excised apical portions 
o f  adult te trasporophy tes (c. 1 cm ) developed tetraspor-
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angia after four weeks and  eventually released tetraspores 
an d  m onospores (Fig. 38), an d  these spores started  to  
germ inate after being released (Figs 39 40). Tetraspores 
germ inated  to  form  fusiform  germ lings w ith  a discoid 
rhizoid in  c. seven days (Fig. 41) and  linear rhizoids in  c. 
10 days (Fig. 42). D ichotom ous b ranching  w as achieved in 
tw o o r three weeks (Fig. 43). In  culture m onospores and  
tetraspores released from  field collected p lants developed 
in to  te trasporophy tes and  gam etophytes respectively. M ale 
an d  fem ale gam etangia developed on  gam etophytes after 
nine weeks. T he fertilized eggs germ inated  an d  grew in to  
m atu re  te trasporophytes in  10 weeks. It to o k  abou t 
19 weeks to  com plete a life cycle w ith  alternating  spo ro ­
phytes and  gam etophytes in  culture.

Molecular phylogenetic analyses

C ollection in fo rm ation  an d  accession num bers o f  all taxa 
used are given in  T able 1. The m olecular d a ta  set consisted 
o f  th ree genes: a partia l L SU  rD N A  alignm ent com prising 
1328 bp  o f  w hich 132 positions were excluded from  the 
analyses, an d  tw o chloroplast p ro te in  coding genes rbcL 
an d  psb A , com prising 1182 bp an d  909 bp, respectively. 
M axim um  likelihood an d  Bayesian analyses o f  a concate­
n a ted  datase t con tain ing all three m arkers resulted in 
identical tree topologies (Fig. 50). T he three genera o f  the 
D ictyoteae recognized by D e C lerck et al. (2006) receive 
m axim um  support (posterior probabilities =  1.0 and
b o o ts trap  support =  100). The intergeneric relationships 
are also well resolved w ith  posterio r probabilities equal o r 
close to  1.0 and  b o o tstrap  support higher th a n  72. Dilophus 
okamurae  form s a clade w ith  R. suhrii and  R. radicans. 
Dilophus fastig ia tus  is resolved as the sister taxon  o f  
D ictyota  as currently  delineated. In trageneric relationships 
in  the la tte r genus, however, are only poorly  resolved. The 
uncertain ty  in  generic relationships w ithin D ictyota  is 
strikingly reflected by m eans o f  a consensus netw ork 
resulting from  superim posing the M L  trees o f  each o f  the 
gene regions analyzed separately (Fig. 51). W hen analyzed 
separately the individual datasets result in  the reso lu tion  o f  
the sam e genera b u t their relative relationships m ay differ. 
L SU  an d  rbcL  trees are identical, b u t the p sb A  tree differs 
in  the position  o f  D. fastigiatus, w hich occupies a basal 
position  in  the D ictyoteae and  the sister relationship  o f  
Canistrocarpus and  Rugulopteryx  (Fig. 52).

DISCUSSIO N

In  the revision o f  the genus D ictyota  an d  rela ted  genera 
Dilophus, Pachydictyon, Glossophora and  Glossophorella by 
D e C lerck et al. (2006), ra th e r th a n  recognizing five distinct 
genera, the au thors op ted  fo r a large genus D ictyota  th a t 
incorporated  species w ith  unilayered as well as m ultilayered 
m edullary  and  cortical layers. R eproductive structures were 
though t to  be m ore im portan t as d iagnostic characters at 
the generic level. D ictyota  w as characterized by  te traspor- 
angia sub tended  by a single stalk  cell and  lacking a distinct 
involucrum , and  an therid ia  su rrounded  by unicellular 
paraphyses. These characters differentiated D ictyota  from

the newly described genera Canistrocarpus and  Rugulop­
teryx. N o  final decision was m ade on  the status o f  Dilophus', 
although, D e Clerck et al. (2006) hypothesized th a t D. 
gunnianus the generitype o f  Dilophus, w ould  m ost likely be 
resolved w ithin D ictyota. In  contrast, earlier studies (e.g. 
Lee & Bae 2002; H osh ina et al. 2004) lent support to  the 
trad itional distinction  between D ictyota  an d  Dilophus. 
H ow ever, Lee & Bae (2002) and  H osh ina et al. (2004) 
included only a single Dilophus species, D. okamurae, w hich 
invariably occupied a sister relationship  to  a clade 
com prising D ictyota  as well as Pachydictyon  species. 
A nalyses presented  in  this study based on  L SU  rD N A , 
rbcL  and psbA  sequences support the divergent n a tu re  o f  D. 
okamurae. A  m ore com prehensive taxon  sam pling dem on­
strates a close relationship  between this species and  
R ugidopteryx suhrii and  R. radicans. These relationships 
are supported  by  high posterio r probabilities and  b oo tstrap  
support. Several m orphological and  reproductive charac­
teristics link these th ree species. Just like Rugulopteryx  
species, sporangia o f  D. okamurae are borne on  tw o stalk  
cells. U nlike R. marginata, R. radicans and  R. suhrii, the 
thalli o f  K orean  specimens o f  D. okamurae do  no t appear 
undulate. They are flat w ith  reproductive structures evenly 
d istribu ted  over the entire thallus surface, ra th e r th a n  being 
confined to  the concavities as in  the o ther Rugulopteryx  
species. P ictures o f  specimens from  C hiba Prefecture, Jap an  
by H ideki H aga (G uiry  & G uiry  2007) show  an  undu la te  
thallus. This difference indicates th a t the surface m o rp h o l­
ogy o f  the thallus m ay be subject to  developm ental o r 
intraspecific variation . T o som e extent it questions the 
u tility  o f  this character a t the generic level. How ever, given 
the typical m orphology  o f  the sporangia an d  the fact th a t 
D. okamurae seems closely related  to  the genus Rugidop­
teryx  based on  th ree different genes, we conclude th a t the 
species should  be transferred  to  genus R ugulopteryx  and  
propose the new  com bination  o f  this species as follows:

Rugulopteryx okamurae (Dawson) I.K. Hwang, W .J. Lee & 
H .S. Kim comb. nov.

b a s i o n y m : Dilophus okamurae D aw son  Bidletin o f  the 
Torrey Botanical Club 77 (2), p. 86 [‘‘O kam urai]  (1950).
H O M O T Y P IC  S Y N O N Y M S :

D ictyota marginata  O kam ura, 1913: 33-35, pi. CVIII: 
fig. 9; pi. CIX , figs 1-9, nom. illeg.
Dilophus marginatus (O kam ura) O kam ura, 1915, p. 154, 
nom. illeg.
D ictyota okamurae  (D aw son) H ornig , Schnetter & P ru d ’­
hom m e van Reine, 1992a, p. 54.
n o t e s : Dilophus okamurae D aw son  (1950) is a substitute 
nam e fo r D. marginatus (O kam ura) O kam ura (1915). The 
la tte r is illegitim ate because o f  the p rio r existence o f  D. 
marginatus J. A gardh  (1894) [=  R ugidopteryx marginata  (J. 
A gardh) D e Clerck], F urtherm ore , D ictyota marginata  
O kam ura (1913) is also illegitim ate because o f  the p rio r 
existence o f  D. marginata  A reschoug (1851) [=  R. suhrii 
(K iitzing) D e C lerck & Coppejans] as well as D. marginata  
(C. A gardh) Greville [=  Stoechospermum polypodioides 
Lam ouroux], D aw son’s epithet ‘okam urae’ is the earliest 
available one an d  therefore the basis fo r the new 
com bination.
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□ cm noLDDprnm n
Figs 13-19. A natom ical characteristics o f  Dilophus okamurae  D aw son from  W ando , K orea. 

Fig. 13. L ongitud inal section o f  the thallus w ith apical cell.
Fig. 14. Apex o f  thallus w ith single p ro tru d in g  apical cell.
Fig. 15. T ransverse section o f  a  thallus near the  apex.

o th e rs
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o th ers

Figs 20-28. A natom ical characteristics o f  Dilophus okam urae  D aw son  from  W ando , K orea.
Fig. 20. L ongitud inal section o f  the  lower p a rt o f  thallus show ing a  m ultilayered m edulla.
Figs 21-22. T ransverse section o f  the  second in ternode dow n from  the apex.
Fig. 23. T ransverse section o f  the  lower p a r t o f  the  thallus w ith a  m ultilayered m edulla.
Fig. 24. T ransverse section o f  the  thallus w ith young proliferous branchlet.
Figs 25-28. T ransverse section o f  proliferous branchlets, in upper (Figs 25,26) an d  low er p a rts  o f  the  thallus (Figs 27,28). Scale bars =  50 pm .

Figs 16-19. T ransverse sections o f  the  thallus approxim ately  40 p m  below the apex (Fig. 16); 220-550 pm  below the  apex (Figs 17-18); 
a n d  5 m m  below  the  apex (Fig. 19). Scale bars =  50 pm .
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Figs 29-37. R eproductive  structures o f  Dilophus okam urae  from  W ando , K o rea  (based on field collected te trasporophy tes and  
cu ltu red  gam etophytes).

Fig. 29. D ista l po rtio n  o f  a  thallus show ing scattered sporangia.
Fig. 30. O ogonial soli.
Fig. 31. Irregularly  shaped an therid ia l soli.
Fig. 32. Surface view o f  m onosporangia  an d  tetrasporang ia .
Fig. 33. Surface view o f  oogonial sori.
Fig. 34. Surface view o f  an therid ia l sori.



H w ang  et al.: Taxonom ie reappraisal o f  Dilophus okamurae 9

». i

49

Figs 38^19. G erm ination  o f  te trasporang ia  an d  cu ltu red  strains Dilophus okamurae  D aw son  from  K orea.
Fig. 38. R eleased tetraspores an d  m onospores from  p lan ts from  W ando.
Figs 39-40. G erm lings o f  tetraspores in eight hours to  one day germ ination.
Fig. 41. G erm ling o f  tetraspores in seven days.
Fig. 42. Y ou n g  p lan t in 10 days.
Fig. 43. Y ou n g  p lan ts w ith b ifu rcation  in 18 days.
Figs 44-49. A ll cu ltu red  tetrasporic  p lan ts from  different localities have proliferous b ranchlets (arrow s).

Fig. 44. G angnung  strain.
Fig. 45. H aegeum gang strain.
Fig. 46. D o lsando  strain.
Fig. 47. W an d o  strain.
Fig. 48. Jindo  strain.
Fig. 49. Seongsanpo strain . Scale bars =  0.3 cm  (Figs 42-43), 3.7 cm  (Figs 44-49), 450 pm  (Fig. 38), 200 pm  (Figs 39-41).

Fig. 35. T ransverse section o f  a  te trasporang ium  sub tended  by two sta lk  cells.
Fig. 36. Y ou n g  oogonial so li on  cu ltu red  plant.
Fig. 37. A ntherid ial sori on  cu ltu red  p lan t. Scale b a rs =  0.5 cm (Figs 29-31), 50 p m  (Figs 32—37).
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Dictyota spiralis
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Dictyota dichotom a 

—  Dictyota kunthii
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1.0
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1.0
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—  Dictyota pinnatifida

 Dictyota fasciola

 Dictyota jam aicen sis

  Dictyota san d v icen sis  D87

C anistrocarpus cervicornis 

■ C an is tro carp u s crispatus
0.1

Fig. 50. T he consensus tree resulting from  the B í analysis com bining all three  genes. T he results o f  an  M L  bo o tstrap s analyses a re  indicated 
above the  branches; posterio r probabilities below  the branches. B ranch lengths are  p ro p o rtio n a l to  the  num ber o f  substitu tions per site (see 
scale bar).

Dilophus okamurae is a com m on species in  the sub tro p ­
ical to  tem perate w estern Pacific O cean (Lee & K ang 1986; 
Silva et al. 1987; Y oshida 1998). Its d istribu tion  in  K orea is 
restricted to  the east an d  sou th  coasts as are the 
d istributions o f  o ther species o f  D ictyotales (H w ang et al. 
2004). Dilophus okamurae is ab u n d an t year-round  although  
only as do rm an t rhizoidal bases from  January  to  April. 
M axim um  grow th an d  developm ent o f  reproductive 
structures were observed w hen seaw ater tem peratures 
exceeded 15°C. This seasonal g row th pa tte rn  indicates tha t 
D. okamurae could  be considered as a subtropical species

th a t m anages to  persist in  m ore tem perate conditions. 
Significant in  this respect is the failure o f  D. okamurae to  
com plete its sexual life cycle in  K orean  w aters. In  the field 
sporophytes apparen tly  exclusively recycle the d iploid life 
stage and  m ost likely fail to  undergo meiosis. N o 
gam etophytes were observed. M oreover, D. okamurae 
readily  form s propagules, proliferous branchlets arising 
on  the thallus surface w hich grow  in to  new p lan ts o f  the 
sam e ploidy level. This phenom enon w hereby algae 
reproduce predom inantly  or exclusively asexually a t the 
h igh la titude ends o f  their d istribu tion  has been reported  in
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D. intennedia
Dil. okamurae

D. intermedia
D. ceylanica

D. naevosa
D. ciliolata

R, radicans

D. coriacea

D. acutiloba

C. crispatus,

C. cervicornis
D. fasciola

D. pinnatifida

D, jamaicensisD. kunthii
D, dichotoma

D. sandvicensis

Fig. 51. C onsensus ne tw ork  based on  the  M L  trees o f  each o f  the three genes analyzed separately. Scoresbyella profunda , used as outgroup, 
was p runed  from  the respective trees.

several instances (Haw kes 1990; T h o m b er 2006). C ulture 
experim ents w hereby D. okamurae is m ain ta ined  at 20°C 
indicate th a t environm ental conditions, m ost likely un fa­
vorable sea surface tem peratures, cause the alga to  
reproduce exclusively asexually. H w ang et al. (2005) 
described the sam e phenom enon fo r D. dichotoma  sensu 
O kam ura from  K orea.
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Fig. 52. G eneric evolutionary  relationships o f  the  D ictyoteae  as inferred  from  M L  analyses o f  the  pa rtia l L SU  gene (A), rbc'L (B) and  p sb A  
(C). T he results o f  an  M L  b o o tstrap  analyses are  show n above the  branches, Bayesian posterio r p robabilities a re  indicated  below  the 
branches. Scoresbyella profunda, used as ou tgroup , was p runed  from  the respective trees. B ranch lengths are p ro p o rtio n a l to  the  num ber o f 
substitu tions per site (see scale bars).
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