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Dictyota  is a genus o f tropical to warm temperate 
brown algae characterized by parenchymatous, flat
tened thalli that grow from a single, transversely 
oriented apical cell. D ictyota  is currently distin
guished from allied genera o f the tribe Dictyoteae 
{Dilophus, Glossophora, Glossophorella, and Pachy
dictyon) by the structure o f the cortical and m edul
lary layers, as well as the relative abundance of 
surface proliferations. Even though the traditional 
classification o f the Dictyoteae has repeatedly been 
criticized in the past, the absence o f sound molec
ular data has so far discouraged any new taxonomic 
proposals apart from a merger o f Dilophus with D ic
tyota, which has been accepted by only part o f the 
phycological community. Phylogenetic analysis of 
rbcL. gene, partial 26S rDNA sequence, and com
bined data sets, including four o f five generitypes, 
demonstrates that the traditional classification does 
not accurately reflect the evolutionary history o f the 
group. None o f the genera are resolved as a mono- 
phyletic clade. Hence, a merger o f Glossophora, 
Glossophorella, and Pachydictyon in D ictyota is pro
posed. Two new genera, Canistrocarpus (incorporat
ing D. cervicornis, D. crispata, and D. magneana) and 
Rugulopteryx (accommodating D. radicans, Dil. suh
rii, and Dil. m arginata), are proposed. Both genera 
are supported by molecular indications and a com
bination o f reproductive and vegetative characters. 
The position o f Dil. fa stig ia tu s  as a clade sister to 
Dictyota s.l. and the absence o f Dil. gunnianus, the 
generitype o f Dilophus, from the analyses, prevent
ed us from making a more definite statement on the 
status o f the latter genus.
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T h e  Dictyotales represen ts one o f the  few brow n 
algal o rders whose m em bers can form  a conspicuous 
o r  even dom inant com ponent o f tropical an d  tem p er
ate m arine algal floras. T h e  success o f these m ac
roalgae has often been linked to th e ir ability to de ter 
grazers in environm ents subject to severe grazing p res
sure, which makes them  an im portan t com petitor of 
corals and  o th e r sessile benthic organism s for both 
space an d  light in m any m arine coastal ecosystems. 
From  a systematic po in t o f  view, the  o rd e r Dictyotales 
is welldefined, all m em bers being characterized by ap 
ical growth, flattened parenchym atous thalli, and  hairs 
aggregated in small tufts on the thallus surface. T h e  
life cycle is diplohaplontic and  isom orphic. Sexual re 
p roduction  is always oogam ous, and  the  male gametes 
are  generally uniflagellate, except in som e Zonaria 
species, which are  characterized by biflagellate 
sperm atozoids (van den  H oek et al. 1995, Phillips 
1997). T h e  diploid sporophyte typically produces u n i
locular sporangia with four nonflagellate m eiospores 
(tetraspores), b u t a few genera p roduce  eight aplano- 
spores p e r sporangium  (e.g. Lobophora and  Zonaria) 
o r  flagellate spores (e.g. Exallosorus, Phillips 1997), 
features tha t are considered primitive.

T h e  o rd e r Dictyotales consists o f the  large family 
Dictyotaceae, in which some 20 genera a re  currently  
recognized, plus two little-known monospecific genera,
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T able 1. G e n e ra  o f  th e  D ic ty o teae  w ith  in d ic a tio n  o f  th e  re sp ec tiv e  g e n e r ity p e s , d e f in in g  c h a ra c te rs , a n d  n u m b e r  o f  species.

Genus Type species

Dictyota D. dichotoma (H u dson) L am o u ro u x
Dilophus Dil. gunnianus J . A gard h
Glossophora G. kunthii (C. A gardh) J . A g ard h

Glossophorella G. dhofarensis N izam u d d in  a n d  C am pbell

Pachydictyon P. furcellatum  J . A g ard h  [ =  P. polycladum
(K ützing) W om ersleyi

Currently recognized 
Defining characters species

M edullary  layers 1, cortical layers 1 — 46
M edullary  layers >  1, cortical layers 1 16
Surface pro life ra tions, m ed u lla ry  a n d  3
cortical layers 1 to variable
Surface pro life ra tions, m ed u lla ry  1 ( — 2)
a n d  cortical layers >  1 n e a r  th e  base 
M edullary  layers 1, cortical layers > 1  4

Dictyotopsis and  Scoresbyella, that are each provisionally 
assigned to a separate family, the Dictyotopsidaceae 
(Allender 1980) and  Scoresbyellaceae (Womersley 
1987), respectively. T h e  family Dictyotaceae is subdiv
ided into the two tribes Dictyoteae and  Zonarieae on 
the basis o f the n um ber o f m eristem atic cells a t the 
frond  apices. In  contrast the Zonarieae have a row o r a 
small g roup  o f such cells, m em bers o f the Dictyoteae 
are  characterized by a single, transversely oriented , 
lenticular apical cell. Recent m olecular phylogenies 
have largely confirm ed this traditional tribal classifica
tion (Lee and  Bae 2002, H oshina et al. 2004, Kraft 
e t al. 2004). T h e re  is m uch less consensus, however, 
about genus delineations within the tribe Dictyoteae. J. 
A gardh (1882, 1894) originally recognized four genera 
{Dictyota, Dilophus, Glossophora, and  Pachydictyon) that 
w ere distinguished by the relative n um ber o f  cortical 
and  m edullary layers and  by the presence o r absence 
o f  surface proliferations (Table 1, Fig. 1). In  A gardh's 
system, Dictyota com prised species with a unilayered 
cortex  and  m edulla, whereas those with a m ultilayered 
medulla, in at least some p a rt o f  the thallus, w ere as
signed to Dilophus. Species with a unilayered m edulla 
b u t a cortex  that is a t least locally com posed o f several

layers were placed in Pachydictyon. Glossophora, a genus 
com prising only th ree  species restricted to Australia, 
New Zealand, the Pacific coast o f South America, and  
the Galapagos Archipelago, was chiefly characterized 
by the presence o f m ultiple surface proliferations that 
even occasionally may bear reproductive structures. 
Glossophora is only to a lesser ex ten t defined on the 
num ber o f  cortical and  m edullary layers, which are  
rep o rted  to be variable even within the respective spe
cies (Womersley 1987). Surface proliferations also 
characterize several Dictyota and  Dilophus species, but 
they are always less abundan t than in Glossophora and 
never serve as sporophylls. Recently a fifth genus, 
Glossophorella, was added  to the Dictyoteae. I t  is charact
erized by m ultiple cortical layers, duplication o f m ed
ullary cells near the margins, and  the presence of sur
face proliferations (N izam uddin and  Campbell 1995).

T h e  distinction am ong these four o r five genera has 
been  the subject o f considerable debate, as some spe
cies are  particularly h a rd  to assign to one o r ano ther 
genus (Setchell and  G ardner 1925, Taylor 1945, Daw
son 1950). H örn ig  et al. (1992a,b) dem onstrated  
experim entally  that the num ber o f m edullary layers 
can be altered in m any species depend ing  on  the

0)o F ig . 1. Schematic rep resen tation  o f 
th e  trad itional defin ing characters o f  
gen era  in the  tribe Dictyoteae.

D ictyoteae

un ila ye re d  c o r te x  a n d  m ed u lla

Dictyota

G lossophora

+ s u rfa c e m u ltila ye re d  c o r te x  a nd m e d u llaG lossophore lla proliferations

D ilophus

Pachydictyon
u n ilaye re d  c o rte x  an d  m u ltila ye re d  m ed u lla

un ilaye re d  c o rte x  and m u ltilaye re d  m arg in a l m ed u lla

m u ltilaye re d  c o rte x  a n d  un ila ye re d  m ed u lla
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culture conditions. T hey concluded tha t Dilophus did 
not w arran t recognition at the  generic level an d  hence 
proposed  a m erger o f Dilophus with Dictyota. A lthough 
several authors have accepted the m erger, others con
tinue to recognize Dilophus as a separate genus (Phillips 
1992, H uism an 2000). M oreover, recently published 
molecular phylogenies (Lee and  Bae 2002, H oshina 
et al. 2004, K raft et al. 2004) indicate tha t the separ
ation o f  Dilophus and  Dictyota is justified, bu t taxon 
sam pling in these studies was on the low side for draw 
ing sound taxonom ic conclusions. T h e  status o f Pachy
dictyon, Glossophora, and  Glossophorella has received 
m uch less attention. T h e  m orphological data p re 
sented on  Dictyota naevosa (Suhr) M ontagne and 
D. radicans H arvey by De Clerck and  Coppejans 
(2003) show tha t generic boundaries betw een Dictyota 
and  the  above-m entioned genera  are  equally fuzzy, in 
dicating tha t these genera also need  to be considered 
in a global evaluation o f generic concepts in the Dic
tyoteae. Additionally, H w ang et al. (2004) showed that 
at least one species o f  Pachydictyon, P. coriaceum (H olm 
es) O kam ura, is resolved within the genus Dictyota 
using a com bination o f th ree  different chloroplast-en- 
coded genes (rbcL, psaA, ecadpsbK).

In  recen t times, au thors have a ttem pted  to find 
m ore stable and  pylogenetically inform ative re p ro 
ductive characters to separate genera. Phillips (1992) 
showed tha t m arked differences exist in the  a rran g e
m ent and  structure  o f sporangia am ong the  Australian 
Dilophus species, several o f  which {Dil. fastigiatus, 
Dil. robustus, and  Dil. marginatus) are  characterized by 
sporangia subtended by two stalk cells ra th e r than  one 
as is the  ru le  in the o ther Dilophus species and  th ro u g h 
ou t the  Dictyoteae generally. Coppejans et al. (2001) 
and  De Clerck (2003) observed that m ale reproductive 
structures (antheridia) in D. crispata L am ouroux and 
D. magneana De Clerck et C oppejans are  not su rro u n d 
ed  by hyaline, unicellular paraphyses bu t by densely 
p igm ented  m ulticellular filaments. De Paula e t al. 
(2001) highlighted  the  ab erran t na tu re  o f the D. crisp- 
ata-cervicornis-magneana g roup  in respect to bioactive 
secondary metabolites, as these show unique d iterpene 
signatures tha t are  m arkedly different from  those of 
the rem aining Dictyota and  Dilophus species exam ined. 
In  the  absence o f  reliable support from  gene-sequence 
data, the transfer o f the  D. crispata-cervicornis-magneana 
g roup  to a separate genus has been suggested b u t not 
effected (see De Clerck 2003).

This study aims to: (1) assess the  status o f  the genera  
currently  placed in the Dictyoteae based on sequence 
data o f the  plastid encoded large subunit RUBISCO 
gene (rbcld) an d  nuclear encoded large subunit rDNA 
(26S, partial); (2) evaluate the  taxonom ic utility o f tra d 
itional m orphological characters at the  generic level; 
(3) assess the concordance o f recently in troduced  
anatom ical characters with the m olecular phylo
genetic results; and  (4) in te rp re t the  m olecular phyl- 
ogeny in a m orphological context and  propose a 
revised classification o f the  tribe Dictyoteae. For 
clarity reasons, nam es o f taxa follow the traditional

classification recognizing all five genera o f the 
Dictyoteae.

MATERIALS AND METHODS

Taxon sampling and laboratory protocols. B ro a d  tax o n  sam 
p lin g  was c a r r ie d  o u t  to  e n su re  as co m p le te  a  re p re se n ta tio n  
as possib le  o f  th e  D ictyoteae (Table 2). T h is  sam p lin g  in 
c lu d e d  g e n erity p e s  o f  all b u t  o n e  g e n u s , as well as several 
species th a t a re  q u estio n ab ly  p laced  in  th e ir  p re se n t  g e n e ra  
b a sed  o n  m o rp h o lo g ica l inconsistencies. S equences o f  th e  
D ictyoteae  w ere  su p p le m e n te d  by a w ide se lection  o f  tax a  
sp a n n in g  th e  e n tire  p h y lo g en e tic  sp e c tru m  o f  th e  Z o n arieae . 
T h e  la tte r  w ere  d e f in e d  as o u t-g ro u p . T h e  sole r e p re s e n ta 
tive o f  th e  fam ily Scoresbyellaceae, S. profunda, was also in 
c lu d ed .

Following C hase a n d  Hillis (1991), DN A  was ex trac ted  from  
sam ples desiccated in  th e  field in  silica gel, a n d  v ouchers w ere 
d ep o sited  in  GENT. T otal genom ic DN A  was e x trac ted  using  a 
s ta n d a rd  C T A B -extraction  m e th o d  a n d  su b seq u en t p u rifica 
tion  w ith a  W izard®  DN A  C lean-U p System  (P ro m eg a  Inc., 
M adison, W I, USA) follow ing th e  m a n u fa c tu re r’s p ro toco l. 
T h e  rbch gene  was am plified  as a  single o r  as two o v erlap p in g  
p ro d u c ts . In  o rd e r  to am plify th e  rbch gene  in  a  single stre tch , 
th e  tftcL68F p r im e r  (D raism a e t al. 2001) was com bined  with 
th e  rev erse  p r im e r  S3R (S iem er e t al. 1998). I f  two separate  
p ro d u c ts  w ere n e ed e d , tftcL68F was com bined  with tftcL1380R 
a n d  tftcL496F w ith S3R (all p r im e r  sequences listed in D raism a 
e t al. 2001). T h e  5 '-e n d  o f  th e  26S rD N A  [approx im ate ly  1200 
base pa irs (bp)] was am plified  as a  single p ro d u c t u sin g  p rim ers  
AB28 (D raism a e t al. 2001) a n d  T 1 3 N  (H a rp e r  a n d  S aunders 
2001). T h e  PC R  conditions o f  all p r im e r  com binations consist
e d  o f  a n  initial d én a tu ra tio n  a t 94° C fo r 3 m in , follow ed by 
94° C fo r 1 m in , an n ea lin g  a t 46° C fo r 1 m in , ex ten sio n  a t 
72° C fo r 2 m in  fo r 28 cycles, follow ed by a final ex ten sio n  o f  
1 0 m in  a t 72° C. Excess p r im e r  a n d  d N T P  w ere  rem o v ed  with 
ExoSAP-IT® (USB C orp ., C leveland, O H , USA) fo r 15 m in  a t 
37° C, follow ed by 15 m in  a t 80° C to  inactivate th e  enzym es. 
T h e  resu ltin g  p ro d u c ts  w ere u sed  fo r cycle sequencing  w ith th e  
p rim e rs  o f  th e  initial PC R  reactions u sin g  an  A B I Prism  Dye 
T erm in a to r Cycle Sequencing  R eady R eaction kit follow ing 
th e  m a n u fa c tu re r’s instructions. Sequencing  p ro d u c ts  w ere 
analyzed  w ith a n  A B I 3100 Prism  G enetic  A nalyzer (PE 
A pp lied  B iosystem s, Foster City, CA, USA). Sequences w ere 
e d ited  a n d  assem bled  w ith A utoassem bler version  1.4.0. 
T h e  rbch gene, lacking indels, was a ligned  by eye in  B ioEdit 
7.0.4.1 (H aii 1999). O w ing to  m issing d a ta  a t th e  5 ' a n d  3' 
te rm in i o f  th e  rbch sequences, a  1207 b p  frag m en t was selected 
fo r analysis ex c lu d in g  th e  first 105 a n d  last 155 b p  o f  th e  
1467 b p  gene.

T h e  26S sequences w ere a ligned  o n  th e  basis o f  secondary  
s tru c tu re  in fo rm atio n  w ith DCSE v. 2.60 (De Rijk a n d  De 
W achter 1993). T h e  ra tionale  fo r u sing  seco n d ary -stru c tu re  
m odels fo r a lign ing  rR N A  sequences is based  o n  th e  fact th a t 
th e  conservation  o f  secondary  stru c tu res exceeds th a t o f  n u 
cleotides (K jer 1995). T h e  26S sequence o f  Scytosiphon loment
aria (Lyngbye) L ink, th e  only rep resen ta tiv e  o f  th e  
P haeophyceae  in co rp o ra te d  in  th e  E u ro p ea n  R ibosom al RNA 
d a ta  base (h ttp ://w w w .psb.ugent.be/rR N A /, W uyts e t al. 2004), 
was u sed  as a  m o d el fo r b u ild in g  o u r  a lignm en t. T h e  a lign
m e n t o f  th e  variable B 1 3 T , B14, B15, D5, a n d  D5-1 helices 
a n d  th e  h ighly  variable reg io n  enclosed  by  th e  C l helix  (see De 
Rijk e t al. 1999 fo r n o m en c la tu re) was a id ed  by  fo ld ing  th e  se
q uences o f  each  sam ple u sin g  th e  M fold software (http :// 
w w w .bioinfo .rp i.edu/, Z u k er 2003). Foldings w ere co n d u cted  
a t 37° C using  a  search  w ithin 5% o f  th erm o d y n am ic  su b o p tim 
ality. T h e  d iffe ren t op tim al a n d  suboptim al secondary  s tru c 
tu re s  w ere screen ed  fo r co m m o n  m otifs. T h e  a ligned  pa rtia l 
rD N A  sequences w ere 1363 sites in  total. T h e  reg io n  enclosed
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T able 3. T re e  statistics fo r  c o m b in e d  a n d  p a r ti t io n e d  d a ta  sets u s in g  m a x im u m  p a rs im o n y .

Base pairs (total /inform/ 
uninform)a CI/RI

Length shortest 
tree (steps) PBSb

Length if constrained to 
rVL-26S tree (steps)“

No. of shortest 
trees

No. of resolved 
nodes'1

rbcL +  26S com bined 2419/585/162 0.439/0.580 2440 317.3 NA 13 38
26S 1212/246/79 0.680/0.786 678 196.7 694 (2.4%) 125 33
rbcL — all characte rs 1207/339/83 0.355/0.504 1718 120.6 1734 (0.9%) 10 21
rbcL — pos 1,2 805/67/38 0.464/0.564 248 26.1 269 (8.5%) > 1 0 .0 0 0 9
rbcL — pos3 402/272/45 0.343/0.510 1440 94.5 1458 (1.3%) 6 32

“N u m b e r o f  base pa irs in  p a rtitions a n d  n u m b e r  o f  po ten tially  in form ative  ch arac te r changes.
’T o ta l p a rtitio n ed  B re m e r su p p o rt (PBS) o f  each p a rtitio n  fro m  com b in ed  analysis o f  all data.
“M in im um  len g th  o f  a  tree  w hen  co n stra in ed  to th e  topology  o f  th e  com bined  analysis, w ith th e  p e rcen tag e  increase  in p a re n 

theses.
dN u m b e r  o f  reso lved  no d es in  a  strict consensus tree  o f  all sh o rtest trees.
NA, n o t available.

by  th e  C l  helix  cou ld  n o t be  a ligned  be tw een  in -g ro u p  an d  
o u t-g ro u p  taxa. A  m od ified  b lock-coding ap p ro ach  was a p 
p lied  to  c ircum ven t this difficulty (G eiger 2002, V erb ru g g en  
e t al. 2006). Additionally, 276 positions w ith am bivalen t a lign 
m en t, situated  in  th e  loop  reg ions o f  th e  variable helices, w ere 
rem o v ed  befo re  phy logenetic  analysis.

Data exploration, homoplasy, and phylogenetic information. In  
o r d e r  to  e x am in e  th e  e x te n t  to w hich  h o m o p la sy  in flu en ced  
th e  re su ltin g  phy logeny , severa l a p p ro a c h e s  w ere  tak en . 
G iven th e  h ig h e r  m u ta tio n  ra te s  o f  th ird  c o d o n  p ositions 
re la tiv e  to firs t a n d  seco n d  c o d o n  p ositions in p ro te in -e n 
c o d in g  gen es , th e  rbcL d a ta  w ere  te s ted  fo r  su b stitu tio n a l 
sa tu ra tio n  by p lo ttin g  th e  o b se rv ed  n u m b e r  o f  su b stitu tio n s 
ag a in st c o rre c te d  d istances e s tim a ted  fro m  m ax im u m  likeli
h o o d  (M L) u s in g  a G T R  +  /  +  T  m o d e l w ith p a ra m e te rs  e sti
m a te d  in  PAUP. T h e  n u m b e r  o f  tran sv ers io n s  a n d  tran s itio n s 
was also p lo tte d  ag a in st u n c o rre c te d  d istances fo r  th e  first 
a n d  seco n d  co d o n  po sitio n  a n d  th e  th ird  p o sitio n , re sp e c t
ively. To e x am in e  th e  co n tr ib u tio n  o f  each  g en e , tre e  searches 
w ere  p e rfo rm e d  u n d e r  m ax im u m  p a rs im o n y  (M P; se ttings as 
below , b u t  w ith o u t G o loboff fit) u s in g  v a ry in g  subsets o f  th e  
co m b in ed  d a ta  set (rbcL all p ositions, rbc'L n o n - th ird  co d o n  
positio n s , rbcL th ird  c o d o n  p o sitio n , 26S). P a rtitio n ed  B re 
m e r  S u p p o r t (PBS, B ak er a n d  D eSalle 1997) was co m p u te d  
fo r  each  d a ta  p a r ti t io n  a f te r  p ro d u c in g  c o n s tra in t t re e  files in 
T ree R o t (S o ren so n  1999). Likew ise, th e  a d d e d  tre e  len g th  fo r 
each  p a r ti t io n  was calcu la ted  by  co n s tra in in g  it ag a in st th e  
tre e  re su ltin g  fro m  th e  co m p le te  d a ta  set.

Phylogenetic analysis. M P a n d  M L analyses o f  th e  rbcL, 
co n ta in in g  60 seq u en ces b e lo n g in g  to  47 d iffe re n t species, 
w ere  p e rfo rm e d  u s in g  PAUP 4 .0b  10 (Sw offord 2002). 
M rB ayes 3.0 (H u e lsen b eck  a n d  R o n q u ist 2001) was u sed  
fo r  B ayesian  p h y lo g en e tic  in fe ren ce  (B í). M P analyses c o n 
sisted  o f  h eu ris tic  sea rch es w ith 1000 ra n d o m  seq u en ce  a d 
d itio n  rep lica tes  a n d  T ree  b isection  re co n n e c tio n  (T B R ) w ith 
th e  o p tio n  M U LT R E ES a n d  th e  G o loboff fit c r ite r io n  (K  =  2, 
G o lo b o ff 1993) in  effect. T h e  o p tim a l m o d els  o f  n u c leo tid e  
su b s titu tio n  fo r  M L w ere  d e te rm in e d  in M o d e ltest 3.6 ac 
c o rd in g  to  th e  A kaike In fo rm a tio n  C rite r io n  (P osada  a n d  
C ra n d a ll 1998, P osada a n d  B uckley 2004). M L analyses w ere 
p e rfo rm e d  u n d e r  th e  sam e h e u ris tic  sea rch  se ttings as MP, 
b u t  w ith th e  n u m b e r  o f  ra n d o m  seq u en ce  a d d itio n  rep lica tes  
lim ited  to  100. B o o ts trap  analyses co n sisted  o f  1000 re p lica 
tions o f  full h e u ris tic  sea rches u n d e r  M P a n d  100 rep lica tio n s 
w ith  th e  n u m b e r  o f  re a r ra n g e m e n ts  lim ited  to 10.000 
(o r 3600  s) fo r  each  rep lica te  u n d e r  M L u sin g  a n e ig h b o r-  
jo in in g  tre e  as th e  s ta rtin g  tre e . B í analyses w ere  p e rfo rm e d  
u s in g  a  G T R  +  / + T  m o d e l in  acco rd an ce  w ith  th e  re c o m 
m en d a tio n s  o f  H u e lse n b ec k  a n d  R analla  (2004), w ho  d e m 
o n s tra te d  th a t th e  m o st c o m p lex  m o d els  o ffer th e  h ig h es t 
p ro b ab ility  o f  e stim a tin g  th e  c o rre c t t re e  to p o lo g y  ev en  if  th e

m a tr ix  can  b e  su m m ariz ed  in  a  m o re  sim ple  m o d e l. P o s te rio r 
p ro b ab ilities  w ere  calcu la ted  u sin g  a M etro p o lis-co u p led  
M arkov  ch ain  M onte  C arlo  a p p ro a c h  w ith sam p lin g  a c c o rd 
in g  to  th e  M e tro p o lis -H as tin g s  a lg o rith m . T h e  analysis 
u se d  fo u r  chains, o n e  co ld  a n d  th re e  in crem en ta lly  h e a ted . 
E ach ru n  co n sisted  o f  1 m illion  g e n e ra tio n s  a n d  was sam p led  
ev ery  100 th  g e n e ra tio n . In  o rd e r  to  d e te rm in e  th e  b u rn - in  
v a lue , th e  lik e lih o o d  va lues w ere  p lo tte d  ag a in st g e n e ra tio n  
n u m b ers .

A  m o re  restric ted  da ta  set, co n ta in in g  rbcL a n d  26S se
q uences o f  38 taxa, was also analyzed in com bination , follow ing 
an  in co n g ru en ce  len g th  d ifference test (ILD  test, Farris e t al. 
1995) p e rfo rm e d  in  PAUP 4 .0 b l0  (1500 rep lications o f  sim ple 
sequence ad d itio n  a n d  T B R ), w hich suggested  n o  significant 
topological in co n g ru en ce  be tw een  26S a n d  rbcL d a ta  sets 
(_P =  0.01), follow ing reco m m en d a tio n s o f  C u n n in g h am  
(1997) o n  critical a  values. M P a n d  M L analyses w ere 
p e rfo rm e d  as fo r th e  rbcL d a ta  set. T h e  B í settings allow ed 
fo r d iffe ren t substitu tion  m odels be tw een  b o th  genes.

T h e  likelihood o f  a lte rna tive  topolog ies was tes ted  against 
th e  o p tim al M L topo logy  using  S h im o d aira -H aseg aw a  tests 
(SH  tests) as im p lem en ted  in PAUP 4 .0 b l0  u sin g  R ELL o p ti
m ization  a n d  1000 b o o ts trap  replicates (Sh im odaira  a n d  
H asegaw a 1999, G o ld m an n  et al. 2000). T h e  SH  tests w ere 
p e rfo rm e d  on  a p ru n e d  d a ta  set (rbcL a n d  26S) co n ta in ing  only 
th e  in -g ro u p  taxa  a n d  Scoresbyella profunda  as o u t-g ro u p , w hich 
d id  n o t affect th e  topo logy  o f  th e  in -g ro u p . T h is da ta  set (in
g ro u p  tax a  +  Scoresbyella) was u sed  to  m ap  various m o rp h o 
logical a n d  anatom ical characte rs in M acC lade 4.0 (M addison 
a n d  M add ison  2000).

RESULTS

Data exploration, homoplasy, and phylogenetic informa
tion. T ree searches u n d e r  MP o f the  com bined rbcL 
an d  26S charac ter m atrix  resu lted  in 13 shortest trees 
o f  2440 steps. T h e  trees based on  the  two gene r e 
gions analyzed separately w ere highly co n g ru en t in 
overall topology (Treebase study accession n u m b er 
S 1523). T his is also reflected  in the  low ad d ed  tree  
leng th  (0.9% -2.4% ) w hen th e  p artitio n ed  data sets 
a re  constra ined  against th e  shortest tre e  resu lting  
from  the  com bined  analysis (Table 3). T h e  total n u m 
b e r  o f  sites o f 26S an d  rbcL was roughly  sim ilar after 
exclusion o f am biguously aligned regions, b u t the  
n u m b er o f  potentially  parsim ony-inform ative sites 
was slightly h ig h e r fo r the  rbcL data  (28%) th an  for 
the  26S data (20%). T h e  n u m b er o f  steps in  the
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Fig . 2. Analysis o f  saturation  o f  character variation o f th e  rbc'L gene. C orrected  ̂ -distances a re  calculated using a G TR + 1  +  T m odel 
with param eters estim ated in PAUP for each specific da ta  partition . Panels at the  top  (A, B) show co rrec ted  y>distances versus observed 
substitutions for the  first an d  second codon position (A) an d  th e  th ird  codon position (B). Panels at th e  bottom  (C, D) show th e  observed 
transitions an d  transversions o f  th e  same data  partitions.

parsim ony analysis, however, was lowest in the  26S 
data, which is also transla ted  in the h ighest in te rna l 
consistency an d  a h ig h e r n u m b er o f  resolved nodes 
com pared  with the rbcL data set (Table 3). F rom  the 
PBS values, it is also clear tha t the  26S data  have a 
h ig h e r con tribu tion  to b ran ch  su p p o rt in the com 
b ined  analysis th an  do the rbcL data. D espite a h ig h er 
in te rna l consistency, 26S data  p ro d u ced  m ore  m ost- 
parsim onious trees (125 MPTs vs. 10 MPTs for the 
rbcL data). Possible indications o f substitutional 
satu ration  o f  the  rbc'L gene in the  Dictyotales are  
confirm ed w hen the co rrec ted  pairw ise distances are  
p lo tted  against the n u m b er o f  observed  substitutions 
(Fig. 2). W hereas the  first an d  second codon positions 
show a near-linear co rrelation  (Fig. 2A), the  p lo t for 
the  th ird  codon position  levels off with increasing 
genetic distance (Fig. 2B). W hen subdivided into 
transitions an d  transversions it is ev iden t tha t th ird  
codon satu ration  can largely be ascribed to transitions 
(Fig. 2, C an d  D), which a re  know n to occur m ore 
often  th an  transversions. A dditional MP analyses o f 
the  rbcL data partitio n ed  accord ing  to codon position 
resu lted  in trees tha t d iffered  greatly in  topology and  
reso lu tion , b u t m ore  im portan tly  show ed th a t the 
vast m ajority o f  the phylogenetic in form ation  is situ 

a ted  in  the  th ird  codon position (272 potentially  in 
form ative characters vs. 67 for the  first an d  second 
positions com bined). An MP analysis based on the 
n o n -th ird  codon position  only, being  app aren tly  u n 
m arred  by sa turation , resu lted  in  over 10,000 trees, 
the  strict consensus tree  o f  which h ad  few resolved 
nodes. M P analysis o f  th ird  codon positions yielded 
h ig h e r reso lu tion , with 32 nodes resolved.

Phylogenetic analyses. T h e  rbcL data  set (60 se
quences, 47 d ifferen t taxa) consists o f  1207 charac
ters, 364 o f  them  being  potentially  parsim ony 
inform ative. Parsim ony analysis with G oloboff's im 
p lied  w eighting  resu lted  in  a single M PT (Cl = 0.336, 
RI = 0.664, G oloboff fit =  — 200.55). M odeltest found  
the  g enera l tim e reversible m odel with substitu tion 
rates across sites following a gam m a d istribu tion  
(shape a = 0.5603) an d  a p ro p o rtio n  o f  invariable 
sites o f  0 .8116 to yield the best fit to the rbcL 
charac ter m atrix  (GTR + 1 + T) accord ing  to the 
AIC. T h e  substitu tion ra te  m atrix  estim ated 
by PAUP was A -C  = 1.5920, A -G  = 3.7321, A -T  
= 1.7970, C -G  = 0.7122, C -T  = 7.4388. T h e  various 

phylogenetic analyses o f  the  rbcL data  m atrix  w ere 
highly co ng ruen t, differing  only in the relative 
p lacem ent o f  clades th a t received little to no su p p o rt



1278 OLIVIER DE CLERCK ETAL.

(Fig. 3). T h e  relationships betw een  the  Padina 
clade; th e  clade contain ing  Zonaria, Distromium, and  
Homoeostrichus; an d  th e  rem ain ing  taxa w ere u n re 
solved u n d e r  ML an d  B í. Padina was resolved to  be 
sister to Dictyopteris, Stypopodium, an d  Taonia u n d e r  
MP. Zonaria, Homoeostrichus, an d  Distromium fo rm ed  a 
m onophyletic  yet u n su p p o rted  clade u n d e r  ML and  
MP. Bayesian in ference resolved Homoeostrichus and  
Distromium as sister to  Dictyopteris, Taonia, Stypopodium, 
Scoresbyella, an d  th e  D ictyoteae. Results also indicate a 
sister-group  re lationsh ip  o f  Stypopodium, Taonia, and  
Dictyopteris to  Scoresbyella an d  th e  rest o f Dictyoteae. 
In  general, su p p o rt for re lationships am ong  genera  
belonging  to the  Zonarieae was very low, regardless 
o f  the  type o f  analysis. T h e  Dictyoteae was consist
ently  resolved as a m onophyletic clade, b u t su p p o rt 
again was lacking. S. profunda, w hich is cu rren tly  as
signed to its ow n family, was in teresting ly  resolved as 
th e  nearest relative o f  the  m onophyletic  Dictyoteae. 
T h e  la tte r was com posed o f fou r m ajor, w ell-support
ed  clades: (1) a lineage com posed o f  D. radicans, Dil. 
suhrii, an d  DU. marginatus; (2) a lineage contain ing  D. 
cervicornis an d  D. crispata', (3) a lineage consisting of 
Dil. fastigiatus; an d  (4) a large clade contain ing  the 
rem ain ing  represen ta tives o f  the  Dictyota, Dilophus, 
Pachydictyon, Glossophora, an d  Glossophorella (Fig. 3). 
T h e  relationships am ong  these fo u r clades w ere g en 
erally only su p p o rted  by poste rio r probabilities and  
lack boo tstrap  su pport. W ithin th e  fo u rth  lineage, 
m ost o f  the  cu rren tly  recognized gen era  are  poly- 
phyletic (Dilophus, Pachydictyon) o r paraphy letic  (Dic
tyota). Glossophorella dhofarensis form s a well- 
su p p o rted  sister species to D. canaliculata. Only Glos
sophora, rep re sen ted  by th ree  specim ens a ttr ib u ted  to 
two d ifferen t species, form s a m onophyletic  clade 
w ithout BP o r PP support. A lthough som e term inal 
an d  a few subterm inal clades usually receive m o d e r
ate to good su p p o rt, re la tionsh ips betw een the  vari
ous species a re  generally  poorly  resolved.

T h e  com bined rbcL and  26S data set (41 sequences, 
38 different species) includes 2419 characters, o f  which 
585 w ere potentially parsim ony informative. MP, with 
Goloboff weighting im plied, resulted  in a single tree  
(Cl = 0.326, RI = 0.581, Goloboff fit =  -  192.91). T h e  
Akaike inform ation criterion im plem ented in M odel
test suggested a GTR +  /  +  T m odel with shape p a r
am eter a  = 0.7767 and  a p ropo rtion  o f invariable 
sites o f 0.5603 fit the  data best. T h e  substitution rate 
m atrix  was defined as A -C = 1.0845, A -G  = 3.2515, 
A -T  = 3.3118, C -G =  1.2115, C -T =  7.2703. A 
single ML tree  was recovered with log-likelihood 
=  — 15,526.35. T h e  log-likelihood o f trees hit in the  

MCMCMC chains reached  stationarity after 7000 gen
erations. T h e  th ree  inference m ethods resulted  in well- 
resolved trees tha t differed very little in overall to p 
ology. Only the  ML tree  is shown (Fig. 4); MP and  B í 
trees are available from  Treebase (accession num ber: 
S 1523). T h e  topologies o f the respective trees did not 
differ substantially from  the analyses based only on the 
rbcL data. T h e  m ajor difference is an  overall enhance

m ent o f the  resolution at the generic level. A lthough 
the  position o f Padina relative to the o ther taxa re 
mains unresolved, there  is good support for most 
relationships especially u n d e r ML o r B í. Dictyopteris, 
Taonia, an d  Stypopodium form  a w ell-supported clade 
sister to Scoresbyella an d  the  Dictyoteae. Relationships 
in the  larger Dictyota-Dilophus-Glossophora-Glossophorel- 
la-Pachydictyon clade rem ain  ra th e r poorly supported , 
especially by bootstrap percentages. SH tests conduct
ed  on a subset o f  the data, the Dictyoteae as in-group 
and  Scoresbyella as ou t-group , unequivocally rejected 
topologies enforcing m onophyly o f Dictyota, Dilophus, 
and  Pachydictyon, the  genera rep resen ted  by m ore than  
a one species in the com bined data set (Fig. 5). Simi
larly, sister relationships o f  Glossophora and  Glossophor
ella, both  represen ted  by a single sequence, with respect 
to the  rem aining Dictyoteae were likewise rejected.

DISCUSSION

Homoplasy and phylogenetic information. E volution
ary biologists a re  u n ited  in  th e ir  op in ion  th a t h o m o 
plasy is a confound ing  factor in  recovering  
phylogenies. In  its m ost com m on sense, homoplasy 
equates to an  e r ro r  in hom ology assessm ent, a factor 
th a t needs to be identified  an d  u n d e rs to o d  before 
in te rp re ta tio n  o f the  outcom e o f a phylogenetic ana l
ysis. As a d irect consequence o f  this p rob lem , n u m e r
ous m easures o r  indices o f  hom oplasy have been  
developed  over the  past 25 years to  effectively an a 
lyze the  p h en o m en o n  an d  to  p red ic t its bearing  on 
the  in ference o f  n a tu ra l re la tionsh ips (Sanderson and  
H uffo rd  1996). Fast-evolving sites a re  com m only r e 
g a rd ed  as a likely source o f hom oplasy an d  becom e 
particu larly  problem atic  w hen inferences about 
d eep e r re la tionsh ips a re  needed . As a consequence, 
the  use o f  fast-evolving sites in phylogenetic analysis 
has been  extensively debated , with calls m ade for 
dow n-w eighting o r exclud ing  potentially  hom oplas
tic variation (Swofford et al. 1996, Pisani 2004, Vog
ler e t al. 2005) or, on the  o th e r h an d , serious pleas 
m ade to  app recia te  the  phylogenetic signal em an a t
ing  from  those sites (B örk lund  1999, Källersjö e t al. 
1999). A particu la r case o f  fast-evolving sites is r e p 
resen ted  by th ird  codon positions in  p ro te in -cod ing  
genes. As opposed  to  first an d  second codon pos
itions, m utations at the  th ird  position a re  often  silent, 
lead ing  to  increased  variability an d  rap id  saturation  
(Swofford e t al. 1996). T h e  data  in  o u r  study confirm  
the  widely held  belief th a t th ird  codon  positions are  
often satu rated . T his is obvious from  th e  scatterplots 
o f  the  co rrec ted  pairw ise distances against th e  n u m 
b e r  o f  observed substitutions (Fig. 2). N on-th ird  co
don  positions show a near-linear corre la tion , w hereas 
the  curve o f  the  th ird  codon position levels off con
siderably, indicating saturation . In  d ep th  exp lo ra tion  
reveals th a t these indications o f  satu ration  are  p r i
m arily the  resu lt o f  transitions ra th e r  th an  tran sv er
sions. T h e  hom oplastic variation  in the  rbcL data set is 
m irro red  in low er consistency an d  re ten tio n  indices
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Fig. 3. Phylogram  o f  th e  single m axim um  likelihood (ML) tree  ( — In L =  10 ,992.93) based  on  rbc'L gene sequences (1207 bp) using  a 
GTR + 1 +  T m odel. T h e  boo tstrap  values o f  b o th  ML a n d  m axim um  parsim ony (MP) analyses su p p o rtin g  th e  co rresp o n d in g  b ranches 
a re  indicated if  h ig h er th an  50 (MP/ML). T hick  branches rep resen t nodes receiving Bayesian poste rio r probabilities h ig h er th an  0.95.

o f the ob tained  topologies as com pared  to the values codon position  contains the bulk  o f the  phylogenetic
obta ined  from  the  26S data. A lthough the m ore  rap - data. Rem oval o f  this position  from  the  data  set does
idly evolving sites a re  highly hom oplastic, the th ird  no t resu lt in any im provem en t o f  phylogenetic reso-
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F ig . 4. Phylogram  o f  th e  single m axim um  likelihood (ML) tree  ( — ln L =  15,526.35) based  on  com bined rbc'L a n d  26S sequences 
using  a G TR  +  7 +  T m odel. T h e  bootstrap  values o f  b o th  ML an d  m axim um  parsim ony (MP) analyses su p p o rtin g  th e  co rrespond ing  
b ranches a re  indicated  if  h ig h er th an  50 (MP/ML). T h ick  b ranches rep re sen t nodes receiving Bayesian posterio r probabilities h igher 
th an  0.95.

lu tion. O n the contrary, analyses lim ited to the  first 
an d  second position o f the  rbcL data, com prising  
a m eager 67 potentially  parsim ony-inform ative 
characters, resu lted  in  thousands o f  equally m ost 
parsim onious trees, the  strict consensus tree  o f  which 
h ad  only n ine resolved nodes (Table 3). Surprisingly, 
a data set includ ing  ju s t  the th ird  codon position

resu lted  in  only six trees that, if constra ined  against 
the definite tree  resu lting  from  the com bined  26S- 
rbcL data  set, was only 1.3% longer. F u rth e rm o re , the 
topology o f  those trees was in  relatively good ag ree 
m en t with the final tree . T h ese  results su p p o rt the 
inclusion o f fast-evolving sites in the  Dictyotales 
data  set, even th o u g h  they a re  hom oplastic. Earlier,
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Fig . 5. Results o f  the  Sh im odaira-H asegaw a tests for assessing th e  likelihood o f  alternative topologies using  various constrain t trees.

Siem er et al. (1998) an d  D raism a e t al. (2001) arrived  
at sim ilar conclusions reg a rd in g  satu ration  o f  the 
th ird  codon  position o f  the  rbcL gene in  brow n algal 
phylogenies. T h e  analyses an d  the conclusions p re 
sen ted  in  this study should , however, no t fo rm  a safe
g u ard  tow ard any fu tu re  study, an d  we w ould 
advocate the  necessity to analyze the signal-to-noise 
ra tio  in  data sets carefully case by case.

Classification o f the Dictyotales. M em bers o f the 
D ictyoteae, all o f  which a re  characterized  by a single, 
horizontally  o rien ted  apical cell, a re  derived  from  a 
paraphyletic  Zonarieae in  o u r  analyses. T hese  obser
vations, despite  m eager su p p o rt, a re  in ag reem en t 
with Lee an d  Bae (2002) an d  H osh ina  e t al. (2004), 
who resolved Spatoglossum, Dictyopteris, an d  Stypopo
dium as being  sister taxa to the D ictyoteae. I t  should  
be po in ted  out, however, tha t tribal relationships in 
the  Dictyotales can only be fully u n d ers to o d  if non- 
dictyotalean o u t-g ro u p  taxa are  in co rp o ra ted  in the 
analyses.

Interestingly, S. profunda, a species not included in 
previous studies an d  the sole representative o f the 
Scoresbyellaceae, is resolved as being the closest re la
tive o f  the Dictyoteae. W omersley (1987) placed S. 
profunda in its own family because o f the  lengthwise 
orientation  o f  the  apical cell, a lthough he did com m ent 
on the similarities Scoresbyella otherwise seem ed to have 
with m any Dictyoteae. T h e  male reproductive struc
tures, the  only reproductive structures know n to date, 
are  essentially identical to those encoun tered  in the 
Dictyoteae in which the antherid ia  form  scattered to 
confluent sori su rro u n d ed  by th ree  to four rows of 
elongate, unicellular paraphyses. This would indicate 
that the presence o f a g roup  o r row o f apical cells is 
ancestral in this o rd e r and  that the transition tow ard a 
single apical cell has occurred  only once. T h e  o rien ta

tion and  m ode o f cell division in Scoresbyella is highly 
rem iniscent o f Dictyotopsis propagulifera, an  enigm atic 
m onostrom atic alga o f m angrove habitats in the tro p 
ical w estern Pacific Ocean, which is likewise placed in 
its own family within the Dictyotales (Allender 1980). 
In  both  species, the apical cell is w edge-shaped o r len
ticular and  cuts off cells laterally from  two faces ra th e r 
than  a single convex surface. F u rther segm entation of 
the  derivative cells in Scoresbyella is similar to that p ro 
cess th ro u g h o u t the Dictyoteae, resulting in differen
tiation betw een a cortex  and  a m edulla. Such 
tangential cell divisions do no t occur in Dictyotopsis, 
m aking it the only m onostrom atic representative o f  the 
Dictyotales. T h e  phylogenetic position o f  Dictyotopsis 
could not be assessed du ring  the p resen t study due  to a 
lack o f specim ens suitable for DNA analysis.

At present, generic delineation within the Dictyo
teae, although repeatedly  questioned in the past, is still 
alm ost exclusively based on vegetative anatomical 
characters involving m edullary and  cortical structures. 
This traditional classification, however, is completely 
irreconcilable with o u r m olecular phylogenies. Previ
ous studies (Lee an d  Bae 2002, H oshina et al. 2004, 
Kraft e t al. 2004, H w ang et al. 2005) initially lent sup
p o rt to the traditional classification, b u t this was clearly 
the  result o f lim ited taxon sampling. T hese studies 
invariably included betw een th ree  and  five different 
species, covering only th ree o f  five genera. Glossophora 
an d  Glossophorella were not included in these analyses. 
Increased  in ter- and  intrageneric taxon sam pling in 
the Dictyoteae leads to the completely different insight 
that none o f the cu rren t genera a re  monophyletic. SH 
tests, likelihood-based topology tests, were used to 
check w hether o r  not topologies in which m onophyly 
o f  the cu rren t genera was enforced fitted the data 
equally well as the tree obtained from  ML analysis. All
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topologies with enforced m onophyly o f one o f the  
genera tu rn e d  ou t to be significantly worse than  the 
obtained ML tree  (Fig. 5). T h e  highly hom oplastic 
na tu re  o f vegetative characters becom es even m ore 
evident w hen m apped  on the  m olecular phylogeny 
tha t incorporates only the  Dictyoteae with Scoresbyella 
as ou t-group  (Fig. 6). A m ultilayered m edullary struc
tu re , the  defining character o f  the  genus Dilophus, is 
seen to have evolved independendy  on several occa
sions. N evertheless, a b road  tendency for m em bers o f 
the  tribe to display a m ultilayered m edulla in the  basal 
clades and  to move tow ard a unilayered m edulla in the  
m ore derived taxa can be observed. M edullary thick
ness is shown to be heterogeneous an d  thus not to be 
useful as a diagnostic character o f genera delineation. 
Some species are  characterized by a m edulla com 
prised o f several layers over the en tire  w idth in the  
m iddle and  proxim al parts o f  the thallus b u t with a 
unilayered o r only marginally m ultilayered m edulla 
above (e.g. Dil. fastigiatus, Dil. gunnianus, Dil. robustus, 
Dil. spiralis, Dil. suhrii-, H am el 1939, Phillips 1992, 
De Clerck 2003). In  o ther species, duplications o f the 
m edullary layer are  effectively restricted to the 
m argins over the en tire  length  o f  the  thallus, except 
perhaps at the  ex trem e basal parts (e.g. Dil. alternans, 
H orn ig  et al. 1992a,b). In  Dil. fasciola and  Dil. crenula
tus the  m edulla is uniform ly unilayered except for the  
low erm ost basal portion , w here it becomes two to th ree  
layers thick (Feldm ann 1937, N izam uddin and  G erloff 
1979).

Duplications o f m edullary cells often coincide with 
the  m eans o f  attachm ent, as several o f such species are  
attached by terete  stoloniferous holdfasts, whereas 
those with m onostrom atic m edullas are  anchored  by 
basal discs o r scattered rhizoids. Transverse sections of 
stoloniferous holdfasts always seem to reveal a m ulti
layered m edulla (De Clerck 2003, p. 137, Fig. 51E). A 
closer look at the  structure  o f the transition zone b e 
tween tendrils and  the expanded  fronds above, how 
ever, reveals tha t the  traditional distinction betw een 
m edullary an d  cortical cells is no t as obvious as has 
been  assum ed. T h e  parenchym atous na tu re  o f  the  
stoloniferous holdfast is the result o f  divisions in both 
the  cortical and  m edullary layers (De Clerck and  C op
pejans 2003). A part from  those structural duplications, 
an  occasional two-layered m edulla is com m only ob
served in m any species. Actually, ju s t about any species 
seems capable o f locally producing  a two-layered m e
dulla in the  expanded  fronds. M oreover, the num ber 
o f  m edullary layers seems at least to some degree in 
fluenced by ex ternal conditions, as culture experi
m ents have shown that this feature depends on  the 
cu lture  m edium  in several species (H ornig e t al. 
1992a).

Similarly, the structure  o f the cortex in m em bers of 
the  Dictyoteae is highly hom oplasious. Even within the 
long-standing genus Pachydictyon, the  te rm  “m ultilay
e red  cortex” encom passes a wide variety o f cortical 
structures, rang ing  from  species characterized by a 
cortex  that is essentially unilayered bu t with the odd

cortical cell duplication in the basal parts o f the thallus 
(e.g. P. aegerrime, A llender and  Kraft 1983) to species 
characterized by a cortex 10-12 cells thick (P. coriaceum, 
O kam ura 1899). Occasional duplication o f cortical 
cells, especially along the  thallus m argins, is a fairly 
com m on phenom enon  am ong the m ore robust Dictyota 
o r  Dilophus species and  has generally been given little 
o r  no attention, with the  notew orthy exception o f  Daw
son’s (1950) study o f  M exican Pacific Dictyoteae. Phil
lips (1992) illustrated duplicated cortex cells in several 
Dilophus species, bu t did not fu rth e r rem ark  on the 
character. An in teresting exam ple o f cortical variability 
is D. naevosa, in which the cortex  may becom e up  to 
two to six cells thick in the  proxim al parts (Womersley 
1987). W hy it should have rem ained  in Dictyota in light 
o f  this classically determ inative feature, however, has 
never been discussed.

Surface proliferations are  restricted to a few species, 
b u t they are  distributed am ong all o f  the  established 
genera o f the  Dictyoteae. However, the  high density o f 
surface proliferations observed in Glossophora and  
Glossophorella is usually not encoun tered  in the o ther 
genera. Com parably high densities have, however, 
been  observed in Dil. intermedius (Allender and  Kraft 
1983), bu t in this species these proliferations never 
bear reproductive structures as is occasionally ob
served in Glossophora (Womersley 1987). In  D. crispata, 
D. cervicornis, and  D. mertensii, surface proliferation 
density varies greatly. O ne should differentiate 
betw een surface proliferations as outgrow ths from  
the  vegetative tissue and those that are  the  result 
o f the in situ germ ination o f sporangia. T h e  latter 
condition has been  discussed in detail for Dil. fasciola 
by Feldm ann (1937), who ascribed it to and  apom eiotic 
developm ent o f  spore m other cells. In  fact, in situ ger
m ination o f sporangia is a w idespread phenom enon  
recorded  for m any species, am ong them  D. dichotoma, 
the  generitype o f Dictyota (Hwang et al. 2005).

As opposed to the ap p aren t lim ited taxonom ic util
ity o f  the  aforem entioned vegetative characters, m ap
p ing o f additional characters on the  m olecular tree  
(Fig. 6) does result in clear-cut patterns tha t can form  
the  basis o f a new classification. T h e  presence o f 
ab erran t antherid ial paraphyses was first rep o rted  for 
D. magneana (Coppejans et al. 2001) and  later for 
D. crispata (De Clerck 2003). Paraphyses associated 
with an therid ia  are  a com m on feature in the  Dictyo
tales, and  the  different types are  considered to be im 
p o rtan t diagnostic characters at the  genus level 
(Phillips 1997, Phillips and  Clayton 1997). In  all Dic
tyoteae for which male reproductive structures are  
known, the antherid ia  are  su rro u n d ed  by th ree  to six 
rows o f  unicellular, elongated cortical cells devoid o f 
chloroplasts. T h e  in n er row o f paraphyses (i.e. the  
paraphyses bo rdering  the  antheridia) is o f  the  same 
height as the  antheridia. T h e  paraphyses observed in 
D. crispata and  D. magneana differ no t only in being 
m ulticellular and  p igm ented, bu t also in overtopping 
the  periphera l antheridia. O ther differences include 
the  fact tha t the antherid ial sori in Dictyota are  gener-
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ally larger than  200 (im in diam eter and  often spread to 
becom e confluent with neighboring sori, w hereas they 
are  smaller than  200 (im and  rem ain  discrete in D. 
crispata and  D. magneana (De Clerck 2003).

Male reproductive structures have no t been  ob
served with certainty in D. cervicornis. Abbott and  H uis
m an (2004) rep o rted  m ulticellular paraphyses for D. 
acutiloba J . A gardh from  the Hawaiian Islands and  
com m ented on the similarity o f tha t species with D. 
cervicornis, stating tha t both  species “share all m ajor 
characteristics.” Conspecificity o f these taxa is, how 
ever, negated by o u r m olecular phylogeny in which 
bo th  species are  positioned in completely different 
clades. A possible explanation  could be tha t the  male 
p lan t depicted by Abbott and  H uism an is in fact re p 
resentative o f D. cervicornis, the  presence o f  which has 
gone unnoticed in Hawaii due to its striking habit re 
semblance to D. acutiloba. T h e  D. cervicornis-crispata 
clade is fu rth e r characterized by the  presence o f a con
spicuous involucrum  su rround ing  the  sporangia. Such 
an involucrum  consists o f a collar o f inflated and  rad i
ally elongated cortical cells and  was first noticed by 
Jaasund  (1970). In  transverse section, this results in a 
well-developed cup su rround ing  the basal p a rt o f  the  
sporangium . A lthough the  involucrum  may go u n 
noticed in m atu re  sporangia w hen viewed from  the 
thallus surface, once the spores have been  released a 
clear collar o f involucral cells becom es evident (Cop
pejans e t al. 2001: pi. lF -H ). In  D. radicans and  D. 
suhrii (De Clerck 2003), as well as in some species of 
Dilophus studied by Phillips (1992, e.g. Dil. fastigiatus 
and  Dil. robustus), the  cortical cells in the im m ediate 
vicinity o f the  sporangium  may elongate somewhat, 
b u t the  resulting involucrum  always rem ains incon
spicuous.

T h e  species possessing inconspicuous involucres are  
perhaps better characterized by the num ber o f stalk 
cells subtending the ir sporangia. A sporangial stalk cell 
is fo rm ed in m ost Dictyotales ap a rt from  Lobophora and  
Zonaria (Phillips and  Clayton 1997). Ontogenetically, a 
stalk cell is form ed in the early stages o f  sporogenesis 
by a mitotic division o f an  enlarged cortical cell that 
results in a basal stalk cell and  a distal te traspore  
m other cell (Williams 1904, K um agae et al. 1960). 
Phillips (1992) was the first to appreciate the  taxonom 
ic significance o f sporangia subtended by m ulticellular 
stalks, which were initially rep o rted  for Dil. fastigiatus, 
Dil. marginatus, and  Dil. robustus. Later, the  presence of 
two-celled stalks was also rep o rted  for D. radicans and  
Dil. suhrii (De Clerck 2003). Based on the  m olecular 
phylogeny, it seems m ost likely tha t this character 
evolved independently  on two occasions in the  Dictyo
teae, once in Dil. fastigiatus and  once in the  D. radicans, 
Dil. marginatus, and  Dil. suhrii clade. In  com bination 
with involucral m orphology, however, this points to a 
clear anatom ical discrim ination o f the  D. radicans-Dil. 
marginatus-Dil. suhrii clade on the one h and  versus Dil. 
fastigiatus on the other. In  the  first clade, all species are  
also morphologically characterized by undulating  
thalli, w hereas the  fronds o f  Dil. fastigiatus a re  com p

lánate and  sm ooth. T h e  rugose thallus surface o f Dil. 
robustus, also characterized by two sporangial stalk cells 
b u t due to lack o f  suitable m aterial no t included in the 
analyses, could possibly be in te rp re ted  as derived from  
an undu la ting  thallus.

Taxonomic conclusions. T h e  m olecular an d  m o rp h o 
logical resu lts p resen ted  leave little dou b t th a t the 
c u rre n t generic classification o f the  D ictyoteae does 
no t reflect the  evolutionary  history o f the  tribe. This 
incongruence  betw een th e  m olecular phylogeny and  
the  c u rre n t classification could fo rm  the  im petus fo r a 
very b ro ad  in te rp re ta tio n  o f  the  genus Dictyota tha t 
w ould include all species characterized  by a single 
transversely  o rien ted  apical cell regard less o f  d iffer
ences re la ted  to vegetative o r  rep roduc tive  struc
tu res. O n the  o th e r h an d , one may argue  th a t th ree  
o r  fo u r separa te  gen era  a re  w arran ted . Based on  the 
facts th a t the  m olecular phylogeny is well resolved 
(and a lternative topologies strongly rejected) and  
th a t diagnostic vegetative an d  rep ro d u c tiv e  criteria  
a re  available, we o p t for a som ew hat less th an  totally 
inclusive defin ition  o f Dictyota an d  th e  descrip tion  o f 
two new gen era  (described below) based on  m olecu
lar an d  m orphological data. T h e  taxonom ic position 
o f  th e  genus Dilophus is left un d ec id ed  at this stage, 
because m ateria l o f  Dil. gunnianus (the generitype  of 
Dilophus) suitable for DNA extrac tion  was no t avail
able an d  also because o f  th e  phylogenetic position of 
Dil. fastigiatus. T h e  la tte r occupies a position sister to 
the  large Dictyota-Dilophus-Glossophora-Glossophorella- 
Pachydictyon clade an d  is d ifferen tia ted  from  the 
la rger clade by th e  presence  o f  two ra th e r  th an  one 
stalk cells. Dil. gunnianus an d  Dil. fastigiatus a re  m o r
phologically sim ilar to such an  ex ten t th a t less typical 
grow th form s a re  h a rd  to  assign to  one  species o r  the 
o ther. T h e  n u m b er o f  sporangial stalk cells does, 
however, d ifferen tiate bo th  species unequivocally, 
Dil. gunnianus be ing  characterized  by a single stalk 
cell (Phillips 1992). E x trapo lating  from  the  m o rp h o 
logical observations, one  w ould expect Dil. gunnianus 
to  be resolved w ithin the  Dictyota-Dilophus-Glossopho- 
ra-Glossophorella-Pachydictyon clade. In  the  absence 
o f  sequence data fo r the  type species however, one 
canno t ru le  o u t a close re lationsh ip  betw een Dil. 
fastigiatus, Dil. gunnianus, an d  Dil. robustus, an d  hence 
the  taxonom ic conservatism  th a t we ad o p t for 
the  m om en t still regards Dilophus as a valid genus.

T h e  em ended  description o f Dictyota and  diagnoses 
o f the new genera  Canistrocarpus and  Rugulopteryx are  
as follows:

Dictyota L am ouroux, J. Bot. (Desvaux) 2: 38 (1809) 
nom . cons.

Thallus flattened, ribbon-like, erect o r  prostrate, 
with sm ooth, dentate, crenulate o r  ciliate margins; 
a ttachm ent by basal rhizoids o r m arginal rhizoidal 
processes scattered along the edges o f the  thallus or 
restricted to the  base, stoloniferous holdfasts p resen t 
o r  absent; branching  dichotom ous, anisotom ous or 
a lternate, rarely falcate; apices obtuse, ro u n d ed , api- 
culate o r  acute; phaeophycean hairs and  superficial
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proliferations p resen t o r  absent; thallus differentiated 
into a cortex and  a m edulla, the  relative n um ber of 
layers variable. Sporangia isolated, g rouped  in sori o r 
su rround ing  a central ha ir tuft, lacking a conspicuous 
involucrum  o f sterile cells, sub tended by a single stalk 
cell. A ntheridia subtended by a single stalk cell, a r 
ranged  in sori, su rro u n d ed  by hyaline, unicellular 
paraphyses. O ogonia subtended by a stalk cell, a r 
ranged  in sori.

Type species: Dictyota dichotoma (Hudson) Lam ouroux.
Synonyms: Bicrista K untze, 1898, Dichophyllium, 

Rev. Gen. pi. 3(3): 397; K ützing, Phycol. Gen. 
337 :14-16  (1843); Glossophora J . A gardh , Lunds 
Univ. Arsskr. 17, Afd. M ath. N aturvetensk . 4:108 
(1882); Glossophorella N izam uddin  e t C am pbell, Pak. 
J . B o t.o27:258 (1995); Pachydictyon J . A gardh , Lunds 
Univ. Arsskr. 29, Afd. Kongi. Fysiogr. Sällsk. L und 
H andi. 9:81 (1894).

T h e  nom enclatural history o f Dictyota L am ouroux 
and  the reasons for its conservation against Padina Ad- 
anson are  explained in detail by Silva (1952). N om en
clatural changes resulting from  the  m erger of 
Glossophora, Glossophorella, and  Pachydictyon with Dicty
ota a re  listed here:

Dictyota aegerrime (Allender e t Kraft) De Clerck, 
comb. nov.

Basionym: Pachydictyon aegerrime A llender e t Kraft, 
B runon ia  6:116, figs. 116D, E an d  124C, E (1983).

Dictyota coriacea (Holmes) I. K. H w ang, H. S. Kim 
W. J. Lee, 2004: 189.

Basionym: Glossophora coriacea H olm es (1896): 251.
Synonyms: Pachydictyon coriaceum (Holm es) O kam u- 

ra , 1899: 39; Glossophorella coriacea (Holm es) N iza
m u d d in  in N izam uddin  an d  C am pbell (1995): 259.

Dictyota dhofarensis (N izam uddin et Campbell) De 
Clerck, comb. nov.

Basionym: Glossophorella dhofarensis N izam uddin  et 
A.C. C am pbell, Pak. T. Bot. 27:258, Figs. 1 an d  2 
(1995).

Dictyota paniculata  J . A gardh (1841): 5.
Synonyms: Pachydictyon paniculatum  (J. A gardh) J. 

A gardh  (1894): 84; Dictyota minor S onder (1845): 50; 
Pachydictyon minus (Sonder) J . A gardh  (1894): 84.

Dictyota polyclada Sonder ex  Kützing (1859): 10, pi. 
23, Fig. 2.

Synonyms: Pachydictyon polycladum (Sonder ex  K ütz
ing) W om ersley (1967): 216; Dictyota furcellata S onder 
ex  K ützing (1859): 11, pi. 24, Fig. 1, nom . illeg.; 
Pachydictyon furcellatum  J . A gardh  (1894): 83-84 .

Dictyota kunthii (C. Agardh) Greville (1830): xliii.
Basionym: Zonaria kunthii C. A gardh  (1821): pi. xv.
Synonyms: Glossophora kunthii (C. A gardh) J . A gar

dh  (1882): 110; Dichophyllium kunthii (C. A gardh) 
Kützing (1843): 338; Glossophora harveyi J . A gardh 
(1882): 111.

Dictyota nigricans J . A gardh (1882): 94.
Synonyms: Glossophora nigricans (J. A gardh) W om 

ersley (1967): 214; Dictyota latifolia J . A gardh  (1894): 
65, nom . illeg.; Dictyota vittarioides J . A gardh  (1894): 
65; Spatoglossum grandifolium  J . A gardh  (1894): 37.

Dictyota galapagensis (Farlow) De Clerck, comb, 
nov.

Basionym: Glossophora galapagensis Farlow, Proc. 
Amer. Acad. Arts Sei. 38: 90 (1902).

Canistrocarpus De Paula e t De Clerck, gen. nov.
Thallus com planatus, fasciatus, erectus vel p ro stra 

tus, m argine laevigato, affixus rhizoideis basalibus au t 
term inalibus secus thallum  distributis; dichotom e et 
anisotom e divisus, ram ificationibus alternis vel cervi- 
corneis, in te rdum  ram ulis recurvatis; apicibus ro- 
tundatis, apiculatis vel acutis; pili e t prolificationes 
superficiales adsunt; cortex e t m edulla cellulis uno  
strato dispositis p ro  p arte  m axim a, aliquando dupli- 
catis basim; sporangia solitaria vel in soris aggregata, 
involucro cellulis sterilibus circumcincta, cellula 
basali singulari; an therid ia  pedicellata, in soris aggre
gata, paraphysibus m ulticellularibus et pigm entosis 
circumdatis; oogonia pedicellata, in soris aggregata.

Type species'. Canistrocarpus crispatus (Lam ouroux) De 
Paula e t De Clerck, comb. nov. [Basionym: Dictyota 
crispata Lam ouroux, J. Bot. (Desvaux) 2:44 (1809).]

Thallus flattened, ribbon-like, erect o r  prostrate, 
with sm ooth margins, attached by basal rhizoids or by 
m arginal rhizoids scattered along the thallus; b ranch
ing dichotom ous to anisotom ous o r alternate o r cervi- 
corn  o r recurved; apices rounded , apiculate to acute; 
hairs and  superficial proliferations present; cortex and 
m edulla predom inantly  form ed by a single layer of 
cells, one o r both  “tissues” occasionally duplicated in 
the basal proliferations; sporangia isolated or grouped 
in sori, borne on  a one-celled stalk and su rrounded  by a 
well-developed involucrum  o f sterile cells; antheridia 
subtended by a stalk cell, in sori su rrounded  by pig
m ented multicellular paraphyses; oogonia subtended 
by a stalk cell, g rouped  in sori.

Type species: Canistrocarpus crispatus (Lam ouroux) 
De Paula e t De Clerck, comb. nov. [Basionym: Dictyota 
crispata Lam ouroux, J. Bot. (Desvaux) 2:44 (1809).]

Etymology: F rom  the  G reek  w ord canistros, m ean
ing  “basket,” an d  carpus, o r  “fru it” o r  “ seed ,” in 
re fe rence  to the  involúcrate sporangia.

Additional species: Canistrocarpus cervicornis (Kütz
ing) De Paula e t De Clerck, com b. nov.

Basionym: Dictyota cervicornis Kützing, Tab. Phycol. 
9:11, pi. 24, Fig. 2 (1859).

Canistrocarpus magneanus (De Clerck et Coppejans) 
De Paula e t De Clerck, comb. nov.

Note: See De Clerck (2003) for a com plete list of 
synonyms.

Basionym: Dictyota magneana De Clerck et C oppejans 
in Coppejans et al., Crypt. Algol. 22:23 pi. 1A-L 
(2001).

Note: A lthough C. magneanus was not included in 
the  m olecular phylogenetic analysis, its relationship to 
C. crispatus and  D. cervicornis is strongly indicated. T h e  
species differs only from  C. crispatus by its completely 
p rostra te  habit, the  distinctive blue-gray iridescence, 
an d  surface proliferations tha t are  restricted to the 
m arginal portions o f  the  thallus.
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Rugulopteryx De Clerck e t Coppejans, gen. nov.
Thallus com planatus, fasciatus, erectus, m argine la- 

evigato, affixus rhizoideis basalibus; h ap te ra  stolonif
era  adsunt, restricta basim, em ergentia pagina thalli vel 
apicibus deform atis; ram ificationibus dichotom e et 
anisotom e; apicibus ro tundatis; cellula apicali p ro trusa  
vel aliquantum  em arginata; pili superficiales adsunt; 
prolificationes superficiales adsun t vel carentes; pagina 
undu lata  vel rugosa thallis adultis; cortex  cellulis uno 
strato dispositis p ro  parte  m axim a, aliquando duplica- 
tis basim; m edulla cellulis uno  strato dispositis p rae te r 
hapteris vel m arginibus multistratosis; sporangia e t 
gam etangia lim itata ad  concavita paginarum ; spo
rangia in pagina dispersa vel aggregata in soris, cellu
lis involucralibus inconspicuis circumcincta, cellula 
basali duplicata; antherid ia  pedicellata, aggregata in 
soris, paraphysibus unicellularibus et nonpigm entosis 
circumcinctis; oogonia pedicellata, aggregata in soris 
vel soris parvis dispersus.

Type species: Rugulopteryx radicans (Harvey) De Clerck 
et Coppejans, comb. nov. [Basionym: Dictyota radicans 
Harvey, Trans. Roy. Irish Acad. 22:536 (1855)].

Thallus flattened, ribbon-like, erect, with sm ooth 
margins; attached by rhizoids restricted to the  basal 
parts o f the thallus; stoloniferous holdfasts present, re 
stricted to  the  base o r em erging from  the  surface as 
well as from  deform ed apices; branching  dichotom ous 
to anisotom ous; apices rounded ; apical cell p ro tru d in g  
to som ew hat em arginate; phaeophycean hairs present; 
surface proliferations p resen t o r  absent; surface u n d u 
lating or rugose in m atu re  thalli; cortex  predom inantly  
unilayered, with occasional duplications in the  basal 
parts; m edulla uniform ly unilayered except for the  
stoloniferous holdfasts o r m ultilayered near the  m ar
gins; reproductive structures confined to concavities of 
the  thallus surface; sporangia in small sori o r  in block
like patches, su rro u n d ed  by an  inconspicuous involu
crum , with two stalk cells; antherid ia  sub tended by a 
stalk cell, in sori su rro u n d ed  by pigm ented  multicel- 
lu lar paraphyses; oogonia subtended  by a stalk cell, 
g rouped  in sori o r  small-scattered groups.

Type species: Rugulopteryx radicans (H arvey) De 
C lerck e t C oppejans, com b. nov. [Basionym: Dictyota 
radicans H arvey, T rans. Roy. Irish  Acad. 22:536 
(1855)].

Etymology: F rom  the  Latin  w ord rugulosus, m ean 
ing  “som ew hat w rink led ,” an d  pteryx, o r  “w ing,” in 
re fe rence  to the  rugose surfaces o f the  thalli.

Additional species: Rugulopteryx suhrii (Kützing) De 
C lerck e t C oppejans, com b. nov.

Basionym: Stoechospermum suhrii Kützing, Tab. Phy
col. 9:17, pi. 41, Fig. 2 (1859).

Note: T h e  basionym  S. suhrii Kützing is a substitute 
nam e for Zonaria marginata Suhr (1834), the latter 
being a later hom onym  o f Z. marginata C. A gardh 
(1824). See Silva et al. (1996) for a detailed account 
on  the com plicated nom enclatural history o f this spe
cies and  its taxonom ic synonym  Dictyota suhrii M urray.

Rugulopteryx marginata (J. A gardh) De Clerck et 
Coppejans, comb. nov.

Basionym: Dilophus marginatus J. A gardh, Lunds. 
Univ. Arsskr. 29, Afd. Kongi. Fysiogr. Sällsk. L und 
H andi. 9:91 (1894).

Note: Dictyota rugulosa Lucas (1935) would be the 
correct nam e o f this taxon were it to be re fe rred  to 
Dictyota.
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