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ABSTRACT: Dictyosiphon [oeniculaceus from Sweden and Newfoundland was studied in laborat- 
ory culture. Zoids from unilocular sporangia developed into dioecious microscopic filamentous 
gametophytes which produced uniseriate plurilocular gametangia in low temperatures (0 to 8 °C). 
Zygotes and unfused isogametes gave rise to filamentous protonemata on which parenchymatous 
macroscopic sporophytes were formed. Isolates from Sweden and Newfoundland were interfertile. 
Although formed in culture, genetically unisexual sporophytes were not detected in nature. Female 
gametes of D. foeniculaceus produced a sexual pheromone. It was identified as finavarrene, which 
is also known as the sperm attractant in Ascophyllum nodosum. 

INTRODUCTION 

Dictyosiphon foeniculaceus (Huds.) Grevi l le  is a common brown a lga  of the lower 
littoral and  upper  sublit toral of cold and temperate  waters of the nor thern  hemisphere  
(Okamura, 1932). It was the first species of b rown algae with a conspicuous a l te rnat ion  of 
heteromorphic generat ions  in which isogamy was observed (Sauvageau,  1917; Arasaki, 
1949). Meiosis occurs in the uni locular  sporang ium (Abe, 1940). However,  a recent  
culture study of isolates from Green l and  did not confirm sexual reproduct ion (Pedersen, 
1984). D. foeniculaceus belongs  to Dictyosiphonales,  an order in which sexual  reproduc- 
tion seems to be suppressed in many  species (cf. W y n n e  & Loiseaux, 1976), Some reports 
of sexual life histories are uncer t a in  s ince direct observat ion of gamete  fusions is l ack ing  
[Stictyosiphon adriaticus Ki~tz., Caram, •965; Litosiphon pusillus (Carm.) Harvey, 
Dangeard,  1969; Asperococcus [istulosus (Huds.) Hooker, Dangeard ,  1969 (as A. echinat- 
us)]. Planogamy (fusion of sw imming  gametes) was reported in Striaria attenuata (A.) 
Grey. (Caram, 1964) and  Soranthera ulvoidea Post. et Rupr. (Wynne, 1969). Al though 
p lanogamy is well  known  in the Chlorophyceae,  it does not seem to occur in brown 
algae. Mfiller (1967) showed that in Ectocarpus siliculosus (Dillw.) Lyngb., "planozy-  
gotes" are actually twins of non-separa ted  zoids and are not formed by gamete  fusions. 
Hence, reports of p l anogamy in brown algae cannot  be considered as ev idence  for sexual 
reproduction. Neither does caryological ev idence  for an a l te rnat ion  of nuc lear  phases  
prove a sexual cycle in the absence  of direct observat ion of gamete  fusions. In Elachista 
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stellaris Aresch. ,  an asexua l  cycle  was  repor ted  which  inc ludes  a hap lo id  microthal lus  
and a d ip lo id  macro tha l lus  (Wanders  et  al., 1972). 

Life h is tor ies  with sexua l  r eproduc t ion  were  found recen t ly  in th ree  spec ies  of 
Dic tyos iphona les .  Corycus lanceolatus (Kiitz.) Skot t sberg  (Asensi,  1975) and  Adenocys- 
tis utricularis (Bory) Sko t t sbe rg  (Mfiller, 1984) a re  i sogamous;  Hummia onusta (Kiitz.) 
F iore  is a n i s o g a m o u s  (Fiore, 1977). 

In Dictyosiphon foeniculaceus, the  or ig ina l  reports  of sexual  reproduct ion,  made  
d e c a d e s  ago,  l eave  open  severa l  ques t ions :  (1) Is this  spec ies  monoec ious  as a s sumed  by 
S a u v a g e a u  (1917)? (2) In a second  a t t empt  to r epea t  his o r ig ina l  observa t ions  S a u v a g e a u  
d id  not succeed  in induc ing  g a m e t o g e n e s i s  (Sauvageau ,  1929). Recent  s tudies  have 
r e v e a l e d  the  in f luence  of t empera tu re ,  i r rad iance ,  l ight  quali ty,  and  pho toper iod  on 
g a m e t o g e n e s i s  in b rown a l g a e  (Lfining, 1985). Wha t  are  the  condi t ions  that  induce  
g a m e t o g e n e s i s  in D. foeniculaceus? (3) S a u v a g e a u  (1917) repor ted  apomic t i c  deve lop-  
men t  of g a m e t e s  into sporophy tes  in culture.  Is it  poss ib l e  to f ind in na ture  sporophytes  
that  d id  not deve lop  from zygotes?  (4) In severa l  b rown a lgae ,  female  game tes  attract  
ma le  g a m e t e s  by  m e a n s  of l o w - m o l e c u l a r - w e i g h t  hydroca rbons  (for a recent  list of 
spec ies  e x a m i n e d  so far, see  M a i e r  & Mfiller,  1986). Do female  game tes  of D. 
loeniculaceus also p roduce  a sexua l  phe romone?  

MATERIALS AND METHODS 

One  p l an t  of Dictyosiphon [oeniculaceus (Fig. 1) was  col lec ted  nea r  Kr is t ineberg  
(west coast  of Sweden)  in Ju ly  1983. Thal lus  f ragments  wi th  un i locu la r  sporang ia  were  
w a s h e d  in s te r i le  cu l ture  m e d i u m  (Provasoli-ES; af ter  Starr, 1978) and  p l a c e d  in spot- 
pla tes .  Un ia lga l  c lonal  cul tures  of micro tha l l i  were  o b t a i n e d  as desc r ibed  for Papenfus- 
siella callitricha (Rosenv.) Kyl in  (Peters, 1984). In S e p t e m b e r  1984, 34 mature  spec imens  
of D. [oeniculaceus were  co l lec ted  in insu la r  N e w f o u n d l a n d  (Canada) :  20 spec imens  
from an  exposed  loca l i ty  on the  nor thern  shore of Bay Bulls, 14 spec imens  from a less 
e x p o s e d  si te  nea r  Por tugal  Cove,  Concep t ion  Bay. C lones  of micro tha l l i  from all  speci-  
mens  we re  o b t a i n e d  in the  same  w a y  as in the  p l an t  from Sweden .  The  a l g a e  were  
cu l t iva ted  unde r  day l i gh t - t ype  f luorescent  l ight.  H y d r o p h o b i c  compounds  p roduced  by  
f ema le  g a m e t e s  we re  i so la ted  as  d e s c r i b e d  for Spermatochnus paradoxus (Roth) Kfitz. 
(Mfiller et  al., 1981). They  were  iden t i f i ed  by  glass  cap i l l a ry  gas chromatography.  
Synthe t ic  p h e r o m o n e s  were  used  in o rder  to e v a l u a t e  b io log ica l  act ivi ty  of ident i f ied  
c o m p o u n d s  in a b io log ica l  a s say  de sc r ibed  p rev ious ly  (Mfiller, 1976). 

Figs 1-10. Dictyosiphon [oeniculaceus. I. Herbarium specimen of D. [oeniculaceus from Kris- 
tineberg, Sweden. 2. Filaments of gametophyte entirely transformed into gametangia. 3.-5. Se- 
quence of gamete fusion. Hanging-drop preparation. All the same magnification. Time difference 
between 3 and 4:0.5 s, between 4 and 5:3 s. m: male; f: female gamete; fl: hind flagellum of male 
gamete. 6. Sex attraction. Male gametes of D. [oeniculaceus attracted by a female gamete of 
Papenfussiella callitricha which acts as source of the sexual hormone, finavarrene. 7. 5-day-old 
germling of zygote, with two stigmata (s) still visible. 8. 5-day-old germling of unfused gamete, 
possessing only one stigma (s}. 9. Protonemal filaments with young macrothalli (arrows). 10. Section 

of Fig. 9 showing parenchymatous organization of tip of macrothallus (arrow) 
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RESULTS AND DISCUSSION 

Our  cul ture  s tud ies  confi rm prev ious  resul ts  of S a u v a g e a u  (1917) and Arasak i  (1949). 
Zoids r e l ea sed  from un i locu la r  spo rang ia  of the  f ie ld spec imens  ge rmina t e d  into 
b r a n c h e d  pros t ra te  f i l amentous  microscopic  thal l i  wi th  colour less  hairs.  At 20, 17, and  
12 °C (photon-f lux dens i ty  25 ~tmolm-2s -1) the p l an t l e t s  g rew vege ta t ive ly .  At lower  
t e m p e r a t u r e s  (1, 5, 8 °C) u n d e r  the  same i r r ad iance  they  formed un ise r ia te  p lur i locular  
g a m e t a n g i a  (Fig. 2). At 8 °C only  n e w l y  formed b ranches  b e c a m e  fertile,  w he re a s  at I °C 
the ent i re  micro tha l l i  were  t rans formed into gametes .  G a me te s  were  formed in short 
(8: 1-6) as wel l  as long day  (16:8)  photoper iods .  At 5 and  8 °C, first ga me te s  were  
r e l e a s e d  af ter  4 weeks ,  at 1 °C after  2 months.  G a m e t e s  wi th in  one c lone did not fuse, 
and  p l a s m o g a m y  occurred  only in combina t ions  of ma le  and  female  clones:  Dicty- 
osiphon [oeniculaceus is d ioecious .  No morpho log ica l  d i f ferences  were  observed  
b e t w e e n  g a m e t o p h y t e s  or game te s  of the  two sexes.  G a me te s  were  r e l ea sed  from mature  
g a m e t o p h y t e s  after  the b e g i n n i n g  of the  l ight  per iod,  and  the number  of l ibe ra ted  
g a m e t e s  was  e n h a n c e d  by  a s imu l t aneous  rise in t empera tu re .  G a me te s  were  nega t ive ly  
phototact ic .  F e m a l e  game te s  b e g a n  to set t le  3-4  h after re lease .  They  were  fer t i l ized by  
male  g a m e t e s  in the same  w a y  as obse rved  in o ther  i sogamous  brown a lgae :  the male  
g a m e t e  a t t aches  to the  surface of a se t t led  female  cell  wi th  the  t ip of its anter ior  
f lage l lum,  it is pu l l ed  towards  the se t t led  cell,  thei r  m e m b r a n e s  touch, and  the cells fuse 
(Figs 3-5).  G a m e t e  fusion is r ap id  and  lasts  only  few seconds.  W h e n  presen t  in excess  
numbers ,  ma le  game te s  c lus te red  a round  unfer t i l i zed  female  ga me te s  ind ica t ing  sexual  
a t t rac t ion  (Fig. 6). F e m a l e  g a m e t e s  could  be  fer t i l ized  wi th in  few hours after sett l ing. 
Thereaf ter ,  they  no longer  a t t rac ted  ma le  g a m e t e s  and  b e g a n  to form a cell  wall.  
Unfused  ma le  game te s  se t t l ed  after  severa l  hours.  They  were  not fer t i l ized by  moti le  
ma le  or f emale  gametes .  Like unfer t i l ized  female  cells,  they  formed a cell  wall ,  and 
g e r m i n a t e d  after  1-2 days  (Fig. 8). 

Zygotes  were  eas i ly  d i s t i ngu i shed  from unfused  ga me te s  by  thei r  two eyespots  and 
l a rge r  size. They  g e r m i n a t e d  wi th in  few hours af ter  p l a s m o g a m y ,  i.e. ea r l i e r  than  
unfused  gametes ,  A ge rm tube  was  formed at one s ide  of the zygote.  It gave  rise to an 
in i t ia l ly  u n b r a n c h e d  pros t ra te  f i l ament  (Fig. 7). No zo idang i a  were  p roduced  on this 
p ro tonema.  At 12°C, the  macroscop ic  p a r e n c h y m a t o u s  tha l lus  of Dictyosiphon 
d e v e l o p e d  on this f i l ament  2-3  w e e k s  after p l a s m o g a m y  (Figs 9, 10). Deta i ls  of deve lop-  
men t  of the  macro tha l lus  were  de sc r ibed  by  S a u v a g e a u  (1929). 

Unfused  g a m e t e s  of both sexes  gave  r ise to macro tha l l i  in the  same way  as zygotes.  
They  d id  not p r o p a g a t e  the  game tophy te .  Sporophy tes  from zygotes  as wel l  as from 
unfused  g a m e t e s  formed un i locu la r  spo rang i a  in culture.  Unispores  were  nega t ive ly  
phototact ic .  The  d e v e l o p m e n t  of zoospores  from one he te rozygous  p lan t  and  from two 
sporophytes  that  had  grown from unfused  game te s  was fo l lowed unti l  the respect ive  
g a m e t o p h y t e s  b e c a m e  ferti le.  In h a n g i n g - d r o p  p repa ra t i ons  con ta in ing  g a m e t o p h y t e  
offspr ing of the  he te rozygous  plant ,  g a m e t e  fusions occurred.  No game te  fusions or 
zygotes  were  obse rved  in compara t ive  p repa ra t ions  of g a m e t o p h y t e s  d e v e l o p e d  from the 
un i spores  of apomic t i c  sporophytes .  Hence ,  we  conc lude  that  sex de te rmina t ion  in D. 
[oeniculaceus is genotypic ,  and  that  un i sexua l  (poss ib ly  haplo id)  sporophytes  can 
become  ma tu re  and  r ep roduce  the p l an t  a sexua l l y  by  zoids  from un i locu la r  sporangia .  

Litt le is k n o w n  abou t  the  s ign i f i cance  of l abora to ry  observa t ions  for f ie ld popula-  
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tions (Clayton, 1982). D. foeniculaceus possesses  a c ompa ra t i ve ly  s imple  life his tory that  
lacks asexua l  direct  r eproduc t ion  of any  genera t ion .  It was therefore  cons ide red  su i tab le  
for an inves t iga t ion  of this p roblem.  Lack of sexual i ty  in an isola te  of D. foeniculaceus 
from G r e e n l a n d  (Pedersen,  1984) i nd i ca t ed  that  un i sexua l  p l an t s  may  occur  in nature .  
Occurrence  of un i sexua l  sporophy tes  in na ture  w o u l d  ind ica te  that  f ind ings  from 
labora tory  cul ture  are  also va l id  in the  na tu ra l  habi ta t .  The  f requency  of un i sexua l  p lan ts  
in natura l  popu la t ions  could  also be  expec ted  to p rov ide  informat ion about  the ac tual  
f requency  of sexual  fusions (i.e. of the ef fec t iveness  of the  me c ha n i sms  that  l e ad  to 
p lasmogamy)  in the  na tura l  habi ta t .  

We e x a m i n e d  the g a m e t o p h y t e s  that  d e v e l o p e d  from zoids of 34 spec imens  of D. 
foeniculaceus col lec ted  r andomly  at two local i t ies  in Newfound land .  Without  except ion ,  
the g a m e t o p h y t e  cul tures  (not clonal,  but  r andomly  grown from unispores)  p r o d u c e d  
gametes  of both  genders :  zygotes  were  found in al l  p r epa ra t i ons  of fert i le gametophy tes .  
G a m e t o p h y t e  c lones  from two p lan t s  (one from each  locali ty)  showed  that  the  spec ies  is 
d ioec ious  also in Newfound land .  

In addi t ion,  p lan ts  from N e w f o u n d l a n d  and S w e d e n  were  interfer t i le .  G a m e t e  
fusions were  obse rved  in combina t ions  of female  and male  c lones from N e w f o u n d l a n d  
with compa t ib l e  c lones  from Sweden .  

Apparent ly ,  unfused  game te s  did  not deve lop  into ma tu re  sporophy tes  in s ign i f ican t  
numbers  at the e x a m i n e d  local i t ies .  One reason  may  be  r e d u c e d  v iab i l i t y  of apomic t ic  
sporophytes .  This may  not be  crucial  in cultures,  whe re  compet i t ion  for space  and  
nutr ients  is l a rge ly  absent .  As no ted  above,  zygotes  g e r m i n a t e  ea r l i e r  t han  unfused  
gametes .  Hence,  in na ture  zygotes  m a y  ga in  by  occupa t ion  of su i t ab le  subs t ra tes  before  
apomict ic  plants .  Possibly,  he te rozygous  p lan ts  also exhib i t  h ighe r  growth  rates.  On  the 
other hand,  our results  ind ica te  that  game te  fusions may  occur very f requent ly  in nature.  
Obviously,  d iverse  mechan i sms  which  enhance  the p robab i l i t y  of g a m e t e  encounter ,  l ike  
synchronous  g a m e t e  re lease ,  phototaxis ,  and  a t t ract ion of ma le  gametes ,  a re  effective.  

A sweet  f ragrance  was no t iced  e m a n a t i n g  from cul tures  of fer t i le  f emale  game to -  
phytes  of D, foeniculaceus. Gas ch roma tog raph ic  analys is  of extracts  from such l iv ing  
cul tures  r evea l ed  3 compounds .  They  were  olefinic,  par t ly  unsa tu ra t ed  hydroca rbons  
which had  been  ident i f ied  p rev ious ly  as g a m e t e  secre t ions  of o ther  spec ies  of b rown  
algae.  The  major  compound  was  f inavar rene  (1), the  spe rm a t t rac tan t  of Ascophyllurn 
nodosum (L.) Le Jol. (Fucales,  Mii l ler  et al., 1982). Two minor  fract ions were  cys- 
tophorene  (2), the  spe rm at t rac tant  of Cystophora siliquosa J. Ag. (Fucales,  Mi i l le r  et al., 
1985a) and ec toca rpene  (3), the sexual  p h e r o m o n e  of Ectocarpus siliculosus, Sphacelaria 
rigidula (Kiitz.) P r u d ' h o m m e  van Reine,  and  Adenocyst is  utricularis (M~ller  et al., 
1985b). (1) and  (2) were  p roduced  in a rat io of 32.5 : 1; (3) occurred  only  in t race amounts .  
Threshold  concent ra t ions  for chemotax is  of ma le  ga me te s  of D. [oeniculaceus t oward  
synthet ic  (1), (2), and  (3) are g iven  in Tab le  1. They  confirm that  f inavar rene  is the  sexual  
phe romone  of D. [oeniculaceus. 

As ind ica ted  above,  f inavar rene  is also p r o d u c e d  by  eggs  of Ascophyl lum nodosum 
(Miil ler et al., 1982). Mutua l  a t t rac tance  of ma le  g a m e t e s  b e t w e e n  the spec ies  is 
never the less  un l ike ly  s ince sexual  r eproduc t ion  of Ascophyllum h a p p e n s  ma in ly  dur ing  
summer  (South & Hooper ,  1980), w h e r e a s  the game te s  of D. [oeniculaceus are  p resum-  
ably  r e l eased  in win te r  or spring,  as conc luded  from the low t e mpe ra tu r e s  essen t ia l  for 
gametogenes i s .  However ,  ma le  g a m e t e s  of D. [oeniculaceus m a y  occass iona l ly  be  lu red  
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Table 1. Threshold concentrations for chemotaxis of male gametes of Dictyosiphon [oeniculaceus 

Substance c (Molar in sea-water) 

f (1) 1.2 x 10 -~° 

, ~ , , , ~ ' ~  ~ (2) 

d 
1 .8  x 1 0  8 

(3) >2.9 x 10 -7 

by  o t h e r  o r g a n i s m s  that  p r o d u c e  f i n a v a r r e n e  in w in t e r ,  such  as f e m a l e  g a m e t e s  of 

Papenfussiella callitricha a n d  Sphaerotrichia divaricata (Ag.) Kyl in  and  a s e x u a l  swar-  

mers  of Acrothr ixgraci l i sKyl in  (Fig. 6, a n d  Peters ,  unpubl . ) .  T h e s e  t h r ee  spec i e s  occur  in 
N e w f o u n d l a n d  a n d  i n h a b i t  r e g i o n s  w h e r e  Dictyosiphon is a l so  found.  

A drop  of m e d i u m  f rom cu l tu res  of fer t i le  f e m a l e  g a m e t o p h y t e s  of D. [oeniculaceus, 
c o n t a i n i n g  the  s e x u a l  p h e r o m o n e ,  w h e n  a d d e d  to fe r t i l e  m a l e  g a m e t o p h y t e s ,  d id  not  

c a u s e  r e l e a s e  of m a l e  g a m e t e s .  Thus ,  D. foeniculaceus does  not  possess  the  m e c h a n i s m  

of p h e r o m o n e - t r i g g e r e d  (male)  g a m e t e  r e l e a s e  w h i c h  is k n o w n  f rom the  L a m i n a r i a l e s  
(Li in ing & MOiler ,  1978), D e s m a r e s t i a l e s  ( M O l l e r &  Lfithe, 1981), a n d  S p o r o c h n a l e s  
(MOiler  et  al., 1985c). 
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