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ABSTRACT: Unsettled stoloniferous scyphopolyps of Aurelia aurita Lamarck were offered different 
substrates for settlement under defined conditions. On addition of different biogenic and abiotic 
substrates, a pure strain of bacteria, a species of Micrococcaceae, was observed to trigger the 
settlement of the stolon. The settlement reaction only takes place following direct contact with the 
bacteria; sterile filtrated culture medium of the same bacterial strain was not able to induce 
settlement. The bacteria were found to be effective on stolon settlement during the logarithmic 
growth phase, but not during the stationary phase. 

INTRODUCTION 

During the metagene t ic  life cycle of Aurelia aurita Lamarck, the pelagic  sexual ly 
reproducing medusa  al ternates  with the subs t ra te -bound  vegeta t ive ly  reproducing  
polyp dur ing  the metagene t ic  deve lopmenta l  cycle. While  the polyps of the upside-  
down jellyfish Cassiopea andromeda (Rhizos~meae) ,  for example,  cannot  leave the site 
they have at tached to dur ing  metamorphosis ,  polyps of Aurelia aurita are capable  of 
changing their site us ing  special  structures cal led pedal  stolons (Halisch, 1933; Gilchrist, 
1937). Besides the scyphopolyps of Aurelia aurita, other species of the Semaeos tomeae  
also show stolon formation and locomotion (Chuin, 1930; Truitt, 1935). 

The pedal  stolons of Aurelia polyps are mul t i funct ional ;  they serve not only for 
locomotion and addi t ional  a t tachment  sites, but  also establ ish the first contact b e t w e e n  
the buds  and their substrate.  Nei ther  the stolons of the buds  nor  those of the paren t  
displayed not iceable  morphological  or specific behavioura l  differences. 

Free stolons were seen only rarely in  the stock culture,  bu t  almost  every scyphistoma 
was addi t ional ly  at tached to the substrate  by means  of one or several  peda l  stolons. The 
settl ing stolons seemed to favour substrates (glass, rocks) that were  overgrown by 
various species of a lgae and  that were covered by detritus. However,  any  clear-cut  
preference for a special  substrate  could not be  der ived from these observations.  

The fol lowing inves t igat ion was des igned  to de te rmine  whether  the se t t lement  
reaction of the stolon tip can be in f luenced  by special  propert ies  of the substrate.  
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MATERIALS AND METHODS 

The an imals  for the exper iments  were from a clone of p l anu la  larvae from a medusa  
of the Mutsu  Bay in the North of the Hondo Is land (Japan). The culture was kindly  
provided by Mr, van  den  Sande,  Zoological Garden  of Antwerp  (Belgium). 

The scyphis tomae of Aure]ia aurita were kept  in  4-1 glass tanks at 19.5 + 0.5 °C on a 
16 : 8 h light: dark cycle in  seawater  (30 %0 salinity). The animals  were fed naupl i i  of 
Artemia salina twice weekly.  The seawater  was  replaced 3-5  h after feeding.  For some of 
the experiments ,  seawater  con ta in ing  antibiot ics was used (100 mg Penici l l in  G - 
potass ium salt [Serva], 129 mg  Streptomycin - sulfate [Serva]/1000 ml pasteur ised sea- 
water). 

For se t t lement  experiments ,  n o n - b u d d i n g  scyphistomae without  stolons were cho- 
sen. The basal  fifth of the an imals  was dissected a day before the b e g i n n i n g  of the 
exper iment  with an  ophthalmological  scalpel. 

These polyps were then  cul t ivated in  150-ml Boveri dishes filled with seawater  
con ta in ing  antibiotics.  Normal ly  each an ima l  developed 1 stolon wi th in  24 h after the 
operation,  so that an imals  with stolons of the same stage were ava i lab le  for the 
experiments .  

Se t t lement  of the stolon tips was considered to have taken  place when  the stolon tip 
could not be removed from the substrate  without  tear ing  the shaft of the stolon w h e n  
probed with a steril ized needle .  

S t o c k c u 1 t u r e o f b a c t e r i a. Agar  set-up: 40 g tryptic soy agar  (Difco), 5 g 
agar  (Merck), 25 g NaC1/1000 ml dist i l led water. 

L i q u i d  c u l t u r e  o f  b a c t e r i a .  Liquid set-up: 6 0 m g  Bacto-Pepton (Difco), 
300 mg D (+) -Glucose /300  ml seawater.  The preparat ions  were autoclaved for 30 mins 
at 0.5 bars. 

For the biological  tests a sample  was taken  from each suspens ion  culture and  was 
adjus ted  to an  ext inct ion of E460 = 0.250 in  order to have a constant  quant i ty  of bacteria 
for reference.  In early growth phases  this was achieved by means  of concentra t ing  the 
bacter ia  by di lut ions with steri l ized seawater.  The ext inct ion was de te rmined  after 
thorough whi r l ing  of the suspens ion  us ing  a Mixomat. Before the onset of the experi- 
ment,  the bacter ia  were washed  aga in  3 t imes in  steril ized seawater  to remove the 
cul ture m e d i u m  completely.  

RESULTS 

Deve lopment  of a pedal  stolon: Pedal  stolons normal ly  arise in  the basal  third of the 
polyp 's  trunk, more rarely in  the immedia te  ne ighbourhood  of the foot. They never  occur 
be low the tentacles.  

In the earl iest  recognized stage the stolon appears  l ike a cone-shaped protuberance 
con ta in ing  both ecto- and  endoderm.  This pro tuberance  e longates  to form a tendril-  
shaped  mobi le  ci l iated process. Dur ing  e longa t ion  the tip of the stolon thickens to form a 
knob- l ike  structure. This th icken ing  is caused by special ized ectodermal  cells which 
secrete an  adhes ive  substance,  as soon as the tip of the stolon at taches to a sui table  
substrate.  The abi l i ty  to attach to the substrate does not appear  to be correlated with the 
l eng th  of the stolon. After a t tachment ,  the tip of the stolon broadens  and  flattens, while 
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the stolon itself appears  as a taut  process connec t ing  the site of a t t achment  with the t runk 
of the polyp. 

After a t tachment  the ectoderm of the stolon contracts. The endoderm is first com- 
pressed, then the endoderm of the stolon is re in tegra ted  into the endode rm of the polyp. 
The endodermal  strand can be torn in  places and  at the base  of the stolon it often appears  
spirally curled. Eventual ly,  the stolon appears  as a hollow ectodermal  process stretched 
out be tween  the polyp and  the substrate.  Endodermal  cell aggregat ions  can be seen 
occasionally in  its lumen.  

On at tachment,  the stolon can contract so strongly that the polyp slowly detaches  
from its or iginal  site and  is d rawn  towards the a t tached stolon. After mov ing  from one 
site to another,  the tip of the stolon can become the new foot of the polyp, or else can be 
wi thdrawn into the wall  of the stalk, whi le  the polyp aga in  settles with its or ig inal  foot. 

The in i t ia t ion of the se t t lement  react ion unde r  various exper imenta l  condi t ions  was 
examined.  Different exper iments  were  constructed to de te rmine  the condi t ions  opt imal  
for stolon sett lement.  Samples  of the culture m e d i u m  were taken  from every Boveri dish 
in order to record the potent ia l  presence  of any  microorganisms that could be s ignif icant  
to stolon at tachment.  

After 24 h, only a few stolons had set t led in  the exper imenta l  dishes con ta in ing  
abiotic substrates, whi le  the n u m b e r  of sett led stolons dramat ical ly  increased  on addi-  
tion of biological  materials,  especial ly  w h e n  non-s ter i le  seawater  and  thalli  of Caulerpa 
were added. 

Table 1 shows that there was a s ignif icant ly  h igher  percen tage  of fixed stolons after 
addi t ion of f ragments  from Caulerpa thatli.  Most stolons were in  direct contact  with the 
fragments, but  sometimes they were also a t tached to the glass surface of the Boveri dish. 

After 48 h, all polyps in  exper iments  con ta in ing  a biological  substrate had sett led by 
means  of their stolons. In the exper iments  con ta in ing  the abiotic substrate,  the settle- 
ment  of stolon was observed in  some, bu t  not  all, of the polyps (Table 1)t 

These observat ions show that a preference of the stolons for a cer ta in  substrate  
exists, but  se t t lement  was possible unde r  each of the exper imenta l  conditions.  However,  
it was in teres t ing to note that the t ime t aken  for the se t t lement  of all stolons differed from 
one condit ion to another.  For instance,  after only 24 h the greatest  n u m b e r  of fixed 
stolons was observed in  dishes con ta in ing  Caulevpa. This me a ns  that  thal l i  of Caulerpa 
must have had  some qual i ty  especia l ly  favourable  for the se t t lement  of stolons. This 
quali ty promotes a relat ively rapid se t t lement  of the stolons as compared  with the other 
substrates. All agar dishes con ta in ing  culture m e d i u m  of varying  composit ion,  whether  
with or without  added  substrate,  conta ined  bacteria.  Agar  dishes con ta in ing  seawater  
and  treated with ant ibiot ics  showed none  or only few bacter ia l  colonies. Dishes that had 
been  treated with culture m e d i u m  from the most effective substrates conta ined  the most 
dense growth of microorganisms in  comparison with the other dishes. In seawater  
conta in ing  antibiotics, stolon a t tachment  was not observed. This leads to the assumpt ion  
that microorganisms promote the se t t lement  of the stolons. The microorganisms did not 
seem to be exclusively restricted to a special  substrate.  

Four species of bacteria  were isolated from swabs t aken  from Caulerpa. Out of these, 
one species of the Micrococcaceae was found to be effective in i nduc ing  the in i t ia t ion of 
the se t t lement  react ion of stolons. 

For further experiments ,  a pure  strain of this bacter ia  was  cultured.  Since the 
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relationship be tween  the titre and  the ext inct ion dur ing  growth of this bacter ia  was 
found to be constant  in 7 repetit ions,  ext inct ion values  were chosen for reference in the 
following experiments .  

The rise of the titre of bacter ia  dur ing  growth is shown in  Figure 1, a long  wi th  the 
extinction values  dur ing  growth. 

T i t r e _  E460 

2x109_ . , • - " " ° o -,,,~0.72 
• -~- 0.69 

1 x 109-= . . " "  

5 x 1 0 8 -  

" '~ 0.35 
2x108 -  . 

1 xlO 8 _ • 

5xlO 7 -  

2x107 

• -.,I-0.15 
1 xlO 7- • 

5xlO 6 , ." 

2x106 -, "" 
• .  • • """ -~-0.04 

f ~ i H i 

4 15 8 10 12' 1~, 1'6 1'8 2'0 2'2 24 36 48 I~ 

Fig. 1. Graph of bacterial growth: mean values from 7 independent suspension cultures of the pure 
strain belonging to the Micrococcaceae that was used throughout the series of experiments~ in 
photometry, seawater was used as a reference. E 4 6 0  : 0.04 = starting titre; samples were taken for 

biological tests at E460 : 0.150, 0.350, 0.690; stationary phase at E460:0.720 

The efficiency of i nduc ing  a t tachment  of the bacter ia  in  re la t ion to phase  of growth 
and dose was also studied. In order to answer  the ques t ion  as to whether  bacter ia  are 
responsible for in i t ia t ing stolon a t tachment  only in certain phases  of growth (in relat ion 
to the start of the test), suspens ion  cultures were  inocula ted  with bacter ia  in  150 ml 
seawater in Boveri dishes and  moni tored for stolon a t tachment  after different lengths  of 

bacteria incubat ion.  
Bacteria taken  from the earliest  phase of growth (E460 : 0.05) in i t ia ted  an e n h a n c e d  

set t lement of stolons in  comparison to control only  after 48 h (Table 2). The e nd  plates of 
the stolons had not b roadened  and  even  after careful contact with a sterile need l e  they 
could be detached from the substrata. Moreover, the stolons were not taut be t w e e n  their 
a t tachment  sites and the t runk of the polyp. This is an  indica t ion  that se t t lement  had  

taken place only a few hours before the second control was taken.  
Bacteria that had been  harvested a short t ime after inocula t ion  (]~460 : 0.1) were found 

to be slightly more effective in induc ing  the a t t achment  react ion of the stolons. However,  
in this case too, only little resis tance was encoun te red  w h e n  a t tempt ing  to detach stolons 

mechanically.  
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Table 2. Aurel ia aurita. Number of attached stolons in relation to the phase of growth of the 
bacteria" added 

Time (h) O.D. Suspension No. of stolons 
culture (F~460) attached free 

24 
48 

24 
48 

24 
48 

24 
48 

24 
48 

24 
48 

24 
48 

24 
48 

24 
48 

24 ABS ~ without 
48 bacteria 

" Bacteria from 40 ml suspension culture; adapted to E460: 
•" Values from 2 tests with 20 polyps each 

ABS: Seawater containing antibiotics 

0.05 5 35 
24 16 

0.I 21 19 
30 I0 

0.2 35 5 
37 3 

0.3 38 2 
39 I 

0.4 38 2 
38 2 

0.5 37 3 
38 2 

0.6 38 2 
39 I 

0.69 39 1 
40 0 

0.72 22 18 
26 14 

0 40 
0 40 

0.250 

On the other  hand, bac ter ia  ha rves ted  after hav ing  en te red  the logar i thmic  phase  

(transition from lag to log. phase,  E460: 0.150), those that  were  in the logar i thmic  phase  
(E4~ 0 : 0.150 --0.690) and those that  were  on the verge  of the stationary phase  (transition 

from log. to s ta t ionary phase  E460 : 0.690), on the other  hand, all  showed  a h igh  inc idence  
of stolon se t t l ement  after only 24 h. In set t led polyps the end  plates  of the stolons were  

invar iab ly  b roadened .  The  stolons w e r e  s t re tched b e t w e e n  their  point  of a t tachment  and 

the base  of the polyp. Mechan ica l  de tachment  was not possible  wi thout  tear ing the 

stolons. 

Bacteria  wh ich  came from the stat ionary phase  (E460 : 0.720) at the beg inn ing  of the 
test showed  dec reased  effect iveness  in compar ison  to expe r imen t s  conta in ing  bacter ia  

from the logar i thmic  growth phase.  Bacteria  from the phase  of decay  only led to sporadic 
se t t l ement  of stolons, the polyps  showed  signs of d a m a g e  (shortening of tentacles, 

p e r m a n e n t  contract ion of the t runk of the polyp). 

In order to inves t iga te  whe the r  the react ion of stolon se t t lement  depends  on the 
quant i ty  of bacter ia ,  series of tests w e r e  m a d e  in wh ich  different  concentrat ions of 
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bac te r i a  were  used.  For this purpose ,  however ,  only  bac te r ia  from the most effective 
g rowth  phase  we re  used:  t rans i t ion  from lag  to log. E460 : 0.150; log. E460 : 0.350; t ransi t ion 
from log. to s ta t ionary  phase :  E460 : 0.690. S te r i l i zed  s e a w a t e r  se rved  as cul ture  medium.  

The  n u m b e r  of se t t l ed  po lyps  i nc r ea sed  i n d e p e n d e n t l y  of the  growth  phase s  of the 
bac ter ia ,  bu t  d i rec t ly  p ropor t iona l ly  to the  quan t i ty  of bac te r i a  (Table 3). On ly  when  
bac te r i a l  pe l l e t s  of more  than  70 ml were  added ,  d id  the  pe r c e n t a ge  of se t t led  stolons 
dec l ine .  At the  h ighes t  concent ra t ions  a t t achmen t  was  obse rved  occasional ly ,  but  the  
ma jo r i ty  of the  po lyps  were  de fo rmed  (shor tening of the  tentacles ,  p e r m a n e n t  contrac-  
t ion of the  trunk}. Somet imes  the  s tolons had  also shor tened,  wi th  a th icken ing  in the  
p rox ima l  port ion.  Histolysis  was obse rved  as ea r ly  as 48 h in all  expe r imen t s  con ta in ing  

the h ighes t  quant i t i es  of bac ter ia .  
The  se t t l emen t  of more than  50 % of the  an ima l s  had  t a k e n  p lace  wi th in  24 h in a 

cons ide rab l e  r ange  of concent ra t ions  ( sed iment  from 1-100 ml). There  was no clear  
d i f ference  r e g a r d i n g  the ef fec t iveness  of the  bac te r i a  from the 3 s tages  of logar i thmic  
growth,  from which  samples  were  taken .  The  h igh  pe r c e n t a ge  of se t t l ement  was not 
co r re l a t ed  wi th  the quant i ty  of bac ter ia ,  but  it was  obse rved  in pe l le t s  ha rves t ed  from 
1 ml to 100 ml of suspens ion  cultures.  A tu rb idness  of the  cul ture  m e d i u m  on add i t ion  of 
l a rge r  pe l l e t s  (from 20 ml to 50 ml from suspens ion  cultures) d id  not necessa r i ly  l e ad  to 
d a m a g e  of the  polyps .  

Genera l ly ,  the  n u m b e r  of s tolons a t t ached  to the  subs t ra te  inc reased  in expe r imen t s  
b e t w e e n  0-24 h. The  ra te  of s tolon a t t a chmen t  d e c r e a s e d  b e t w e e n  24-48 h. 

DISCUSSION 

The se t t l emen t  of p e d a l  s tolons of Aurelia aurita u n d e r  labora tory  condi t ions  was 
in i t i a t ed  by  a spec ies  of bac te r i a  b e l o n g i n g  to the fami ly  of Micrococcaceae .  Under  
e x p e r i m e n t a l  condi t ions  the  a t t achmen t  of s tolons could  only be  evoked  when  l ive 

bac t e r i a  were  added ,  
There  were  no a p p a r e n t  d i f ferences  in ab i l i ty  to induce  stolon a t tachment  dur ing  the 

logar i thmic  phase  of bac te r i a l  growth,  w h e r e a s  s amples  from bac te r ia  i m m e d i a t e l y  after 
the  onset  of the  incuba t ion  or from the s ta t ionary  phase  had  no effect on stolon 
a t tachment .  The  bac te r i a l  s e d i m e n t  from 0,1 ml suspens ion  (adap ted  to E460 : 0.250) in 
150 ml of cu l ture  m e d i u m  was  the  min ima l  dose  that  in i t i a ted  stolon a t t achment  in more  
than  50 % of the  an ima l s  after 24 h. The  scyph i s tomae  r e s p o n d e d  s imi la r ly  to concent ra-  
t ions 50-70 t imes  up  to the min ima l  concentra t ion,  wi thout  any  no t i ceab le  adverse  
effect. A cor re la t ion  b e t w e e n  an  op t ima l  se t t l ement  and  a cer ta in  t i tre of bac t e r i a  could 
not  be  d e t e r m i n e d  unde r  the  chosen  condi t ions .  

The  observa t ion  that  bac te r i a  i nduce  se t t l emen t  of s tolons of Aurelia aurita is s imi lar  
to resul ts  conce rn ing  the  b e h a v i o u r  of f r e e - sw imming  p l a n u l a e  of mar ine  coelentera tes .  
The i r  a t t a chmen t  to the  subs t ra te  is also b a c t e r i a - d e p e n d e n t .  In these  cases, however ,  
the  bac t e r i a  induce  a t t achmen t  to the  subs t ra te  and  then  metamorphos i s ,  whe reas  in 
Aurelia aurita the  bac t e r i a  i n d u c e d  se t t l emen t  and  a t t a c hme n t  to subs t ra te  of adu l t  
animals .  The  first e x a m p l e  for the  induc t ion  of se t t l emen t  by  exogenous  bac te r ia l  factors 
was  de sc r ibed  in p l a n u l a e  of Hydractinia echinata (Mfiller, 1969, 1973a, b; Mfil ler  & 
Buchal,  1973). The  me tamorphos i s  of p l a n u l a e  and  buds  of Cassiopea andromeda 
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(Neumann, 1976; Mii l ler  et al., 1976; Hofmann  et al., 1978; Neumann ,  1979) is also 

induced by bacteria.  
Bacterial induct ion of se t t l ement  in different species  of coe len te ra tes  occurs at 

different t imes dur ing the bacter ia l  growth phase.  Vibrio sp. induces  se t t l ement  of 

planulae and buds of Cassiopea andromeda dur ing the ear ly  log-phase  (Hofmann et al., 
1978; Neumann ,  1979; N e u m a n n  et al., 1980). Al teromonas  sp., which  induces  set t le-  
ment and metamorphos is  of p l anu lae  of Hydractinia echinata, exhibi ts  its max ima l  effect 

in the stationary phase  (M0~ller, 1969, 1973b). 

In the cases descr ibed,  the p resence  of specif ic  bacter ia  could indica te  that  the 
substrate condit ions are favourable  for survival.  The  la rvae  then  sett le on the substrate  

and undergo  metamorphos is  in response  to this information.  The  h igh  specif ici ty of 
react ion to cer ta in  bacter ia  can be  exp la ined  by the fact that  ne i the r  scyphis tomae  of 

Cassiopea andromeda nor hydroid  polyps of Hydractinia echinata are capab le  of reat-  
tachment  after the ini t ial  a t tachment .  Hence ,  the choice  of habi ta t  is final. 

The polyps of Aurelia aurita, however ,  are not inseparab ly  bound  to their  habitat .  

They can still change  their  sites of se t t l ement  by means  of the stolons dur ing  the 

scyphistoma stage. The stolons can sett le at a d is tance  from the polyp and can  move  the 
scyphistoma by contractions towards the site of a t t achment  wh ich  is d i s t ingu i shed  by the 

presence  of cer ta in  bacteria.  

This method  of chang ing  habi tats  by the polyps of Aurel ia  aurita appears  to be  very 
restrictive, since the length  of the stolons is l imited,  whe reas  the h ighly  mobi le  buds and 
p lanulae  have  a grea ter  chance  of f inding a sui table  substrate.  However ,  the scyphi-  

stomae of Aurelia aurita can increase  their  oppor tuni t ies  for contact  by a r epea ted  

change  of site. In this way, the de te rmina t ion  of an a t tachment  site that depends  on the 
presence of bacter ia  may be an advan tage  in polyps of Aurel ia  aurita, since the polyp 
may move repea ted ly  to new sites. 

Details r egard ing  the character  of the substance to which  the bacter ia l  effect on 
stolon se t t lement  in Aurelia aurita is due, wil l  be p resen ted  in another  communica t ion .  
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