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ABSTRACT: The sea anemone Cereus pedunculatus was artificially UV-irradiated to test the 
etfect of UV-light on the number  of endosymblotic dinoflagellates in its gastrodermis and on their 
ultrastructure. Anemones  were kept in the laboratory in a light:dark cycle (Ll) 12:12:13 W m -~) at 
18 ~ and briefly 12, 5 and 9 d) exposed to UV radiation at quasisolar intensities, 0.5 or 1 W m 2. 
Their  tentacles were then examined in the electron microscope for qualitative and quanti tat ive 
changes  in the zooxanthellae. There was an in tens i ty-dependent  decr~ase in the number  of sym- 
bionts, which in some cases were lost al together  Ibleaching). Irradiated anemones  contained a 
larger proportion of symbionts with ultrastructural abnormalities,  namely diminished starch, some 
mitochondria with altered matrix and, in particular, characteristic changes  in the chloroplasts; 
instead of being densely stacked, the thylakoids were spread apart and swollen at the ends ot 
their membranes  to form vesicle-like structures. Relatively large vesicles also appeared  in the 
cytoplasm. The resu' t lng enlargement  of the whole d!noflagellate cell was documented  morpho- 
metrically. Another in tensi ty-dependent  effect was a significant decrease in mitosis rate, estab- 
lished by counting dividing symbiont cells in TEM micrographs.  

I N T R O D U C T I O N  

M a n y  C n i d a r i a ,  e spec i a l l y  A n t h o z o a ,  c o n t a i n  l a r g e  p o p u l a t i o n s  of u n i c e l l u l a r  zoo-  

x a n t h e l l a e  (d ino f l age l l a t e s )  w h i c h  m a k e  a n  i m p o r t a n t  c o n t r i b u t i o n  to t he  c n i d a r i a n  

m e t a b o l i s m  and ,  in s o m e  cases ,  to the  c o n s t r u c t i o n  of s k e l e t a l  f o r m a t i o n s  ( M c L a u g h l i n  

e t  a[., 1964; Taylor,  1973; M u s c a t i n e ,  1973, 1980; Cook ,  1983; D o u g l a s  et  al., 1993). 

" B l e a c h i n g "  is the  te rm app l i ed  to the  d i sco lo ra t ion  c a u s e d  by the  more  or less com- 

p le t e  loss of t h e s e  au to t roph ic  e n d o s y m b i o n t s  or at  l eas t  the i r  p igmen t s ;  it mos t  c o m m o n l y  

occurs  m r e e f - i n h a b i t i n g  spec ies  b e l o n g i n g  to the  M a d r e p o r a r i a ,  Gorgona r i a ,  Act in iar ia ,  

a n d  Z o a n t h a r i a .  This  is an  of ten o b s e r v e d ,  bu t  no t  g e n e r a l l y  l e tha l  p h e n o m e n o n  (Gates ,  

1990; Hayes  & Bush,  1990), the  c a u s e s  of w h i c h  a re  not  yet  en t i r e ly  u n d e r s t o o d  a n d  

r e m a i n  con t rove r s i a l  desp i t e  m u c h  i n v e s t i g a t i o n  (Fisk & Done,  1985; Wil l iams et al., 1987; 

Brown  & S u h a r s o n o ,  1990; Gr igg  & Dollar, 1990; B r o w n  et al., 1994). 

In m a n y  f ie ld  o b s e r v a t i o n s  a n d  l a b o r a t o r y  e x p e r i m e n t s ,  m a i n l y  i n v o l v i n g  cora ls ,  t he  

i n f l u e n c e s  of d i v e r s e  e n v i r o n m e n t a l  fac to rs  on  b l e a c h i n g  haw.~ b e e n  e x a m i n e d .  O t h e r  
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than variations in salinity (Pierce & Minasian,  1974; Benson-Rodenbourgh & Ellington, 
1982; Hoegh-Guldberg  & Smith, 1989), the main factor studied has been  increasing 
seawater  temperature,  which has been  found to induce this effect (Jokiel & Coles, 1974, 
1977, 1990; Glynn,  1991, 1993, 1996; Cook et al., 1990; Gates, 1990; Lasker et al., 1984; 
Jaap, 1985; Suharsono & Brown, 1992; Brown & Ogden, 1993). In the laboratory an 
increase in water tempera ture  raised the respiration rate of corals and reduced the rate 
of photosynthesis by their symbiotic algae (Coles & Jokiel, 1977; Hoegh-Guldberg  & 
Smith, 1989). Lesser et al. (1990) observed that fewer zooxanthellae were present, 
while there were larger amounts  of the enzymes  that protect the coral from active oxy- 
gen radicals released by the zooxanthellae.  

It is becoming  increasingly clear, however, that an increase in seawater  tempera-  
tures alone cannot  be responsible for the phenomenon.  Kushmaro et al. (1996) have 
recently shown that bacterial infection causes bleaching of the coral species Oculina 
patagonica. It has been  claimed for some time that sunlight, especially its UV compo- 
nent, is responsible for the disruption of cnidarian-algal  symbioses (Gleason & Welling- 
ton, 1993; Shick et al., 1996). The influence of intensity and  spectral composit ion of the 
light on the response of the zooxanthellae in cnidarians was invest igated by Steele 
(1976), Fisk & Done (1985), Lesser & Shick (1989), Achituv & Dubinsky (1990) and Hat- 
land et al. (1992). That the impairment  of symbiosis is due chiefly to the short-wave- 
length part of the spectrum (280-400 nm) has been shown by Lesser et al. (1990), Kinzie 
(1993), l l a r l and  & Davies (1994), and Brown et al. (1994). Now that the an thropogenic  
rise in stratospheric ozone concentrat ion is becoming more pronounced,  with a corre- 
lated increase in the global increase in UV-B irradiation, these observations have par- 
ticularly significant implications for the marine aquatic habitat and its organisms 
(Tevini, 1993; H~ider, 1996). Light is especially important in the habitat of the corals, for 
the clear water in the tropics is relatively t ransparent  to UV-A (315-400 nm) and  UV-B 
(280-315 nm) (Shick et al., 1996). By contrast, in parts ot the ocean with high organic 
productivity much of the shor t -wavelength radiation is absorbed in the superficial lay- 
ers (Smith & Tyler, 1976; Smith & Baker, 1979, 1984; Calkins, 1982; Fle ischmann,  1989; 
Gieskes & Kraay, 1990). Corals and other anthozoans that live in symbiosis with pho- 
toautotrophic protozoans are thus continually confronted with the problem that in order 
to live at depths where the water is penetra ted by sufficient light, they must  expose 
themselves and  their symbionts to the potentially harmful UV component  of the sun's 

radiation. 
Whereas the bleaching of tropical corals (Madreporia) has been extensively stud- 

ied, there have been  relatively few studies of this phenomenon  in the sea anemones  
(Actiniaria) with symbionts that live in the eulittoral and shallow sublittoral of temper-  
ate coastal regions. As semisessile organisms they, like the photoautotrophic symbiotic 
dinoflagellates that some of them contain in their gastrodermis, are especially exposed 
to sunlight, so that UV could be a very important  envi ronmenta l  stressor for them. The 
purpose of this investigation was to evaluate  the inf luence of UV at two different inten- 
sities on the dinoflagellate symbionts of Cereus pedunculatus (Pennant,  1977) in the 
short term, up to 9 days. The UV effe.cts were analyzed exclusively at the ultrastructural  
level. The species was chosen for study because  it is one of the few littoral anemones  
possessing endosymbiot ic  algae and having a local distribution that extends  far into the 
temperate zones. 
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MATERIALS AND METHODS 

Cereus pedunculatus, an anemone  with extremely variable coloration and an oral 
disk up to about 60 mm in diameter, inhabits  the western Mediterranean,  the Adriatic 
Sea, anti the Atlantic coasts of Europe extending as far north as western Scotland and 
into the North Sea. With their relatively small pedal disk they cling to shells and  stones; 
they are often buried up to the tentacles in soft sediments.  Singly or in small groups, 
they can be found from the upper  to the lower sublittoral (infralittoral and circalittoral), 
sometimes in places where it is so dark that they are almost entirely deprived of zoox- 
anthel lae and have a gray-white hyaline appearance  (Schmidt, 1972). 

The zooxanthellae are coccoid vegetat ive cells lacking flagella (diameter 9-10 13m), 
with a structure typical of dinoflagellate symbionts (Dodge, 1968; Taylor, 1968; Cook, 
1983). They occupy the cells of the gastrodermis. 

On the basis of a generally morphological analysis, including ultrastructural investi- 
gations, it was believed for a long time that most dinoHagellate endosymbionts in cnidar- 
ians are of the species Symbiodinium microadriaticum (Freudenthal, 1962). Trench & 
Blank (1987) used biochemical, physiological, morphological, and behavioural assays to 
demonstrate the presence of several closely related Symbiodinium species m various 
hosts. Indeed, Banaszak et al. (1993) warned that hosts of diiferent taxa need not all 
harbor ,~ymbiodinium-like dinoflagellates. The ultrastructure of the symbiotic cells of 
C. pedunculatus makes it likely thal they do belong to this genus (Kevin et al., 1969), so 
for the time being we designate them merely as Symbiodinium sp.. 

O r i g i n  a n d  m a i n t e n a n c e  of sea  a n e m o n e s  

All the sea anemones  investigated were clonal or inbreeding  descendants  ol a sin- 
gle specimen, and be tween  4 and 6 months old. The parental  specimen had been  col- 
lected from a shallow rock pool near Cap Erquy (Brittany, France) in October, 1984. The 
individual  animals  were kept in sand on Petri dishes (5 cm diameter) filled half up with 
sand in an aquar ium system with constant  water circulation, consisting of five commu- 
nicating 110 dm :~ glass vessels (80x35x40 cm) containing artificial seawater  IWIMEX) at 
18 ~ +_ 2 ~ The dishes were i l luminated in a l ight-dark cycle (LD 12:12, 13 W m -2) with 
Lumilux-Daylight tubes (36 W/11-860, Osram, Germany).  Daily low tide (10:00 to 
16:00) was simulated by pumps. The anemones  were fed twice a day with Artemia 
nauplii.  

UV i r r a d i a t i o n  

The LD 12:12 was cont inued during the experiments  (visible-light intensi ty 13 W 
m2; Lumilux-Daylight tubes, 36 W/I 1-860, Osram, Germany).  UVA-340 tubes (Q-Panel 
CO, USA) were used to produce quasisolar UV radiation during simulated low tide. 
The visible and UV radiation together had the spectral energy  distribution shown in 
Fig. 1. During UV irradiation the animals were 0.5-1.0 cm below the water surface. The 
UV onset was abrupt, so that no gradual  adaptat ion was possible. UV-B intensit ies in 
the expe.riments were up to two times higher than the approximate mean  habi tat-spe-  
cific UV-B light intensities 10.5 W m -2) measured  at a North Sea site of littoral Metri- 



490 K. H a n n a c k ,  P. Kestler ,  O. S i c k e n  & W. W e s t h e i d e  

Fig. l. Spectral distribution ol the radlation m simulated solar light, produced b y a c o m b i n a t i o n o l  
tubes [or the UV (Q-Panel) and the visual [Lumilux) ranges. The reference curve shows solar ra- 
diation on a typical summer  day m Zinfs t  (Baltic Sea) measured with a NIACAM spectroradio- 

meter  [courtesy of Dr. R. Forster, University of Rostock} 

d i u m  s e n i l e  a n e m o n e s  n e a r  W i l h e m s h a v e n  on  a typ ica l  s u n n y  s u m m e r  day. T h e  C e r e u s  

w e r e  e x p o s e d  to t he  e x p e r i m e n t a l l y  a d d e d  UV l igh t  for 6 h daily, f rom 10:00 to 16:00. 

T h e  UV t u b e s  w e r e  se t  10 cm a b o v e  t he  Petr i  d i s h e s ,  g i v i n g  UV-B i n t e n s i t i e s  of up  to 

1 W m : a n d  UV-A i n t e n s i t i e s  up  to 5.7 W m 2. UV r a d i a t i o n  w as  m e a s u r e d  w i t h  a UV- 

A / B - m e t e r  (No. 1533; Dr. H6nle ,  P l a n e g g ,  G e r m a n y ) ,  w h i c h  w a s  c a l i b r a t e d  w i th  a spec -  

t r o r a d i o m e t e r  ( M A C A M  P H O T O M E T R I C S ,  L i v i n g s t o n e ,  UK). A l t e r  two,  five, a n d  n i n e  

d a y s  of i r r ad i a t i on ,  t e n t a c l e  s a m p l e s  w e r e  t a k e n  for f ixa t ion.  In t h e  con t ro l s ,  t h e  a n i m a l s  

w e r e  e x p o s e d  e x c l u s i v e l y  to v i s ib le  l ight .  

T r a n s m i s s i o n  e l e c t r o n  m i c r o s c o p y  ( T E M )  

T e n t a c l e s  f rom t h e  a n a e s t h e t i z e d  (8% MgCI2) s e a  a n e m o n e s  w e r e  cu t  n e a r  t h e  b a s e  

a n d  f ixed  in 17"/o s a c c h a r o s e - b u f f e r e d  so lu t i on  of 2 .5% g l u t a r a l d e h y d e ,  p ic r ic  acid ,  a n d  

f o r m a l d e h y d e  a t  4 ~ for 2 h. T i s s u e s  w e r e  w a s h e d  w i t h  0.075 M p h o s p h a t e  buffer ,  pH 

7.3, a n d  p o s t f i x e d  for 1 h in 0.15 M p h o s p h a t e - b u f f e r e d  2 %  o s m i u m  t e t r o x i d e  a t  4 ~ 

Af t e r  d e h y d r a t i o n  in a g r a d e d  se r i e s  of e t h a n o l ,  t e n t a c l e s  w e r e  t r a n s f e r r e d  to p r o p y l e n e  

o x i d e  a n d  e m b e d d e d  in E p o n  812. Se r i a l  s e c t i o n s  w e r e  m a d e  w i th  a d i a m o n d  k n i f e  on  a 

R E I C H E R T  Ul t r acu t  m i c r o t o m e ,  s t a i n e d  w i t h  u r a n y l  a c e t a t e  a n d  l e a d  a c e t a t e ,  a n d  

e x a m i n e d  w i t h  a Ze iss  EM 109 e l e c t r o n  m i c r o s c o p e .  
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M e a s u r e m e n t  of  u l t r a s t r u c t u r a l  e f f e c t s  

Da t a  for t h e  m o r p h o m e t r i c  a n d  s ta t i s t i ca l  a n a l y s e s  w e r e  o b t a i n e d  f rom e l e c t r o n  

m i c r o g r a p h s  of t e n t a c l e  cross  sec t ions .  T h e  m e a s u r e m e n t s  of s y m b t o n t  dens i ty ,  d i a m e -  

ter  of the  d i n o f l a g e l l a t e  cells,  d i m e n s i o n s  of c h l o r o p l a s t s  a n d  s t a r c h  g r a n u l e s ,  a n d  

r e p r o d u c t i o n  r a t e  of t he  s y m b i o n t s  w e r e  f ed  in to  a PC by m e a n s  at a d i g i t i z i n g  p a d  a n d  

a T u r b o  Pasca l  p r o g r a m .  B e c a u s e  t h e  K o l m o g o r o w - S m i r n o v  tes t  s h o w e d  t h a t  t h e  d a t a  

w e r e  no t  n o r m a l l y  d i s t r i b u t e d ,  t he  U t e s t  of M a n n  & W h i t n e y  was  u s e d  to c h e c k  for 

s i gn i f i c ance .  

RESULTS 

S y m b i o n t  d e n s i t y  

In con t ro l  a n i m a l s ,  w h i c h  h a d  not  b e e n  e x p o s e d  to l igh t  w i th  a UV c o m p o n e n t ,  t he  

d e n s i t y  of e n d o s y m b i o t i c  d i n o f l a g e l l a t e s  w a s  0.651 _+ 0.159 cel ls  p e r  I00  I J-' {Table 1) of 

g a s t r o d e r m i s  t i s sue  in the  p l a n e  of sec t ion .  In t h e  a n e m o n e s  a d d i t i o n a l l y  i r r a d i a t e d  

w i th  UV, the  s y m b i o n t  d e n s i t y  w a s  s i g n i f i c a n t l y  l o w e r  (Figs 2, 3). A d e c r e a s e  in t he  

n u m b e r  of z o o x a n t h e l l a e  w as  e v e n  e x t e r n a l l y  v i s i b l e  as b l e a c h i n g  of t he  t e n t a c l e s ,  as 

we l l  as  c l ea r ly  d i s c e r n i b l e  in t he  s e c t i o n s  of t e n t a c l e s  {Fig. 4). Wi th  a UV-B i n t e n s i t y  of 

1 W m " ,  t he  s y m b i o n t  d e n s i t y  fell {Figs 2, 3) e x p o n e n t i a l l y  ove r  a p e r i o d  of 9 d a y s  

{r" = 0.83}. T h e  r e d u c t i o n  in n u m b e r  of cel ls  was  s i g n i f i c a n t  a f t e r  2 d a y s  a n d  f rom the  

2 n d  to the  5 th  d a y  (P < 0.05), bu t  f rom Day  5 to Day 9 t h e r e  was  no s i g n i f i c a n t  d e c r e a s e  

in n u m b e r  (P < 0.05). Wi th  ha l l  t h a t  i r r a d i a t i o n  i n t e n s i t y  (0.5 W rn '), t he  s y m b i o n t  d e n -  

sity p lo t t ed  as a f u n c t i o n  of UV d o s e  w a s  in the  r e g i o n  of t he  e x p o n e n t i a l  d e c l i n e  of 

Fig. 3 (Table  1 ). 

Table 1. Density of symbionts of Cereus pedunculutus for three UV-B doses after exposure to 
quaslsolar artiticial irradiation with a UV-B intensity ol 1 Wm--' 

Dose/kJ �9 m ~' 

0 43.2 108 194.4 

Density 0.52 0.35 0.13 0.15 
of 0.46 0.23 0.27 0.18 
symbionts 0.8,5 0.41 0.21 0.18 
per 100 IJm-' 0.49 0.33 0.16 0.19 

0.80 0.29 0.25 0.12 
0.52 0.13 
0 70 0.19 
0.73 0.19 
0.88 
0.56 

N 10 5 5 8 
Mean 0.651 0.322 (I.204 0.166 
Standard deviation 0.159 0.067 0.059 0.029 
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Fig. 3. Dens i ty  of s y m b i o n l s  of Cereus pedunculatus as a func t ion  of UV-B dose  d u r i n g  e x p o s u r e  
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coeff icient  of the  bes t  exponen t i a l  fit are  inc luded .  T h e  clot s h o w s  the  m e a n  control  v a l u e  at the  

dose  c o r r e s p o n d i n g  to half  of the  UV-B in tens i ty  
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Fig. 4. Cereus peduncu]atus. Cross sections ol gastrodermis with zooxanthellae,  distal area oI ten- 
tacle. A. From an individual  exposed  to visible light exclusively. B. From an individual  exposed  
addi t ional ly  to UV light {1.0 W m -~) Ior 2 d, 6 h daily. C. From an individual  exposed  addi t ional ly  to 
UV light (1.0 W m--'} for 5 d, 6 h daily. D. From an individual  exposed  addi t ional ly  to UV light 

(l 0 W m -~) for 9 d, 6 h daily. Bars: 25 IJm. ep  epidermis ,  m mesogloea  

Syrnbiont size 

The size of the zooxanthellae, here expressed as the average of the areas of the 

individual symbionts in a TEM cross-section, was 36.2 • 18.12 pm 2 in the non-UV-irra- 

diated control animals. After UV irradiation, significant size increases were observed, 

to some extent correlated with intensity. With an irradiation intensity of I W m -2, the 

s y m b i o n t s  w e r e  47% larger  after  on ly  t w o  days ,  but  after f ive  or n i n e  d a y s  of i rradiat ion  
their  a v e r a g e  s i z e s  w e r e  on ly  a b o u t  17% a b o v e  the  control  v a l u e  {Table 2). 
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Table 2. Size of symbionts of Cereus pedunculatus after exposure to quasisolar artificial irra- 
diation with a UV-B intensity of 1 W m : 

Time of irradiation UV-B light intensity Size of symbionts Difference 
(1Jm") 

Control / 36.2 • 18.12 
2 days 1 W m -~ 53.3 • 23.45 +47% 
5 days 1 W m -2 42.6 • 18.12 +17% 
9 days 1 W m 2 42.6 • 19.18 +17% 

U l t r a h i s t o p a t h o l o g y  of  i r r a d i a t e d  z o o x a n t h e l l a e  

C h l o r o p l a s t  s t ruc tu re .  Af te r  U V  i r r a d i a t i o n  a l m o s t  all t h e  T E M  s e c t i o n s  s h o w e d  dis- 

t i nc t  c h a n g e s  in t he  u l t r a s t r u c t u r e  of t he  c h l o r o p l a s t s  (Figs 5, 6), r e g a r d l e s s  of t he  d u r a -  

t ion  of e x p o s u r e  or r a d i a t i o n  in tens i ty .  

A c h a r a c t e r i s t i c  f e a t u r e  w as  l o o s e n i n g  of the  t h y l a k o i d s ,  w h i c h  n o r m a l l y  a re  r e g u -  

lar ly  a n d  t i gh t ly  p a c k e d .  M o r e  or less  l a r g e  i n t e r s t i c e s  h a d  f o r m e d  b e t w e e n  t h e m ,  so 

t h a t  t h e i r  c o m p a c t ,  pa ra l l e l  a r r a n g e m e n t  w as  lost  to a g r e a t e r  or l e s s e r  d e g r e e .  At  the  

e n d s  of t he  d i s c - l i ke  t hy l ako i d s ,  in pa r t i cu la r ,  t he  m e m b r a n e s  h a d  s p r e a d  a p a r t  so far  as  

to t 'orm b u l b o u s  s t r u c t u r e s  r e s e m b l i n g  ves ic les .  In s o m e  c a s e s  l a rge  v e s i c l e s  h a d  con-  

s t r i c t ed  off, a n d  it w a s  p r o b a b l y  by  fus ion  of t h e s e  t h a t  l a rger ,  i so la ted ,  e m p t y - a p p e a r -  

ing  v a c u o l e s  h a d  f o r m ed .  As a r e su l t  of th i s  i n t e r n a l  e x p a n s i o n ,  the  a r e a  of t he  ch loro-  

p l a s t s  as a w h o l e  w as  m u c h  l a r g e r  in t he  cross  sec t ions ,  a n d  h e n c e  so w a s  t he  overa l l  

v o l u m e  of t he  s y m b i o n t s .  T h e  g r e a t e s t  i n c r e a s e  in c h l o r o p l a s t  a r e a  was  m e a s u r e d  Isee 

a b o v e )  a f t e r  f ive d a y s  of i r r a d i a t i o n  {0.5 W m 2) a n d  w a s  5 3 . 2 %  a b o v e  t he  v a l u e  in n o n -  

i r r a d i a t e d  cells,  i.e. t h e  c h l o r o p l a s t  c o m p r i s e d  62 .0% • 6 .6% in t he  i r r a d i a t e d  cells.  

M a n y  e l e c t r o n - l u c e n t  vacuo les ,  s o m e  v e r y  la rge ,  a lso a p p e a r e d  in t h e  c y t o p l a s m  out-  

s ide  t he  ch lo rop l a s t s ;  t h e i r  o r ig in  is u n k n o w n .  

S t a r c h  v o l u m e :  In s y m b i o n t s  of i r r a d i a t e d  s ea  a n e m o n e s ,  t he  s t a r c h y  c o a t i n g  

a r o u n d  t he  p y r e n o i d  b e c a m e  less  e x t e n s i v e ,  a n d  the  p r o p o r t i o n a l  a r e a  ( r e l a t ive  to the  

ove ra l l  a r e a  of the  s y m b i o n t )  o c c u p i e d  by  s t a r c h  g r a n u l e s  was  r e d u c e d .  T h e  l a t t e r  fell 

c o n t i n u o u s l y  f rom t he  o r ig ina l  12 .9% +_ 3.6: to 6 .4% • 3.1 a f t e r  2 d a y s  of i r r ad i a t i on ,  

4 . 3% _+ 2.0 a f t e r  5 days ,  a n d  2 .9% • 1.1 a f t e r  9 days .  

M i t o c h o n d r i a l  s t ruc tu re :  C h a n g e s  in t he  m i t o c h o n d r i a  a r e  r e l a t i v e l y  h a r d  to q u a n -  

tify, b e c a u s e  d i f f e r e n c e s  in t he i r  a p p e a r a n c e  in m i c r o g r a p h s  c a n  re su l t  f rom d i f f e r e n c e s  

in p r e p a r a t i o n .  N e v e r t h e l e s s ,  it w as  c l ea r  t h a t  in t he  z o o x a n t h e l l a e  of m a n y  i r r a d i a t e d  

a n i m a l s  t he  e l e c t r o n  d e n s i t y  of t h e  m i t o c h o n d r i a l  m a t r i x  w a s  r e d u c e d .  T h e  p e r c e n t a g e  

of t h e s e  o r g a n e l l e s  t h a t  a p p e a r e d  d i s t inc t ly  b r i g h t e r  w a s  17 .3% • 7.5 a f t e r  2 days ,  

2 2 . 7 %  • 9.5 a f t e r  5 d a y s  a n d  29 .4% +_ 12.8 a f t e r  9 d a y s  (Fig. 7). T h e  s ize  of t he  mi to-  

c h o n d r i a ,  h o w e v e r ,  w as  u n a f f e c t e d .  

R e p r o d u c t i o n  r a t e  of  t h e  z o o x a n t h e l l a e  

In s e c t i o n s  t h r o u g h  t he  g a s t r o d e r m i s ,  a c e r t a i n  n u m b e r  of s y m b i o n t s  a r e  o b s e r v e d  

to b e  u n d e r g o i n g  mitos is ;  t h e r e f o r e ,  t h e  p e r c e n t a g e  of t he  to ta l  n u m b e r  of s y m b i o n t s  in 

a t e n t a c l e  c ross  s e c t i o n  t ha t  a r e  in t he  p r o c e s s  of d iv i s ion  c a n  b e  t a k e n  as  a m e a s u r e  of 
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Fig. 5. Electron micrograph  of Symbiodinium sp. zooxanthel la  from non-UV-i r rad ia ted  Cereus 
pedunculatus, showing  the  microana tomy of a normal  cell. The  boundary, b e t w e e n  symbion t  and 
host  cell is a typical  highly complex  periplast ,  consis t ing of 4 m e m b r a n e s  with an a m o r p h o u s  layer  
s a n d w i c h e d  b e t w e e n  each  of the ad jacent  m e m b r a n e s .  The innermost  m e m b r a n e  is the actual  
p lasma m e m b r a n e  of the symbiont .  The v a s e - s h a p e d  pyrenoid  (pv) is connec t ed  to the  chloroplast  
by a stalk-like s t ructure  (see inset) and  comple te ly  enc losed  in a m e m b r a n e  that  is evident ly  
der ived  from the internal  chloroplast  m e m b r a n e ;  thylakoids  do not pene t ra te  the  matrix of this 
pyrenoid.  It is encapsu l a t ed  in a more  or less voluminous  starch coating Ist) wi th  no per iphera l  
membrane .  A similarly s h a p e d  s t ructure  is the  accumula t ion  body (ab); s i tuated wi thin  a vacuole,  
It is thought  to be  a was te  depos i tory  for products  of metabol ic  decomposi t ion  and  is a typical  fea- 
ture in the non-mot i le  vege ta t ive  s tages  of the  symbionts .  The mitochondria  (mi) possess  tubule-  
like cristae (see also Fig. 7). The nucleus  (n) (d iameter  3-3.5 pm) contains a r o u n d e d  nucleolus  
(nu). As is character is t ic  of dinoflagel la tes ,  the  short  ch romosomes  (ch) are p e r m a n e n t l y  con- 
d e n s e d  and h e n c e  are a lways easily visible. S tarches  (st) are also present  in the  form of round  to 
ovoid granules  of various sizes, crystal l ine s t ructures  Icalcium oxalate?) (cr) have  practically the 
s ame  electron dens i ty  as the s tarch g ranu les  but  are  d is t inguishable  by their angula r  shape .  There  
is a large s ingle  mul t i lobed chloroplast  (cp) s i tuated  in the  per iphery  of the cell and  cont inuously  
enve loped  by three  m e m b r a n e s .  It conta ins  n u m e r o u s  lamellae with a variable n u m b e r  of closely 
s tacked  thvlakoids  in parallel orientat ion.  The  chloroplast  matrix is relatively e l e c t ron -dense  and 
contains  granules  of different  sizes; in micrographs  at low magnif icat ion the matrix appea r s  almost  

h o m o g e n e o u s  
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Fig. 6. Syrnbiodiniurn sp. after 9 d exposu re  to UV light (1.0 W m z, 6 tl daily). A. Total cross sec- 
tion. B. Thylakoid  m e m b r a n e s  (th) spread  apar t  forming large vesicles  (ve) (arrows). ab accumula-  

tion body; cp chloroplast  
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Fig. 7. Mitochondria (mi) of Symbiodinium sp. in Cereus pedunculutus. A. From an individual 
exposed to visible light exclusively. B. From an individual exposed additionally to UV light 
tl.0 W m e) for 5 d, 6 h daily. C. From an individual exposed to UV light (1.0 W m ~) for 9 d, 

6 h daily 

reproduction rate. In the non-UV-irradiated sea anemones ,  6.6'),, _+ 3.2 of the symbionts 
were  in some stage of mitosis. 

After 2 days of irradiation at l W m e  the proportion of zooxanthel lae  in mitosis was 

merely 1.8% below the control value. At h igher  intensities, however, the reproduction 
rate fell distinctly, amount ing to only 88.6% of the initial value after 9 days. In some 
tentacle sections, no mitotic stages at all could be found. 

DISCUSSION 

That artificial ultraviolet radiation is a major stress tactor for free-living dinoflagel-  
late phytoplankton has been established by extensive investigation. Studies of H~der & 

Brodhun (1991), Ziindorf & H~ider (1991) and Haberlein & H~der (1992) revea led  that 

specific proteins were  destroyed under  the influence of UV radiation; in addition, the 
chromatophorlc  groups of the pigments  were  bleached.  This results in reduced  photo- 
synthetic oxygen production (Ziindorf & H~ider, 1991 ). Sites in photosystern II, in partic- 

ular, will deter iorate  (Renger et al., 1989; Khalilov et al., 1993). Dinoflagellates also may 

show considerable  inhibition of motility, swimming velocity, and orientation mecha-  
nisms (Hader & Worrest, 1991; Sch~fer et al., 1993). Whereas  these planktonic dinoflag- 
ellates have been observed to sediment  passively (H~der & Liu, 1990), or to escape  

actively by downward  swimming {Tirlapur et al., 199"3; Schafer et al., 1993) when  

exposed to excessive UV radiation, their endosymbiot ic  relat ives that live in the tissues 
of sessile or hemisessi le  cnidarians are unable  to actively avoid the stressor. 

It is now evident  that under  UV irradiation in the laboratory the endosymbiot ic  
dinoflagellates in the tentacles of Cereus decrease  in number  or vanish al together.  This 

finding has been  quantif ied by counting the symbionts in crushed tentacle tips (R. 

Westholt, unpubl ished observation) as well as in the quant i ta t ive and qual i ta t ive ultra- 

structural analyses presented  here. In these anthozoans,  the symbiont reduct ion pro- 
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duces externally visible "bleaching",  a p h e n o m e n o n  known mainly in tropical corals 
and  regarded there as cause for concern. The decrease in the number  of zooxanthel lae  
in the laboratory cannot  be due to differences in nutrition, which have been  shown to 
have a profound effect on zooxanthellae density (e.g. Janssen  & M611er, 1981; Musca- 
tine et al., 1989); the test animals  were fed living organisms in sufficient quantit ies,  
according to exper ience gained in many  years of culturing and observing anthozoans.  
The possibility that differences in dinoflagellate densities in the tentacle regions might 
be associated with different origins of the animals,  g iven the d e p t h - d e p e n d e n t  varia- 
tion in density of zooxanthellae (Masuda et al., 1993), can also be ruled out; all the test 
animals  were derived from a single individual  taken from the intertidal region of the 
coast of Brittany, and at the beg inn ing  of the exper iments  each conta ined large num-  
bers of symbionts.  It follows that the bleaching of C. pedunculatus observed here is a 
direct effect of the UV irradiation, and  this is corroborated in part icular by the dose- 
dependence  of the decrease in number  of symbionts.  

In these exper iments  there were three conspicuous effects on the dinoflagellate 
cells: (1) UV radiation altered certain cytoplasmic structures; (2) the n u m b e r  of dividing 
cells decreased,  implying a decrease in the. rate of mitosis; (3) the total n u m b e r  of sym- 
bionts present  was reduced, and in some cases they disappeared completely from the 
gastrodermis of the tentacles. 

In fact, the structural damage is considerable even after brief irradiation at low inten- 
sities. The marked loosening of the thylakoid stacks and the formation of large vesicles 
are the main causes of the increase in cell volume. A correlated reduction in photosyn- 
thetic activity can be surmised and would also explain the clear decrease in total volume 
of the starch granules. Similarly, Buma et al. (1996) determined by ultrastructural exami- 
nation of exposed cells of the marine diatom species, Cyclotella, that high UV-B radiation 
induced plasmolysis and disorientation of cell organelles. Among the effects of relatively 
low UV-B radiation treatments were volume enlargement  and decreased division rates of 
the diatoms, supporting the notion that UV-B damages DNA and arrests the cell cycle in 
the S or G2 phase. Such an action could be responsible for the decreasing rate of mitosis 
in the zooxanthellae of Cereus. The extent to which the changed electron density of the 
mitochondria implies damage to the mitochondria is hard to evaluate; in any case, 
Masuda et al. (1993) suggest that reduction of respiration rates of isolated zooxanthellae 
may indicate that mitochondria are also damaged by UV radiation. 

What cannot  yet be determined is the fate of cells structurally al tered in this way. If 
such severe damage  general ly condemned  them to death, in which case they might be 
digested within the host cell or expelled into the gastric cavity, the reduct ion in num-  
bers would be explained.  Expulsion of the symbiont  cells is considered to be a general-  
ized stress reaction (Taylor, 1968; Hoegh-Guldberg  et al., 1987; Gates et al., 1992). But 
it cannot  yet be ruled out that cells damaged  to this degree, or at least some of them, 
have available repair mechanisms by which, after a certain period of adapta t ion  or 
weaken ing  of the UV stressor, they can regain their normal structure and  become fully 
functional. However, when  Hayes & Bush (1990} histologically examined  the repopula-  
tion of previously bleached gastrodermal  areas in a scleractinian coral they found that 
recovery was not dependen t  upon proliferation of residual zooxanthel lae  in the 
b leached tissues but that cells in adjacent  unb l eached  zones may migrate  into the 

bleached zones. 
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Tha t  coral  b l e a c h i n g  can  be  i n d u c e d  by UV radia t ion  and  resul ts  f rom r e d u c t i o n  in 

z o o x a n t h e l l a e  dens i t i e s  has i nc rea s ing ly  c o m e  u n d e r  d iscuss ion  in r ecen t  yea r s  (Glea-  

son & Wel l ing ton ,  1993; Shick  et al., 1996). Previous ly  b l each ing ,  in pa r t i cu la r  the 

b l e a c h i n g  of corals ,  was  usual ly  a sc r ibed  to o the r  causes :  f luc tua t ions  in sal ini ty  {e.g., 

H o e g h - G u l d b e r g  & Smith,  1989), chief ly  r is ing s e a w a t e r  t e m p e r a t u r e s  (e.g., B rown  & 

O g d e n ,  1993; Glynn ,  1996), and  r ecen t ly  bac te r ia l  infect ion (Kushmaro  et  al., 1996). 
Probably,  b l e a c h i n g  is a mul t i fac tor ia l  p h e n o m e n o n ,  to wh ich  UV rad ia t ion  m a y  wel l  be  

a major  c o n t n b u t i o n  (see, e.g.,  Drol le t  et al., 1995). 

Corals,  howeve r ,  a re  t h o u g h t  to protec t  both  their  symbio t i c  d ino f l age l l a t e s  and  
thei r  own t issues  f rom the d a m a g i n g  effects  of the  UV stressor  by p r o d u c i n g  UV- 

abso rb ing  c o m p o u n d s ,  e.g.,  m y c o s p o r i n e - l i k e  a m i n o  acids  (MAAs) (Shibata,  1969; J o k -  

iel & York, 1982, 1984; Drol le t  et al., 1993; Gleason ,  1993; Verne t  & W h i t e h e a d ,  1996; 
Shick  et al., 1996). Why did such  subs t ances  e v i d e n t l y  not  p ro tec t  the s y m b i o n t s  in the 

p r e sen t  e x p e r i m e n t s ?  A l ikely e x p l a n a t i o n  is that  the re  was not e n o u g h  t ime  for t h e m  to 

be  p r o d u c e d  d u r i n g  the  brief  pe r iod  of s u d d e n  e x p o s u r e  of Cereus to UV, wi th  no pre-  
c e d i n g  g radua l  adap ta t ion .  D inof l age l l a t e s  t a k e n  from Cereus i nd iv idua l s  that  had  pre-  

v ious ly  b e e n  e x p o s e d  for years  to r egu la r  UV stress w e r e  less d a m a g e d ,  q u a n t i t a t i v e l y  

and  qual i ta t ively ,  w h e n  i r rad ia ted  by UV with in tens i t ies  and  dura t ions  c o m p a r a b l e  to 
those  in the p r e s e n t  e x p e r i m e n t s  (K. I-lannack, u n p u b l i s h e d  observa t ions) .  Fur the r -  

more ,  s tudies  by Banaszak  & Trench  (1995) s u g g e s t  that Symbiodinium microudriati- 
cure in isolat ion and in assoc ia t ion  wi th  Cassiopeia xumachana syn thes i ze s  M A A s  af ter  

e x p o s u r e  to UV. 
Due  to the specif ic  i r radia t ion r eg ime  in the p resen t  expe r imen t s ,  spec i f i ca t ion  of 

the effects  ot UV-B or UV-A is not possible .  It canno t  be e x c l u d e d  that  the  effects  s een  

migh t  be re la ted  to UV-A or to b lue  l ight  or to a combina t i on  with UVq~ but  not  to UV-B 

a lone  (see Fitt & Warner,  1995). E x p e r i m e n t s  that  could  d is t inguish  any radia t ion  speci-  
ficity of this k ind in Cereus pedunculatus and its z o o x a n t h e l l a e  are  still to be  car r ied  out. 
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