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ECO-PHYSIOLOGY OF THE ENDOSYMBIONT-BEARING LUCINID BIVALVE, 
CODAKIA ORBICULATA / 

Penelope Anne Gee Barnes 
ABSTRACT 

The l u c i n i d b i v a l v e Codakia orbiculata, whose g i l l s 
c o n t a in s u l p h u r - o x i d i z i n g symbiotic b a c t e r i a , occurs i n high 
d e n s i t i e s (500 / m 2 ) i n the rhizosphere of shallow-water 
Thalassia testudinum sediments i n Bermuda. Both sulphide and 
t h i o s u l p h a t e s t i m u l a t e aerobic r e s p i r a t i o n i n the i s o l a t e d 
b a c t e r i a l symbionts of C. orbiculata. Sulphide and 
t h i o s u l p h a t e s t i m u l a t e anaerobic ^^COa f i x a t i o n i n b a c t e r i a 
i s o l a t e d from sulphur-starved b i v a l v e s . I n t e r s t i t i a l water 
sulphide concentrations i n the b i v a l v e s ' h a b i t a t reach 300 pM, 
and sulphate-reduction rates are high, but t h i o s u l p h a t e 
concentrations are low (0.66-32.27 pM) . Thiosulphate s u p p l i e d 
to the symbionts in vivo must be produced by sulphide 
o x i d a t i o n , p o s s i b l y by the host b i v a l v e . I s o l a t e d symbionts 
a l s o r e s p i r e a e r o b i c a l l y and f i x i * C 0 2 i n the absence of 
exogenous reduced sulphur, suggesting u t i l i z a t i o n of 
i n t r a c e l l u l a r elemental sulphur s t o r e s . 

Codakia orbiculata symbiotic b a c t e r i a are able to r e s p i r e 
n i t r a t e . N i t r a t e concentrations i n the i n t e r s t i t i a l water of 
C. orbiculata h a b i t a t can reach 36 pM. Thiosulphate s t i m u l a t e s 
n i t r a t e r e s p i r a t i o n i n the i n t a c t symbiosis, incubated i n o x i c 
and anoxic c o n d i t i o n s , and i n anoxic incubations of i s o l a t e d 
symbionts. I n t r a c e l l u l a r elemental sulphur i s a l s o used by the 
•bacteria as a substrate i n n i t r a t e r e s p i r a t i o n . N i t r a t e 
r e s p i r a t i o n i n the absence of exogenous n i t r a t e suggests that 
the sjnnbionts may have a l i m i t e d a b i l i t y to s t o r e n i t r a t e . 

There i s no d i r e c t evidence t h a t sulphide s t i m u l a t e s 
n i t r a t e r e s p i r a t i o n i n e i t h e r the i s o l a t e d symbionts or the 
i n t a c t symbiosis, incubated i n anoxic c o n d i t i o n s . N i t r i t e 
r e s p i r a t i o n i n the symbionts i s s t i m u l a t e d by sulphide ( o n l y ) , 
however. Because n i t r a t e r e s p i r a t i o n was measured by n i t r i t e 
accumulation, complete d e n i t r i f i c a t i o n would e x p l a i n the 
apparent f a i l u r e of sulphide to s t i m u l a t e n i t r a t e r e s p i r a t i o n . 
High n i t r a t e r e s p i r a t i o n rates i n the i n t a c t symbiosis, 
incubated w i t h sulphide i n o x i c c o n d i t i o n s , may be i n response 
to t h i o s u l p h a t e , s u p p l i e d to the b a c t e r i a l symbionts a f t e r 
host o x i d a t i o n of sulphide. N i t r i t e r e s p i r a t i o n i n the i n t a c t 
symbiosis, even when incubated i n o x i c c o n d i t i o n s , 
demonstrates that the symbionts have access to some sulphide 
in vivo, however, and that host s u l p h i d e - o x i d a t i o n may not be-
100% e f f i c i e n t . 

N i t r a t e and n i t r i t e r e s p i r a t i o n i n the i n t a c t symbiosis, 
even when incubated i n o x i c c o n d i t i o n s , suggests that the 
b a c t e r i a may be exposed to low oxygen l e v e l s in vivo and may 
r e q u i r e the a b i l i t y to u t i l i z e an a l t e r n a t e e l e c t r o n acceptor. 
L i k e some f r e e - l i v i n g b a c t e r i a , Codakia orbiculata b a c t e r i a l 
symbionts may c o - r e s p i r e , or a l t e r n a t e l y r e s p i r e , oxygen and 
n i t r a t e . The Thalassia testudinum sediments i n Bermuda may be 
i d e a l f o r t h i s b a c t e r i a - b i v a l v e symbiosis due to the 
a v a i l a b i l i t y of oxygen, n i t r a t e and sulphide. 
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CHAPTER 1 

SYMBIOSES WITH CHEMOAUTOTROPHIC BACTERIA IN THE BIVALVE FAMILY 
LUCINIDAE - A REVIEW 
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1.1. INTRODUCTION 
B a c t e r i a - i n v e r t e b r a t e chemoautrophic ssnnbiosis was f i r s t 

described f o r the g i a n t tube-worm R i f t i a pachyptila, found at 
hydrothermal vents (Cavanaugh et al., 1981; Felbeck et al., 

1981). Since the o r i g i n a l d iscovery, s i m i l a r symbioses have 
been found i n a number of marine i n v e r t e b r a t e phyla i n 
a d d i t i o n to the V e s t i m e n t i f e r a : Pogonophora, Annelida, 
Nematoda, Platyhelminthes and M o l l i i s c a (Giere, 1981; Ott et 

al., 1982; Southward, 1982; Cavanaugh, 1983; Felbeck, 1983; 
Berg and A l a t a l o , 1984; F i a l a - M e d i o n i , 1984; F i s h e r and Hand, 
1984; Giere, 1985; Dando et al., 1985; Reid and Brand, 1986; 
Southward, 1986). Among the b i v a l v e molluscs, evidence of 
chemoautotrophic symbioses has been found i n a l l members of 
the f a m i l i e s Lucinidae (Berg and A l a t a l o , 1984; F i a l a - M e d i o n i , 
1984; F i s h e r and Hand, 1984; Dando et al., 1985; Giere, 1985; 
Reid and Brand, 1986; Southward, 1986), Solemyidae (Cavanaugh, 
1983; Felbeck, 1983) and Vesicomyidae (Gavanaugh, 1983; F i a l a -
Medioni, 1984; V e t t e r , 1.985) examined. In a d d i t i o n j some 
members of the. b i v a l v e f a m i l i e s M y t i l i d a e (Cavanaugh, 1983; 
LePenhec and H i l y , 1984), Thyasiridae (Dando and Southward, 
1986; Reid and Brand, 1986; Southward, 1986) and Mactridae 
(Bouvy et al., 1989) have been found to harbour 
chemoautotrophic ssonbionts. Without exception, 
chemoautotrophic b a c t e r i a are always found i n the g i l l t i s s u e s 
of these b i v a l v e s . 

Chemoautotrophic b a c t e r i a l i v i n g i n symbioses w i t h 
i n v e r t e b r a t e s u t i l i z e the energy rele a s e d upon o x i d a t i o n of a 
reduced sulphur compound to f i x carbon d i o x i d e i n t o more 
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complex organic molecules which, e i t h e r through t r a n s l o c a t i o n 
or through d i g e s t i o n of sjnnbionts, become a v a i l a b l e to the 
host (Felbeck, 1985; F i s h e r and C h i l d r e s s , 1986; D i s t e l and 
Felbeck, 1987). Symbioses w i t h s u l p h i d e - o x i d i z i n g b a c t e r i a 
are complex because sulphide i s t o x i c to aerobic r e s p i r a t i o n ; 
even at low micromolar concentrations, sulphide i n h i b i t s 
cytochrome c oxidase, c a t a l a s e and other heme-containing 
enzymes (N a t i o n a l Research C o u n c i l , 1979). A sulphide 
concentration of <1 pM w i l l t y p i c a l l y i n h i b i t cytochrome c 
oxidase a c t i v i t y by 50% ( N i c h o l l s , 1975; Hand and Somero, 
1983). Because of t h i s , t r a n s p o r t of sulphide to the 
endosymbionts must u t i l i z e mechanisms that avoid poisoning the 
host c e l l s . In a d d i t i o n , sulphide spontaneously o x i d i z e s i n 
the presence of oxygen (Chen and M o r r i s , 1972) and the need to 
maintain an adequate supply of both compounds i s r e f l e c t e d not 
j u s t i n the p h y s i o l o g i c a l adaptations of the symbiosis, but 
a l s o i n h a b i t a t and behavioural m o d i f i c a t i o n s of the host. 

L i t e r a t u r e On chemoautotrophic symbioses continues to 
grow at an astounding r a t e and i t i s not s u r p r i s i n g that these 
symbioses have been the subject of s e v e r a l review papers over 
the l a s t few years. Most of these papers are aimed towards a 
general review of b a c t e r i a - i n v e r t e b r a t e ssnnbioses and cannot 
be expected to cover any one group of i n v e r t e b r a t e s i n d e t a i l . 
Although these reviews are of unquestionable value, the 
spectrum of research oh t h i s subject i s now so broad t h a t i n 
order to review the e n t i r e s u b j e c t , i t i s necessary to 
summarize and, t h e r e f o r e , to g e n e r a l i z e . G e n e r a l i z a t i o n s 
regarding a s p e c i f i c f a m i l y may be misleading when, upon 
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c l o s e r examination, s i g n i f i c a n t i n t e r s p e c i f i c or i n t e r g e n e r i c 
d i f f e r e n c e s ' are revealed. 

For general background i n f o r m a t i o n on chemoautotrophic 
and methanotrophic symbioses i n marine i n v e r t e b r a t e s , the 
reader i s r e f e r r e d to F i s h e r (1990). F i s h e r ' s review focuses 
l a r g e l y on methods used to demonstrate the symbioses and 
b r i e f l y reviews the l i t e r a t u r e on sjonbioses i n the major 
i n v e r t e b r a t e groups i n which they occur. Somero, C h i l d r e s s 
and Anderson (1989) reviewed the t r a n s p o r t , metabolism and 
d e t o x i f i c a t i o n of hydrogen sulphide i n animals from s u l p h i d e -
r i c h marine environments and b r i e f l y reviewed the t h y a s i r i d 
and l u c i n i d b i v a l v e s i n the s e c t i o n on e x p l o i t a t i o n of reduced 
sulphur compounds by i n t a c t symbioses. Felbeck, C h i l d r e s s and 
Somero (1983) reviewed biochemical i n t e r a c t i o n s between 
b i v a l v e s and s u l p h i d e - o x i d i z i n g b a c t e r i a . While p r o v i d i n g an 
e x c e l l e n t overview of the s u b j e c t , the review focuses on the 
vent b i v a l v e s , Calyptogena sp., and the now much-studied 
Solemya reidi. Only a small amount of in f o r m a t i o n was 
a v a i l a b l e on l u c i n i d s at t h a t time and the subject, i n 
general, has advanced considerably. Cavanaugh's (1985) review 
focuses on Riftia pachyptila and Solemya velum and does not 
i n c l u d e the l u c i n i d s . Southward's 1987 review on the 
c o n t r i b u t i o n of sjnnblotic chemoautotrophs to the n u t r i t i o n of 
benthic i n v e r t e b r a t e s and F i a l a - M e d i o n i and Felbeck's 1990 
review on b a c t e r i a l ssnmbiosis i n b i v a l v e molluscs provide a 
comprehensive l i s t of l u c i n i d s which have been examined f o r 
the presence of b a c t e r i a l symbionts and enzymes a s s o c i a t e d 
w i t h autotrophy. Reid (1990) and Reid and Brand (1986) 
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reviewed the e v o l u t i o n a r y i m p l i c a t i o n s of s u l p h i d e - o x i d i z i n g 
symbioses on the f u n c t i o n a l morphology of l u c i n i d s and of 
b i v a l v e s , r e s p e c t i v e l y . A l l e n (1985) a l s o discussed t h i s i n 
h i s manuscript on form and e v o l u t i o n i n the recent B i v a l v i a . 
F i n a l l y , Southward (1989), i n h i s b r i e f review on animal 
communities f u e l l e d by chemosynthesis, s t a t e d that thei 
superfamily Lucinaceae are the most i n t e r e s t i n g group of 
b i v a l v e s from the aspect of chemoautotrophic symbiosis. The 
author has found t h i s to be the case. 

The purpose of t h i s review i s to focus on 
chemoautotrophic symbioses w i t h i n the b i v a l v e f a m i l y 
Lucinidae. S i g n i f i c a n t v a r i a t i o n t h a t e x i s t s w i t h i n the f a m i l y 
i s noted and g e n e r a l i z a t i o n s made only where adequate data 
al l o w s . In those areas where research on l u c i n i d s i s l a c k i n g 
or where f u r t h e r examples are r e q u i r e d , reference i s made to 
other b a c t e r i a - b i v a l v e symbioses. The review i s d i v i d e d i n t o 
s e c t i o n s as f o l l o w s : general morphology, evidence f o r 
chemoautotrophic sjonbioses, g i l l s t r u c t u r e and c e l l u l a r 
components, host b i v a l v e n u t r i t i o n , h a b i t a t and, l a s t l y ^ 
mechanisms f o r tr a n s p o r t and d e t o x i f i c a t i o n of reduced sulphur 
compounds and the forms of reduced sulphur used as energy 
sources. This review, wh i l e o b v i o u s l y covering subject areas 
beyond the scope of the research conducted f o r t h i s 
d i s s e r t a t i o n , a s s i s t s i n p l a c i n g the research presented i n the 
f o l l o w i n g chapters i n t o context and aids i n understanding the 
hypotheses put forward. 
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1.2. GENERAL MORPHOLOGY OF THE FAMILY LUCINIDAE 
The f a m i l y L u c i n i d a e , belonging to the subclass 

L a m e l l i b r a n c h i a and superfamily Lucinacea, d i s p l a y many 
d i s t i n c t i v e morphological c h a r a c t e r i s t i c s . Among others, 
these i n c l u d e a long, vermiform foot which can expand to 
greater than s i x times the length of the s h e l l ( A l l e n , 1953). 
The l u c i n i d s l a c k an i n h a l a n t siphon but the foot i s used to 
form an a n t e r i o r i n h a l a n t tube, which i s mucus-lined ( A l l e n , 
1953; Dando et al., 1985, 1986a; Reid and Brand, 1986) ( F i g . 
1). The Lucinidae have a p o s t e r i o r i n h a l e n t aperture but 
d i f f e r from other f a m i l i e s of the superfamily Lucinaceae i n 
possessing an exhalant siphon. The siphon i s formed by the 
inner muscular lobe of the mantle and i s h i g h l y e x t e n s i b l e ; 
when r e t r a c t e d , i t i s turned i n s i d e out and l i e s i n the 
suprabranchial c a v i t y ( A l l e n , 1958). Although the mantle i s 
ge n e r a l l y not fused to any great extent p o s t e r i o r l y , Reid and 
Brand (1986) note an exception i n Parvilucina tenuisculpta 

whose mantle edges are fused p o s t e r i o r l y to form an e l a s t i c 
ribbon w i t h complex musculature. The po s t e r o - d o r s a l descending 
g i l l f i l a ments aire connected to t h i s muscular organ and the 
authors suggest i t may have a b e l l o w s - l i k e e f f e c t on the 
g i l l s , causing f l u s h i n g of the suprabranchial chamber v i a the 
exhalant siphon. 

The presence of f o l d s i n the mantle t i s s u e ("mantle 
g i l l s " ) has been noted i n some species of l u c i n i d j although i t 
appears they are not present i n a l l l u c i n i d s , as suggested by 
A l l e n (1958) {Reid and Brand, 1986). These " g i l l s " are 
composed of v a s c u l a r i z e d f o l d s which increase the p a l l i a l 
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Figure 1. Formation of the inhalant tube in the family Lucinidae 
(modified from Allen, 1958) 
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surface and they may serve a r e s p i r a t o r y f u n c t i o n (Pelseneer, 
1911). 

Cavanaugh (1985) l i s t s three features t y p i c a l of b i v a l v e s 
w i t h symbionts: a short and simple gut, reduced palps and 
t h i c k g i l l s . The f a m i l y Lucinidae possesses a l l three features 
and i n a l l members of the f a m i l y which have been examined to 
date, there has been evidence t h a t the b i v a l v e s p a r t i c i p a t e i n 
a symbiosis w i t h chemoautotrophic b a c t e r i a . The s i m p l i f i e d 
gut of the f a m i l y Lucinidae has been w e l l documented. Purchon 
(1958) noted t h a t the stomach of Lucinoma borealis was 
extremely simple i n form, w i t h an unusually small number of 
very simple, d i g e s t i v e d i v e r t i c u l a . This s i m p l i f i e d s t r u c t u r e 
has been found i n a l l other members of the f a m i l y examined 
( A l l e n , 1958; Herry and Le Pennecj 1987; Reid, 1990) and the 
gut i s so reduced i n some species that the o r i g i n a l g a s t r i c 
form i s b a r e l y recognizable (Reid and Brand, 1986). Although 
the guts are s m a l l , they appear to be f u n c t i o n a l ( A l l e n , 
1958); f o r example, the gut of Lucinella divaricata was found 
to be always f u l l of organic p a r t i c l e s , mainly diatoms (Herry 
and Le Pennec, 1987). Although A l l e n (1958) suggested the 
form of the l u c i n i d gut may represent a m o d i f i c a t i o n f o r the 
acceptance of l a r g e p a r t i c l e s , Reid and Brand (1986) n o t i c e d 
that P. tenuisculpta r e j e c t e d p a r t i c l e s longer than 75 pm and, 
th e r e f o r e , found no evidence f o r gut r e g r e s s i o n r e p r e s e n t i n g 
an adaptive trend toward a more macrophagous h a b i t . I t i s now 
g e n e r a l l y accepted that gut s i m p l i f i c a t i o n , along w i t h other 
morphological m o d i f i c a t i o n s , are more l i k e l y c o r r e l a t e s of the 
symbiosis (Reid and Brand, 1986). 
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Members of the f a m i l y L u c inidae have a l s o been noted f o r 
s u b s t a n t i a l reductions i n the s i z e of the l a b i a l palps ( A l l e n , 
1958). These palps may be reduced to the p o i n t which they are 
r e l a t i v e l y i n e f f e c t u a l f o r s o r t i n g food p a r t i c l e s (Reid, 
1990). I t should be noted, however, th a t r e d u c t i o n of the 
l a b i a l palps may not, as suggested by Cavanaugh (1985), be 
c h a r a c t e r i s t i c of b i v a l v e s w i t h symbionts. Herry et al. 
(1987) note t h a t Bathymodiolus thermophilus, a deep-sea 
hydrothermal vent b i v a l v e w i t h chemoautotrophic b a c t e r i a l 
S3niibionts, has well-developed palps ( H i l y et al., 1986). 
Perhaps the statement that reduced palps are l i m i t e d to 
b i v a l v e s w i t h symbionts i s more appropriate. 

L u c i n i d g i l l s c o n s i s t of one demibranch only (the outer 
demibranch has been l o s t ) and are f l a t , homorhabdic and very 
l a r g e , extending w e l l below the l i m i t of the v i s c e r a l mass 
( A l l e n , 1958). Large, t h i c k c t e n i d i a have been described f o r 
v i r t u a l l y a l l l u c i n i d species t h a t have been examined to date. 
In those cases where t h i c k g i l l s have not been noted, t h i s 
appears to be a simple omission r a t h e r than a c o n t r a d i c t i o n . 
The g i l l s of Lucinoma aequizonata, Lucinoma borealis and 
Myrtea spinifera comprise approximately 35%, 28% and 23%, 
r e s p e c t i v e l y , of the wet weight of the s o f t clam t i s s u e s 
(Dando et al., 1985, 1986a; D i s t e l and Felbeck, 1987). This 
can be compared to 10.0 + 2% f o r the b i v a l v e Mytllus edulis, 

whose g i l l s do not harbour b a c t e r i a l sjanbionts ( D i s t e l and 
Felbeck, 1987). The l u c i n i d g i l l s t r u c t u r e and m o d i f i c a t i o n s 
advantageous to housing endosymbiotic b a c t e r i a are discussed 
i n d e t a i l i n s e c t i o n 1.4 of t h i s chapter. 
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I t has been suggested th a t s u l p h i d e - o x i d i z i n g symbioses 
were r e s p o n s i b l e f o r the emergence of the Lucinacea and th a t 
m o d i f i c a t i o n of the g i l l s , siphon, gut and feeding appendages 
were a s e r i e s of paedomorphic events {Reid, 1990). In 
a d d i t i o n , s u l p h i d e - o x i d i z i n g symbioses may be the most r a d i c a l 
e v o l u t i o n a r y f a c t o r a f f e c t i n g feeding and v e n t i l a t o r y 
behaviour, as w e l l as hemoglobin adaptation {Reid and Brand, 
1986){see s e c t i o n 1.7). 
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1.3. EVIDENCE FOR CHEMOAUTOTROPHIC BACTERIAL SYMBIOSIS IN THE 
FAMILY LUCINIDAE 

Sjonbioses between i n v e r t e b r a t e s and chemoautotrophic 
b a c t e r i a can be demonstrated i n a number of ways. Although the 
anatomy of the host may suggest that n u t r i t i o n i s obtained i n 
methods a l t e r n a t e to heterotrophy, due to reduced or absent 
gut or reduced feeding appendages, these observations provide 
no evidence that chemoautotrophic symbioses are an a l t e r n a t e 
method. In a d d i t i o n , i t cannot be assumed that the s p e c i f i c i t y 
of h a b i t a t (eg: high sulphide sediments) observed i n some 
chemoautotrophic symbioses i s proof of t h i s type of sjnnbiosis. 
I t has been demonstrated, f o r example, that s e v e r a l b i v a l v e 
species which do not possess b a c t e r i a l endosymbionts i n h a b i t 
high sulphide sediments (Reid and Brand, 1986) and l u c i n i d 
b i v a l v e s w i t h endosymbionts are found i n a v a r i e t y of h a b i t a t s 
(Dando et al., 1986b). 

I n i t i a l i n v e s t i g a t i o n s i n t o these ssnnbioses v i r t u a l l y 
always c o n s i s t of demonstrating the presence of b a c t e r i a 
l i v i n g i n host t i s s u e s , u s u a l l y using e l e c t r o n microscopy to 
i l l u s t r a t e the features of the p r o k a r y o t i c c e l l s such as the 
d i s t i n c t i v e c e l l w a l l of Gram-negative b a c t e r i a . A l l b i v a l v e s 
belonging to the f a m i l y L u c i n i d a e , examined to date, have been 
shown to possess endosymbiotic b a c t e r i a . This suggests 
chemoautotrophic symbioses may be inherent i n t h i s f a m i l y 
( F i s h e r , 1990). Table 1 l i s t s the species of l u c i n i d s which 
have been examined f o r the presence of b a c t e r i a l endosymbionts 
using e l e c t r o n microscopy. In s e c t i o n 1.4, the s t r u c t u r e and 
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Table 1. L u c i n i d b i v a l v e s w i t h chemoautotrophic sjmibiotic 
b a c t e r i a . 

Species Reference 
Linga pensylvanica (L.) 1 
Codakia orbicularis (L.) 1,4 
Lucinoma annulata (Reeve) 2,10 
Lucina floridana (Conrad) 3,10 
Myrtea, spinifera (Montagu) 5,9 
Anodontia p h i l i p p i a n a Reeve 6 
Lucina m u l t i l i n e a t a Tuomey & Holmes 6 
Lucina radians (Conrad) 6 
Lucina (=Codakia) costata (d'Orbigny) 6 
Lucinoma borealis (L.) 7,9 
Parvilucina tenuisculpta (Carpenter) 8 
Lucinoma aequizonata (Stearns) 10 
Lucinella divaricata (L.) 11,12,13 
Loripes lucinalis Turton 13,14 
Codakia (=Ctena) orbiculata (Montagu) 15 
1 Berg et al., 1983 
2 Cavanaugh, 1983 
3 F i s h e r and Hand, 1984 
4 Berg and A l a t a l o , 1984 
5 Dando et al., 1985 
6 Giere, 1985 
7 Dando et al., 1986a 
8 Reid and Brand, 1986 
9 Southward, 1986 
10 D i s t e l and Felbeck, 1987 
11 Herry and Le Pennec, 1987 
12 Le Pennec et al., 1987 
13 Le Pennec et al., 1988. 
14 Herry et al., 1989 
15 Barnes and Brand, unpubl. data. 

12 



c e l l u l a r composition of the g i l l are examined i n d e t a i l , 
focusing on the p o s i t i o n of the b a c t e r i a l sjnnbionts. 

Obviously, the presence of b a c t e r i a i n host i n v e r t e b r a t e 
t i s s u e s does not r e v e a l i f the S3nnbionts are chemoautotrophic 
Ribulose-1,5-bisphosphate carboxylase-oxygenase (RuBPC/0, 
EGA.1.1.39), which c a t a l y s e s the f i r s t r e a c t i o n i n the C a l v i n 
Benson c y c l e , i s only found i n a u t o t r o p h i c organisms, carbon 
monoxide-oxidizing b a c t e r i a and some methylotrophic b a c t e r i a 
(low a c t i v i t i e s ) , (Tabit.a, 1988; F i s h e r , 1990). When the 
p o s s i b i l i t y of photoautotrophy can be e l i m i n a t e d (as f o r deep-
sea or sediment-dwelling organisms), s u b s t a n t i a l a c t i v i t y of 
t h i s enzyme i s i n d i c a t i v e of chemoautotrophy ( F i s h e r , 1990). 
A c t i v i t y l e v e l s must be r e l a t i v e l y high to e l i m i n a t e the 
p o s s i b i l i t y t h a t b a c t e r i a found e x t e r n a l l y on the t i s s u e s are 
res p o n s i b l e . A l l l u c i n i d species t e s t e d have been found to 
have high a c t i v i t y l e v e l s of RuBPC/0 i n the g i l l t i s s u e s and 
are l i s t e d i n Table 2. Phosphoribulokinase i s another enzj^ne 
unique to the Calvin-Benson c y c l e and i s , t h e r e f o r e , a l s o 
e f f e c t i v e i n demonstrating chemoautotrophy. A c t i v i t y of t h i s 
enzyme has been demonstrated i n the g i l l t i s s u e s of Lucina 

floridana and Lucinoma borealis ( F i s h e r and Hand, 1984; Dando 
et al., 1986a). 

Since the i s o t o p i c f r a c t i o n a t i o n of carbon between an 
animal and i t s food source i s r e l a t i v e l y s m a l l , the s t a b l e 
carbon isotope composition of animal t i s s u e s can be used t o 
examine t r o p h i c s t r a t e g i e s (Rau, 1982), F i s h e r (1990) 
cautions, however, that s t a b l e carbon isotope r a t i o s are 
suggestive, r a t h e r than demonstrative, of a chemoautotrophic 
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Table 2. Ribulose-1,5-bisphosphate carboxylase-^oxygenase 
a c t i v i t y i n l u c i n i d b i v a l v e g i l l t i s s u e s . 

Species Reference 
Lucinoma annulata 1 
Parvilucina tenuisculpta 1 
Codakia orbicularis 2,3 
Linga pennsylvanica 2^3 
Lucina floridana 4 
Lucina nassula (Conrad) 3 
Codakia (=Ctena) orbiculata 2,6 
Codakia (=Lucina) costata 6 
Anodontia p h i l i p p i a n a 6 
Lucina radians 6 
Parvilucina m u l t i l i n e a t a 6 
Myrtea spinifera 5,8 
Lucinoma borealis 7,8,10 
L u c i n e l l a divaricata 9,10 
Lucinoma aequizonata 11 
Loripes lucinalis 10,12 
1 Felbeck et al., 1981 
2 Berg et al., 1983 
3 Berg and A l a t a l o , 1984 
4 F i s h e r and Hand, 1984 
5 Dando et al., 1985 
6 Schweimanns and Felbeck, 1985 
7 Dando et al., 1986a 
8 Spiro et al., 1986 
9 Herry and Le Pennec, 1987 
10 D i o u r i s et al., 1988 
11 D i s t e l and Felbeck, 1988 
12 Herry et al., 1989 
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symbiosis and t h a t the s t a b l e carbon isotope composition of 
the carbon source ( i e : v a r i a t i o n w i t h i n a species may r e f l e c t 
h a b i t a t d i v e r s i t y ) , the sources of i s o t o p i c f r a c t i o n a t i o n , and 
the question of carbon l i m i t a t i o n must be considered. These 
considerations are discussed at length i n th a t review and w i l l 
not be examined f u r t h e r here. In a d d i t i o n , demonstration of a 
chemoautotrophic carbon source i s not evidence of symbiosis 
since organisms may be feeding on th a t carbon source r a t h e r 
than r e c e i v i n g carbon products through a sjonbiotic 
r e l a t i o n s h i p ( F i s h e r et al., 1988). Stable carbon isotope 
r a t i o s should be used, t h e r e f o r e , i n conjunction w i t h v i s u a l 
and enzymatic evidence of eridosymbionts. Keeping these 
cautions i n mind, however, s t a b l e carbon isotope r a t i o s 
reported throughout the l i t e r a t u r e can be used to i n d i c a t e a 
chempautotrophic carbon source and, i n conjunction w i t h 
a d d i t i o n a l evidence, chemoautotrophic symbioses. 

Because of the d i s t i n c t i v e " i s o t o p i c s i g n a t u r e s " of 
chemoautotrophic organisms, t r a n s f e r of carbon from symbiont 
to host can be i n f e r r e d by comparing symbiont-containing 
t i s s u e s (or i s o l a t e d symbionts) and symbiont-free t i s s u e s from 
a p a r t i c u l a r host. Once again, care must be used i n 
i n t e r p r e t i n g these data q u a n t i t a t i v e l y due to p o s s i b l e input 
from f r e e - l i v i n g chemoautotrophs and d i s s o l v e d organic carbon 
derived from these b a c t e r i a ( F i s h e r , 1990). 

The s t a b l e carbon isotope composition of a sample i s 
u s u a l l y expressed r e l a t i v e to the PeeDee belemnite (PDB) 
standard; a negative number r e f l e c t s a sample enriched i n ̂ ^C 

r e l a t i v e to the PDB standard (Rundel et al., 1988). Due to 
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s i g n i f i c a n t f r a c t i o n a t i o n of s t a b l e carbon isotopes during 
f i x a t i o n of i n o r g a n i c carbon i n t o c e l l u l a r organic carbon, 
f r e e - l i v i n g s u l p h i d e - o x i d i z i n g b a c t e r i a have been found to 
p r e f e r e n t i a l l y i n c o r p o r a t e i s o t o p i c a l l y l i g h t carbon ( i ^ c ) 

during chemoautotrophic growth (Ruby et al., 1 9 8 7 ) . Hence, 
i n v e r t e b r a t e s whose major source of carbon are sulphide-
o x i d i z i n g b a c t e r i a l symbionts have d i s t i n c t i v e s t a b l e carbon 
isotope r a t i o s (-23%o to - A 7 % o ) . Stable carbon isotope r a t i o s 
f o r l u c i n i d b i v a l v e s are l i s t e d i n Table 3 . Gary et al. 
( 1 9 8 9 ) reported that the s t a b l e carbon isotope r a t i o s of the 
sjanbiotic b a c t e r i a i n Lucinoma aequizonata were s i g n i f i c a n t l y 
l i g h t e r than host t i s s u e and suggest h e t e r o t r o p h i c 
c o n t r i b u t i o n to the clam's n u t r i t i o n . This i s a l s o true f o r 
Lucinoma borealis, Myrtea spinifera and, to a l e s s e r extent, 
Codakia oribicularis (Spiro e t al., 1 9 8 6 ) . Although f o r the 
l a t t e r three species, the s t a b l e carbon isotope r a t i o s were 
measured on g i l l t i s s u e s , r a t h e r than i s o l a t e d b a c t e r i a l 
symbipnts, so the d i f f e r e n c e i n the r a t i o s was not as 
pronounced as f o r Lucinoma aequizonata. The g u t l e s s symbiont-
co n t a i n i n g b i v a l v e Solemya reidi and non-symbiont-containing 
b i v a l v e s have s t a b l e carbon isotope r a t i o s of -30%o and 
approximately - 1 7 . 8 % o r e s p e c t i v e l y , suggesting that f o r the 
l u c i n i d b i v a l v e s discussed above, at l e a s t 50% of the body 
carbon i s derived from b a c t e r i a l autotrophy. 

Although by f a r the most data are a v a i l a b l e on s t a b l e 
carbon isotope r a t i o s , s t a b l e n i t r o g e n isotope r a t i o s have 
a l s o been used i n i n v e s t i g a t i o n s i n t o chemoautotrophic 
symbioses; the r a t i o s reported f o r chemoautotrophic symbioses 
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Table 3. i 3 c / i 2 c r a t i o s i n the t i s s u e s of b i v a l v e molluscs 
belonging to the f a m i l y Lucinidae. 

Species Tissues i 2 c / i 3 c Ref. 
Codakia orbicularis g i l l -23.9,-28^3 1 

body -23.2,-28.1 1 
Lucinoma borealis g i l l s -28.1 to -29.0 2 

• r e s t -24.1 to -25.9 2 
(gut removed) 

Myrtea spinifera g i l l s -24.2 2 
r e s t -23.4 2 
(gut removed) 

Lucina nassula whole body -23.0 2 
Pseudomiltha sp. g i l l s -32.5 t o -37.7 3 
Lucinoma aequizonata b a c t e r i a -34.0 +0.8 4 

other -29.0 +0.7 4 

1 Berg and A l a t a l o , 1984 
2 Spiro et al., 1986 
3 Brooks et al., 1987 
4 Gary et al., 1989 

17 



are considerably lower than t y p i c a l values f o r marine 
b i o l o g i c a l samples ( F i s h e r , 1990). Negative, s t a b l e isotope 
r a t i o values, such as those of the l u c i n i d Pseudomiltha sp., 

suggest that the sjonbionts f i x n i t r o g e n (Brooks et al., 1987). 
Stable sulphur isotopes are of l i t t l e value i n demonstrating 
chemoautotrophic symbioses s i n c e some apo-sj^nbiotic animals 
are a l s o able to o x i d i z e sulphide (Somero et al., 1989) and 
the i s o t o p i c sulphur composition of apo-ssnnbiotic animals from 
high sulphide environments may r e f l e c t , t h e r e f o r e , the S^^S of 
the sulphide from that environment (Spies and DesMarais, 1983; 
R. V e t t e r , pers. comm.). 

Enz3mies a s s o c i a t e d w i t h sulphur metabolism, when found 
along w i t h a c t i v i t y of RuBFC/0, can be considered good 
evidence f o r chemoautotrophic syinbioses f u e l l e d by sulphur. 
Tables 4 a ( i ) and A a ( i i ) l i s t l u c i n i d b i v a l v e species f o r which 
sulphur enzyme a c t i v i t y has been measured i n the g i l l t i s s u e s 
and other body t i s s u e s , r e s p e c t i v e l y . The p o s s i b l e r o l e of 
sulphur enzsrmes i n d e t o x i f i c a t i o n of sulphide i s discussed i n 
s e c t i o n 1.7. Sulphur enzymes commonly measured i n c l u d e 
adenosine-5'-phosphosulphate reductase (APS reductase, EC 
1.8.99.2), sulphate a d e n y l y l t r a n s f e r a s e (ADP)(ADP 
sulphurylase, EC 2.7.7.5), sulphate a d e n y l y l t r a n s f e r a s e (ATP 
sulphurylase, EC 2.7. 7.A) and t h i o s u l p h a t e s u l p h u r t r a n s f e r a s e 
(rhodanese, EC 2.8.8.1). APS reductase c a t a l y z e s the r e a c t i o n 
of AMP and s u l p h i t e to produce adenosine phosphosulphate i n 
some auto t r o p h i c sulphur b a c t e r i a (TrOper and Peck, 1970) and 
can c a t a l y z e the reverse r e a c t i o n i n some sulphate reducing 
b a c t e r i a (Peck et al., 1965). Although F i s h e r (1990) suggests 
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Table 4a. Enzymes of sulphur metabolism i n l u c i n i d b i v a l v e s 
( i ) . G i l l t i s s u e 
Species Enzyme 
Lucinoma annulata ATP-sulphurylase 

rhodanese 
Parvilucina tenuisculpta ATP-sulphurylase 
Codakia orbicularis 

Lucina floridana 

Myrtea spinifera 

Lucinoma borealis 

Lucinella divaricata 

Loripes lucinalis 

ATP sulphurylase 
rhodanese 
APS reductase 
ATP sulphurylase 
APS reductase 
ATP sulphurylase 
ADP sulphurylase 
APS reductase 
ATP sulphurylase 
rhodanese 
APS reductase 
ATP sulphurylase 
rhodanese 
APS reductase 
ATP sulphurylase 
rhodanese 

Reference 
1 
1 

2 
2 
3 
3 
4 
4 
4 
5,7 
7 
7 
6.7 
7 
7 
7.8 
7,8 
7,8 

( i i ) . N o n - g i l l t i s s u e s . 
Species Tissue 
Myrtea spinifera 

Myrtea spinifera 

Loripes lucinalis 

f o o t 

mantle 

Enzyme Reference 
sulphate 
a d e n y l y l t r a n s f e r a s e 
sulphate 
a d e n y l y l t r a n s f e r a s e 

body ATP sulphurylase 
(no g i l l ) 
body rhodanese 
(no g i l l ) 

4 
4 
4 
4 
8 
8 

1 Felbeck et al., 1981 
2 Berg et al., 1983 
3 F i s h e r and Hand, 1984 
4 Dando et al., 1985 

5 Dando et al., 1986a 
6 Herry and Le Pennec, 1987 
7 D i o u r i s et al., 1988 
8 Herry et al., 1989 
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that APS reductase has only r a r e l y been demonstrated i n 
chemoautotrophic symbioses, i t was reported f o r e i g h t of the 
eleven l u c i n i d s which have been examined f o r sulphur enzymes 
and i t was not t e s t e d f o r i n the other three (Table 4 a ( i ) ) . 
The absence of APS reductase i s not, however, evidence against 
chemoautotrophy s i n c e s u l p h i t e o x i d a t i o n i s c a t a l y z e d by other 
enzymes i n other chemoautotrophs (Charles and Suzuki, 1966; 
F i s h e r , 1990). ADP sulphurylase converts the APS formed to 
sulphate and ADP (Gottschalk, 1986). ATP sulphurylase 
c a t a l y z e s the r e v e r s i b l e r e a c t i o n of adenosine-phosphosulphate 
and pyrophosphate to y i e l d ATP and sulphate. Although ATP 
sulphurylase i s found i n a v a r i e t y of organisms (Peck, 1974) 
i t has only been found i n high a c t i v i t i e s i n chemoautotrophic 
sulphur b a c t e r i a and chemoautotrophic symbioses. In the 
l a t t e r , i t has been demonstrated i n a l l symbioses t e s t e d and 
only i n ssnnbiont-containing t i s s u e s ( F i s h e r , 1990). Hence, 
whil e not d i a g n o s t i c , i t i s c e r t a i n l y a good i n d i c a t o r of 
chemoautotrophic symbioses. Rhodanese can c a t a l y z e a v a r i e t y 
of r e a c t i o n s and i s found i n a number Of d i f f e r e n t organisms 
at r e l a t i v e l y high a c t i v i t i e s ( F i s h e r , 1990). Rhodanese 
a c t i v i t y cannot, t h e r e f o r e , be considered as d i a g n o s t i c of 
s u l p h u r - o x i d a t i o n (Cavanaugh, 1985). 

Sulphide oxidase i s a c a t a l y s t which may be r e s p o n s i b l e 
f o r the f i r s t step i n the o x i d a t i o n of hydrogen sulphide i n a 
number of animals. The presence of t h i s c a t a l y s t has been 
demonstrated i n symbiotic and aposymbiotic t i s s u e s of 
organisms w i t h chemoautotrophic symbionts and i n the t i s s u e s 
of apo-symbiotic animals from s u l p h i d e - r i c h environments 
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(Powell and Somero, 1985; Powell and Somero, 1986; Brooks et 

al., 1987)i Sulphide oxidase cannot be considered i n d i c a t i v e 
of chemoautotrophic symbioses, t h e r e f o r e . The k i n e t i c s and 
pathway of t h i s enzyme are unknown, c u r r e n t l y . The benzyl 
v i o l o g e n (B.V.) assay used to measure sulphide oxidase 
a c t i v i t y a l s o measures non-enzymatic sulphide o x i d a t i o n 
(Powell and Arp, 1989), emphasizing the importance of adequate 
c o n t r o l s when attempting to determine enzymatic a c t i v i t y . I t 
has been suggested t h a t B.V. assays conducted at very high 
l e v e l s of sulphide (eg: 1 mM) measure mostly non-enzymatic 
o x i d a t i o n s i n c e these l e v e l s are p h y s i o l o g i c a l l y u n r e a l i s t i c 
and can i n h i b i t enzymatic o x i d a t i o n (Wilmot and V e t t e r , 1992). 
Sulphide oxidase data a v a i l a b l e on l u c i n i d s are presented and 
discussed i n s e c t i o n 1.7. 

Elemental sulphur can be an intermediate product i n the 
o x i d a t i o n of sulphide by chemoautotrophic b a c t e r i a and can 
a l s o r e s u l t from the anaerobic o x i d a t i o n of t h i o s u l p h a t e 
(Schedel and TrOper, 1980). I t i s non-toxic, can be s t o r e d 
w i t h i n the b a c t e r i a l c e l l s , and then o x i d i z e d l a t e r , i n the 
absence of e x t e r n a l forms of reduced sulphur, to s u l p h i t e or 
sulphate to produce a d d i t i o n a l energy ( V e t t e r , 1985; Gary et 

al., 1989). The o x i d a t i o n of sulphide to elemental sulphur 
has a f r e e energy change of -210 kJ/mole, w h i l e the f u r t h e r 
o x i d a t i o n of elemental sulphur to sulphate has a f r e e energy 
change of -496 kJ/mole (Table 4b). Observations suggest t h a t 
a s t o r e of elemental sulphur can be consumed w i t h i n a few days 
i n well-oxygenated c o n d i t i o n s (Dando et al., 1985; V e t t e r , 
1985). 
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Table 4b. Standard f r e e energy changes of r e a c t i o n s i n v o l v i n g 
o x i d a t i o n of sulphur compounds (from Jannasch, 198A). 

Reaction G°'(kJ/mol) 
H2S + I / 2 O 2 = S° + H2O 
HS- + 2O2 = S O 4 2 - + H+ 
S° + I . 5 O 2 + H2O = H 2 S O 4 
S 2 O 3 2 - + 2O2 + H2O = 2 S O 4 2 - + 2H+ 

-210 
-716 
-496 
-936 

The presence of elemental Sulphur, contained i n small 
v e s i c l e s formed by i n v a g i n a t i o n of the cytoplasmic membrane of 
the b a c t e r i a l symbionts, has been demonstrated f o r numerous 
species of l u c i n i d b i v a l v e and i s discussed f u r t h e r i n t h i s 
chapter, s e c t i o n 1.4. Apo-symbiotic marine organisms do 
contain sulphur but at r e l a t i v e l y low l e v e l s : 0.45 to 2.8% dry 
weight (d.w.) t o t a l sulphur ( t h i s i s probably l a r g e l y organic 
sulphur) (Kaplan et al., 1963). V e t t e r (1985) noted that the " 
foot t i s s u e of Lucinoma aequizonata had comparable l e v e l s to 
those of apo-ssnnbiotic marine organisms, 1.4% d.w., and 
demonstrated t h a t the g i l l s of t h i s l u c i n i d b i v a l v e contained 
elemental sulphur i n much higher l e v e l s (21-26% d.w.). 
Elemental sulphur i n the g i l l t i s s u e s can be suggestive, 
t h e r e f o r e , of s u l p h i d e - o x i d i z i n g chemoautotrophs. The 
elemental sulphur appeared to be present i n l i q u i d c r y s t a l 
form i n glo b u l e s , s i m i l a r to that observed f o r f r e e - l i v i n g 
sulphur b a c t e r i a (Lawry et al., 1981; Schedel arid TrOper, 
1980; V e t t e r , 1985). X-ray d i f f r a c t i o n a n a l y s i s of g i l l 
t i s s u e s revealed stored g l o b u l a r elemental sulphur (SGES) i n 
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Lucina floridana and P a r v i l u c i n a tenuisculpta ( F i s h e r and 
Hand, 1984; Reid and Brand, 1986). SGES content of the g i l l s 
has been measured f o r Myrtea spinifera (3.3 - 25.0 p-gatoms 
S/gwetwgt), Lucinoma borealis (9.4 - 68.1 pgatoms S/gwetwgt), 
L. aequizonata (18-144 pgatoms S/gwetwgt) and Pseudomiltha sp. 

(6.25 - 256.25 pgatoms/gwetwgt) ( V e t t e r , 1985; Dando et al., 

1985, 1986a; Brooks et al., 1987). SGES l e v e l s are thus 
h i g h l y v a r i a b l e and appear to be c o r r e l a t e d to a v a i l a b i l i t y of 
reduced sulphur forms. When whole g i l l s of Myrtea spinifera 

were s u p p l i e d w i t h Naa^ss, a small q u a n t i t y was converted to 
SGES (Dando et al., 1985). 

S i g n i f i c a n t a c t i v i t y of the enzymes of n i t r o g e n 
metabolism ( n i t r a t e reductase (EG 1.6.6.1) and n i t r i t e 
reductase (EC 1.7.7.1)) are i n d i c a t i v e of chemoautotrophy 
si n c e the a b i l i t y to a s s i m i l a t e i n o r g a n i c n i t r o g e n sources i s 
r e s t r i c t e d tO a u t o t r o p h i c organisms (where the p o s s i b i l i t y of 
photoautotrophy can. be eliminated) . The enzsanes c a t a l y z e the. 
reduction of n i t r a t e to n i t r i t e and the formation of ammonia 
from n i t r i t e r e s p e c t i v e l y . N i t r a t e - r e d u c t a s e has been 
demonstrated i n Parvilucina tenuisculpta and Codakia 

orbicularis (Felbeck et al., 1981; Berg and A l a t a l o , 1984). 
F i s h e r and Hand (1984) demonstrated n i t r i t e reductase i n 
Lucina floridana. I t i s p o s s i b l e , however, th a t these enzymes 
have a r o l e i n d i s s i m i l a t o r y , not a s s i m i l a t o r y , n i t r o g e n 
metabolism. Hentschel et al. (1993) demonstrated the presence 
of r e s p i r a t o r y n i t r a t e reductase i n Lucinoma aequizonata, 

n o t i n g higher a c t i v i t y i n animals maintained a n o x i c a l l y . 
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Nitrogen a s s i m i l a t i o n i n L. aequizonata has been suggested, 
based on i n c o r p o r a t i o n of i s rj_ammonia and i 5 N _ n i t r a t e i n t o 
a c i d i n s o l u b l e compounds and by the presence of GS-GOGAT 
pathway enzymes i n the symbionts (U. Hentschel, pers. comm.). 
The enzjnne r e s p o n s i b l e f o r n i t r o g e n f i x a t i o n , nitrogenase (EC 
1.18.5.1), has not yet been demonstrated f o r chemoautotrophic 
symbioses. 

The r e s u l t s of p h y s i o l o g i c a l research, discussed i n 
d e t a i l l a t e r i n t h i s review ( s e c t i o n 1.7), can a l s o provide 
evidence of chemoautotrophic sjmibioses. For example, an 
increase i n carbon d i o x i d e f i x a t i o n r a t e i n whole animals or 
t i s s u e s i n response to s p e c i f i c reduced sulphur s u b s t r a t e s , 
provides a d d i t i o n a l evidence of chemoautotrophy ( F i s h e r and 
Hand, 1984; Dando et al., 1985, 1986a) and demonstration of 
t r a n s l o c a t i o n of f i x e d carbon from b a c t e r i a to host i s 
i n d i c a t i v e of the symbiosis (Herry et al., 1989 f o r Loripes 

lucinalis). Net uptake of i n o r g a n i c carbon i n the presence of 
reduced sulphur compounds (Anderson et al., 1987 f o r Solemya 

reidi) or recording growth of host organisms i n response to 
reduced sulphur compounds (Gary et al., 1989 f o r Lucinoma 

aequizonata) a l s o demonstrate f u n c t i o n i n g chemautotrophic 
symbioses. 
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1,4. STRUCTURE AND CELLULAR COMPOSITION OF THE GILL 
The s t r u c t u r e and c e l l u l a r composition of l u c i n i d g i l l s 

and the l o c a t i o n of the b a c t e r i a l symbionts w i t h i n the g i l l s 
have been e x t e n s i v e l y s t u d i e d . While g e n e r a l i z a t i o n s f o r the 
fam i l y Lucinidae can be made f o r g i l l s t r u c t u r e , there appear 
to be some d i f f e r e n c e s i n the c e l l u l a r composition, which may 
represent i n t e r g e n e r i c or i n t e r s p e c i f i c v a r i a t i o n . The 
s p a t i a l arrangement of the endosymbionts i n the host g i l l 
t i s s u e s , i n conjunction w i t h p h y s i o l o g i c a l mechanisms, 
determines b a c t e r i a l access to oxygen (or p o s s i b l y other 
e l e c t r o n acceptors) and sulph i d e , i n a d d i t i o n to host c e l l 
exposure to the p o t e n t i a l l y t o x i c e f f e c t s of sulphide. The 
p o s i t i o n of the b a c t e r i a i s , t h e r e f o r e , i n t e g r a l to 
understanding the tr a n s p o r t of reduced sulphur compounds, 
d e t o x i f i c a t i o n mechanisms and energy e x p l o i t a t i o n i n the 
symbiosis. For t h i s reason, the c e l l u l a r s t r u c t u r e of l u c i n i d 
g i l l s i s reviewed here i n some d e t a i l . The fu n c t i o n s of the 
various c e l l types are discussed only b r i e f l y , s i n c e c e l l 
f u n c t i o n , g i l l s t r u c t u r e and c e l l u l a r composition are r e l a t e d 
to the p h y s i o l o g i c a l mechanisms of chemoautotrophic symbioses 
i n s e c t i o n 1.7. 

1.4-1. G i l l s t r u c t u r e 
The g i l l s of l u c i n i d b i v a l v e s c o n s i s t of a s i n g l e 

demibranch ( A l l e n , 1958). The outer p o r t i o n of the g i l l , 
r e f e r r e d to by D i s t e l and Felbeck (1987) as the " c t e n i d i a l 
f i l a ment zone", i s t y p i c a l of eulamellibranchs and c o n s i s t s of 
a p a r a l l e l a r r a y of c i l i a t e d f i l a m e n t s which are j o i n e d 
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together by i n t e r f i l a m e n t a r j u n c t i o n s ( A l l e n , 1958). This 
forms a p a i r of g r i d - l i k e lamellae which are j o i n e d together 
at the bottom and numerous i n t e r l a m e l l a r j u n c t i o n s extending 
the l ength of the lamellae ( d b r s o v e n t r a l l y ) , form the 
i n t e r l a m e l l a r space i n t o v e r t i c a l water tubes (Dando et al., 

1985; D i s t e l and Felbeck, 1987) ( F i g . 2), These v e r t i c a l 
tubes, again c h a r a c t e r i s t i c of eulame l l i b r a n c h s , open i n t o a 
continuous space, between the g i l l and v i s c e r a l mass at the 
upper end of the g i l l , which extends p o s t e r i o r l y to the base 
of the exhalant siphon (the suprabranchial chamber i n Reid and 
Brand (1986) or the d o r s a l space i n Dando et al. (1985)) 
(Purchon, 1968; Barnes, 1980). The e f f e r e n t and a f f e r e n t 
blood v e s s e l s are c a r r i e d i n the ascending and descending 
lamellae ( A l l e n , 1958) and the blood sinuses i n l u c i n i d 
c t e n i d i a are enlarged (Reid, 1990). The l u c i n i d s appear to 
u t i l i z e r e g u l a r c i l i a l s o r t i n g and t r a n s p o r t of food p a r t i c l e s 
and the demibranchs have t h i n c i l i a t e d food grooves at the 
v e n t r a l margins ( A l l e n , 1958; Dando et al., 1985; Reid and 
Brand, 1986; Herry et al., 1989). 

Closer examination of the subfilamentar t i s s u e s below the 
c i l i a t e d surface of the g i l l r eveals t h a t l u c i n i d g i l l s are 
unusual f o r eulamellibranchs. The subfilamentar t i s s u e i s 
e x c e p t i o n a l l y t h i c k and gives the g i l l s t h e i r d i s t i n c t i v e dark 
colour ( A l l e n , 1958; D i s t e l & Felbeck, 1987). I t i s t h i s 
t i s s u e which contains the b a c t e r i a l symbionts. The l u c i n i d 
g i l l may represent a compromise between f i l t e r feeding 
( c i l i a t e d zone) and s3nnbiosis ( t h i c k subf ilamentar zone w i t h 
b a c t e r i o c y t e s ) (Reid and Brand, 1986). D i s t e l and Felbeck 
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Figure 2. S t r u c t u r e of the g i l l s i n Lucinoma aequizonata, 
i d e n t i c a l to that i n Codakia orbiculata. (A) Clam wi t h l e f t 
v alve removed. (B) Transverse s e c t i o n through e n t i r e clam at 
median p o i n t of a n t e r i o r - p o s t e r i o r a x i s . (C) Enlargement of 
block of g i l l t i s s u e removed from region i n d i c a t e d by box i n 
(A). (D) Enlargement of block of g i l l t i s s u e removed from 
region i n d i c a t e d by box i n (C). aa: a n t e r i o r adductor; bz: 
b a c t e r i o c y t e zone; c f : c t e n i d i a l f i l a m e n t s ; c f z : c t e n i d i a l 
filament zone; f: f o o t ; i l : inner l a m e l l a ; i l b : i n t e r l a m e l l a r 
bridge.; i l s . : i n t e r l a m e l l a r space; Ibc: large b a c t e r i o c y t e 
channel; I d : l e f t demibranch; m: mantle; o: o s t i a ; o l : outer 
l a m e l l a ; pa: p o s t e r i o r adductor; r d : r i g h t demibranch; sbc: 
small b a c t e r i o c y t e channel; t z : t r a n s i t i o n zone; v: v a l v e ; vm: 
v i s c e r a l mass. Figure 2 i s from D i s t e l and Felbeck (1987). 
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(19.87) d i v i d e the subf ilamentar t i s s u e i n t o two d i s t i n c t 
zones, based on c e l l u l a r composition: the " t r a n s i t i o n zone" 
and the " b a c t e r i o c y t e zone". The presence of a t r a n s i t i o n 
zone may not be c o n s i s t a n t throughout the f a m i l y and i s 
discussed l a t e r i n t h i s t e x t . Regardless of the number of 
zones i n the subfilamentar t i s s u e , the three dimensional g i l l 
s t r u c t u r e described by D i s t e l and Felbeck (1987) appears 
c o n s i s t e n t w i t h other published d e s c r i p t i o n s f o r l u c i n i d g i l l s 
( F i g . 2). The subfilamentar t i s s u e , r a t h e r than a simple 
medial extension of the f i l a m e n t t i s s u e , i s organized as an 
array of c y l i n d r i c a l tubes. The o s t i a of the c i l i a t e d zone 
( t y p i c a l of e u l a m e l l i b r a n c h b i v a l v e s ) connect to "small 
b a c t e r i o c y t e channels" which run continuously through the 
subfilamentar t i s s u e s (the t r a n s i t i o n zone and the 
b a c t e r i o c y t e zone) i n t o the i n t e r l a m e l l a r space. The small 
b a c t e r i o c y t e channels run through the centre of b a c t e r i o c y t e 
c y l i n d e r s , which are arranged i n a t i g h t l y packed array and 
extend i n t o the i n t e r l a m e l l a r space perpendicular to the g i l l 
s urface. These c y l i n d e r s are made up l a r g e l y of b a c t e r i o c y t e s 
that are organized to form open-centered r i n g s w i t h the inner 
surfaces of the c y l i n d e r s (small b a c t e r i o c y t e channels) l i n e d 
w i t h t h i n e p i t h e l i a l c e l l s ( m i c r o v i l l a r i n t e r c a l a r y c e l l s ) 
(see f o l l o w i n g s e c t i o n ) forming a p a r t i a l b a r r i e r between the 
b a c t e r i o c y t e s and the outside world. The c e l l s of the 
t r a n s i t i o n zone are a l s o organized as a r i n g , l y i n g between 
the b a c t e r i o c y t e and c t e n i d i a l f i l ament zones. Hence, mantle 
f l u i d can pass from the mantle c a v i t y through the 
i n t e r l a m e l l a r space and i n t o the suprabranchial c a v i t y . The 
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outer sides of the b a c t e r i o c y t e c y l i n d e r s are fused to form a 
continous sheet of t i s s u e which communicates w i t h the 
hemocoel; the b a s a l surface of the b a c t e r i o c y t e s , t h e r e f o r e , 
i s i n contact w i t h the c t e n i d i a l blood s i n u s . 

1.4.2. G i l l C e l l u l a r Composition 
The presence- of the c i l i a t e d c e l l s i n the f r o n t a l p o r t i o n 

of the g i l l f i l a m e n t s i s constant throughout a l l members of 
the f a m i l y Lucinidae examined to date ( F i s h e r and Hand, 1984; 
Giere, 1985; Dando et al., 1985; Reid and Brand, 1986; D i s t e l 
and Felbeck, 1987; Herry and Le Pennec, 1987). These c e l l s 
never contain b a c t e r i a and are t y p i c a l of the normal b i v a l v e 
filament i n t h a t they contain numerous mitochondria: an 
observation made f o r Parvilucina tenuisculpta, Lucina 

floridana, Anodontia philippiana, Lucina multilineata, Lucina 

costata and Lucina radians ( F i s h e r and Hand, 1984; Giere, 
1985; Reid and Brand, 1986). The w e l l - d e f i n e d c i l i a r y bands 
( f r o n t a l , l a t e r o - f r o n t a l and l a t e r a l ) are described i n d e t a i l 
f o r Lucinella. divaricata (Herry and Le Pennec, 1987) and a 
d e t a i l e d d e s c r i p t i o n of the v a r i e t y of c i l i a t e d c e l l s i n 
Loripes lucinalis can be found i n Herry et al. (1989). In the 
l a t t e r , observations of the f r o n t a l , p r o l a t e r o - f r o n t a l , 
e u l a t e r o - f r o n t a l , p r o l a t e r a l and e u l a t e r a l c e l l s i n the 
c i l i a t e d zone i n d i c a t e d that only the e u l a t e r a l c e l l s have 
numerous mitochondria and that the f r o n t a l , p r o l a t e r a l - f r o n t a l 
and p r o l a t e r a l c e l l s are covered w i t h m i c r o v i l l i . 

The d i s t i n c t zones present i n the l u c i n i d g i l l s c l e a r l y 
i n d i c a t e d i f f e r e n t requiresments f o r gas and s o l u t e exchange. 



Since the c i l i a t e d zone of l u c i n i d g i l l s i s t y p i c a l of 
e u l a m e l l i b r a n c h b i v a l v e s , i t suggests t h a t the f u n c t i o n may 
a l s o be the same: to v e n t i l a t e blood a n d - f i l t e r p a r t i c l e s . 
Although these c i l i a t e d c e l l s are r i c h i n mitochondria, 
l u c i n i d s are known to be stenohaline osmoconformers (Jackson, 
1973), suggesting t h a t the m i t o c h o n d r i a - r i c h e p i t h e l i u m i s not 
required f o r a c t i v e , t r a n s e p i t h e l i a l movement of ions ( F i s h e r 
and Hand, 1984). I t i s l i k e l y that maximal oxygen t r a n s p o r t 
occurs i n the c t e n i d i a l f i l a m e n t zone and F i s h e r and Hand 
(1984) suggested t h a t the c i l i a t e d g i l l e p i t h e l i u m may have an 
oxygen-scavenging r o l e , p r o t e c t i n g oxygen-sensitive enzymes 
found i n the deeper b.acteriocytes. Since RuBPG/0 e x h i b i t s 
both oxygenase and carboxylase a c t i v i t i e s , due to competition 
between oxygen and carbon d i o x i d e f o r the same a c t i v e s i t e , 
carbon d i o x i d e f i x a t i o n w i l l proceed most e f f i c i e n t l y when the 
i n t r a c e l l u l a r r a t i o of CO2 and O2 i s h i g h , a l l o w i n g normal 
hexose a s s i m i l a t i o n ( C h o l l e t , 1977). Hence, maintaining low 
oxygen l e v e l s i n the water passing through the b a c t e r i o c y t e 
channels would be advantageous to b a c t e r i a l RuBPC/0 f u n c t i o n . 
A s i m i l a r c o n t r o l on oxygen l e v e l s has been suggested by 
D i s t e l and Felbeck (1987). Giere (1985) suggests oxygen-
scavenging i s u n l i k e l y to be important i n the low oxygen 
environments i n which the organisms are found. In e i t h e r case, 
however, the subfilamentar g i l l t i s s u e w i l l be exposed to 
lower oxygen l e v e l s than are found i n the environment. Another 
p o s s i b i l i t y i s t h a t the mitochondria i n the c i l i a t e d c e l l s , 
s i m i l a r to the host c e l l mitochondria of Solemya reidi, may 
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o x i d i z e sulphide (see s e c t i o n 1.7) (Powell and Somero, 1986; 
O'Brien and V e t t e r , 1990). 

A l l e n (1958) noted the l a r g e amount of. subf ilamentar 
t i s s u e i n l u c i n i d g i l l s and the presence of l a r g e c e l l s 
c o n t a i n i n g brown pigment granules, which were never found i n 
the c i l i a t e d c e l l s . A l l r e p o r t s agree t h a t i t i s the 
subfilamentar zone which gives the g i l l s t h e i r c olour. In the 
subfilamentar zone and immediately below the c i l i a t e d zone, 
D i s t e l and Felbeck (1987.) . described a c e l l l a y e r no more than 
a few c e l l s t h i c k which they term the " t r a n s i t i o n zone". 
C e l l s i n t h i s zone never c o n t a i n b a c t e r i a or pigment granules. 
They are a l s o r e f e r e d to as storage e p i t h e l i u m , due to the 
presence of numerous glycogen and mucopolysaccharide granules, 
by Reid and Brand (1986) or intermediary c e l l s by Herry et al. 

(1989) (the l a t t e r not to be confused w i t h Giere's (1985) 
"intermediate" c e l l s , which resemble the i n t e r c a l a r y c e l l s 
discussed l a t e r i n t h i s t e x t ) . The t r a n s i t i o n zone i s 
described f o r Lucinoma aequizonata, Lucinoma annulata, Lucina 

floridana, Parvilucina tenuisculpta and Loripes lucinalis 

(Reid and Brand, 1986; D i s t e l and Felbeck, 1987; Herry et al., 

1989). In c o n t r a s t to the former four s p e c i e s , L. lucinalis 

t r a n s i t i o n zone c e l l s are densely covered w i t h m i c r o v i l l i on 
the a p i c a l surface. In a d d i t i o n , they are noted to contain 
numerous mitochondria, an observation omitted f o r t r a n s i t i o n 
zone c e l l s i n the other l u c i n i d species (Herry et al., 1989). 
There i s no mention of t h i s " t r a n s i t i o n zone" i n Anodontia 

philippiana, Lucina multilineata, Lucina radians, and Codakia 

(Lucina) costata (Giere, 1985), Myrtea spinifera (Dando et 

31 



al., 1985), Lucinoma borealis (Southward, 1986) nor F i s h e r and 
Hand's (1984) d e s c r i p t i o n of L. floridana. The l a t t e r 
c o n t r a s t s to D i s t e l and Felbeck's (1987) d e s c r i p t i o n of the 
same b i v a l v e . I t i s p o s s i b l e that the t r a n s i t i o n zone has been 
overlooked i n some species or i t may be absent, representing 
an i n t e r g e n e r i c and i n t e r s p e c i f i c d i f f e r e n c e w i t h i n the 
f a m i l y . The only suggested f u n c t i o n of the t r a n s i t i o n zone 
c e l l s i s one of storage (Reid and Brand, 1986). 

Mucus-secreting c e l l s were observed by A l l e n (1958) to 
u s u a l l y occur half-way along the f i l a m e n t a r extension i n 
l u c i n i d s . Studies s i n c e then have noted mucus-producing c e l l s 
i n some, but not a l l , members of the f a m i l y Lucinidae. Mucus 
c e l l s are absent i n Myrtea spinifera g i l l t i s s u e and rare i n 
Lucinoma borealis and Loripes lucinalis g i l l t i s s u e s (Dando et 

al., 1985; Southward, 1986; Herry et al., 1989). Mucus-
producing c e l l s have been found i n the t r a n s i t i o n zone of 
Lucinoma aequizonata, Lucinoma annulata and Lucina floridana, 

p a r t i c u l a r l y concentrated at the border f a c i n g the c t e n i d i a l 
f i l a m e n t s ( D i s t e l and Felbeck, 1987), suggesting a f u n c t i o n 
r e l a t e d to f i l t e r feeding. 

With the noted exceptions of the t r a n s i t i o n zone and 
mucus-secreting c e l l s , most reports on the subfilamentar 
t i s s u e of l u c i n i d s l i s t three b a s i c c e l l types: b a c t e r i o c y t e , 
i n t e r c a l a r y and storage c e l l s . A l l references agree that the 
predominant c e l l type i n the subfilamentar t i s s u e i s the 
b a c t e r i o c y t e . D i s t e l and Felbeck (1987) described the t i s s u e 
i n which the b a c t e r i o c y t e s are l o c a t e d , immediately beneath 
the t r a n s i t i o n zone, as the " b a c t e r i o c y t e zone" and noted that 
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the i n t e r l a m e l l a r j u n c t i o n s (that form the v e r t i c a l water 
tubes between the inner and outer lamellae) are an extension 
of a double row of b a c t e r i o c y t e c e l l s across the i n t e r l a m e l l a r 
space. Southward (1986) noted f o r Lucinoma borealis, however, 
that a l l i n t e r n a l p a r t s of the f i l a m e n t s , i n t e r f i l a m e n t a r 
bridges and i n t e r l a m e l l a r bridges are covered w i t h t h i c k brown 
epidermis made up of i n t e r c a l a r y c e l l s and storage c e l l s , as 
w e l l as b a c t e r i o c y t e s . The b a c t e r i o c y t e s vary i n s i z e between 
species, w i t h diameters ranging from •6-60 pm ( F i s h e r and Hand, 
1984; Giere, 1985; Dando et al., 1985; Southward, 1986; D i s t e l 
and Felbeck, 1987; Le Pennec et al., 1988; Herry et al., 

1989). In some species these c e l l s are reported as 
m i c r o v i l l o u s {Myrtea spinifera, Lucinoma borealis, Lucinella 

divaricata, Loripes lucinalis, Parvilucina tenuisculpta, 

Anodontia philippiana, Codakia costata, Lucina m u l t i l i n e a t a 

and Lucina radians) w h i l e the b a c t e r i o c y t e s of other species 
{Lucinoma annulata, Lucinoma aequizonata and Lucina floridana) 

apparently l a c k m i c r o v i l l i (Dando et al., 1985; Giere, 1985; 
Reid and Brand, 1986; Southward, 1986; D i s t e l and Felbeck, 
1987; Herry and Le Pennec, 1987; Herry et al., 1989). The 
b a c t e r i o c y t e s are t y p i c a l l y l a r g e but vary i n shape from 
roughly c u b i c a l w i t h a wide base and a narrower a p i c a l region 
{M. spinifera, L. borealis) to the reversej w i t h the longest 
side adjacent to the c i l i a t e d zone of the f i l a m e n t , becoming 
shorter towards the m i d - l a t e r a l region {L. lucinalis) (Dando 
et al., 1985; Southward, 1986; Herry et al., 1989). The b a s a l 
surfaces of the b a c t e r i o c y t e s are i n contact w i t h the 
c t e n i d i a l blood sinuses (Dando et al., 1986a; D i s t e l and 
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Felbeck, 1987; Southward, 1987). The b a s a l membranes of the 
b a c t e r i o c y t e s i n L. divaricata and L. lucinalis are 
convoluted, suggestive of exchange between the b a c t e r i o c y t e s 
and the blood sinus (Herry and Le Pennec, 1987; Herry et al., 

1989) . 
In the b a c t e r i o c y t e s of most l u c i n i d s examined to date, 

there are few mitochondria ( F i s h e r and Hand, 1984; Dando et 

al., 1985; Giere, 1985; V e t t e r , 1985; Southward, 1986). In 
contrast to the observations on Lucina floridana .by F i s h e r and 
Hand (1984) and V e t t e r (1985), those of D i s t e l and Felbeck 
(1987) i n d i c a t e the presence of numerous mitochondria i n the 
b a c t e r i o c y t e s of t h i s species. Endoplasmic r e t i c u l u m i s scarce 
or absent ( V e t t e r , 1985; Southward, 1986) but there are l o t s 
of glycogen p a r t i c l e s (Southward, 1986; D i s t e l and Felbeck, 
1987; Herry et al., 1989). The n u c l e i of the b a c t e r i o c y t e s are 
u s u a l l y observed to be l o c a t e d i n the inner ( " c e n t r a l " or 
"basal") p a r t s of the c e l l (Giere, 1985; D i s t e l and Felbeck, 
1987; Herry and Le Pennec, 1987; Le Pennec et al., 1988; Herry 
et al., 1989). The b a c t e r i o c y t e s contain numerous vacuoles 
which contain from one to two (Dando et al., 1985) to tens of 
b a c t e r i a ( D i s t e l and Felbeck, 1987). I t has been observed f o r 
s e v e r a l l u c i n i d species that the b a c t e r i a tend to be l o c a t e d 
towards the d i s t a l ( e x t e r n a l ) p a r t of the b a c t e r i o c y t e , near 
the b a c t e r i o c y t e channels and the i n h a l a n t water flow (Giere, 
1985). 

A l l l u c i n i d endosyinbiotic b a c t e r i a examined to date 
appear to be Gram-negative, w i t h a d i s t i n c t i v e , m u l t i - l a y e r e d 
c e l l w a l l (Brock and Madigan, 1988). The b a c t e r i a range i n 
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s i z e , commonly e x h i b i t i n g s i z e v a r i a t i o n w i t h i n one animal. 
For exainple,. the b a c t e r i a of Parvilucina tenuisculpta range 
from 1-5 pm across (Reid and Brand, 1986) and those of Myrtea 

•spinifera, O.A - 2.5 pm i n diameter (Dando et al., 1985). In 
a l l members of the f a m i l y Lucinidae examined to date, the 
b a c t e r i a f i t w i t h i n a O.A-5.0 pm diameter s i z e range 
(Southward, 1986). The b a c t e r i a are u s u a l l y s p h e r i c a l or rod 
shaped, o f t e n w i t h both shapes found i n one animal (Gavanaugh, 
1983; F i s h e r and Hand, 198A; Giere, 1985; V e t t e r , 1985; 
Southward, 1986; Herry and Le Pennec, 1987; D i s t e l and 
Felbeck, 1987.; Herry et al., 1989). The presence of small 
v e s i c l e s formed by i n v a g i n a t i o n of the cytoplasmic membrane 
have been noted i n a l l l u c i n i d b a c t e r i a l symbionts whose 
s t r u c t u r e has been c l o s e l y examined (Dando et al., 1985; 
Giere, 1985; Southward, 1986; Herry and Le Pennec, 1987; Herry 
et al., 1989). These v e s i c l e s contain g l o b u l a r elemental 
sulphur ( F i s h e r and Hand, 198A; V e t t e r , 1985; Dando et al., 

1985; Reid and Brand, 1986; Southward, 1986; D i s t e l and 
Felbeck, 1987), which gives the b a c t e r i a , and sometimes the 
g i l l i t s e l f , a pale yellow colour. The b a c t e r i a l cytoplasm 
contains numerous electron-dense "granules" or p a r t i c l e s 
(Dando et al., 1985; Giere, 1985; Southward, 1986; Herry and 
Le Pennec, 1987). Giere (1985) suggests these "granules" may 
be "carboxysomes" due to size., shape and enzyme t e s t s 
(Schweimanns and Felbeck, 1985). This suggestion has hot been 
made by other researchers, however, and Dando et al., (1985) 
note t h a t they d i d not see carboxysomes i n M. spinifera. 

Electron-dense p a r t i c l e s i n Lucinoma borealis and M. spinifera 
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symbionts may be clumped ribosomes or glycogen p a r t i c l e s 
(Dando et al., 1985; Southward^ 1986). In a d d i t i o n , l a r g e 
electron-dense granules, o f t e n a s s o c i a t e d w i t h cytoplasmic 
membrane and e s p e c i a l l y around sulphur v e s i c l e s , have been 
observed i n L. borealis, M. spinifera and Lucinella divaricata 

and may be polyphosphate granules (Dandb et al., 1985; 
Southward, 1986; Herry and Le Pennec, 1987). 

The b a c t e r i a are u s u a l l y reported as the most numerous 
i n c l u s i o n i n the b a c t e r i o c y t e s , but the presence of numerous 
pigmented granules i n these c e l l s i s t y p i c a l of l u c i n i d g i l l s . 
The pigment granules found i n l u c i n i d g i l l b a c t e r i o c y t e s , 
probably r e s p o n s i b l e f o r the c o l o u r a t i o n of l u c i n i d g i l l s 
( A l l e n , 1958), are g e n e r a l l y reported as brown and yellow 
(Fisher and Hand, 1984; Dando et al., 1985; Reid and Brand, 
1986; Southward, 1986; D i s t e l and Felbeck, 1987). The "dense 
glo b u l e s " found i n the b a c t e r i o c y t e s of Loripes lucinalis and 
Lucinella divaricata (Le Pennec et al., 1988; Herry et al., 

1989) are probably pigment granules. The colours of l u c i n i d 
g i l l s f a l l w i t h i n the range from dark brown to creamy-beige 
described f o r Lucinoma aequizonata, Lucinoma ainnulata, Lucina 

floridana, Lucinoma borealis and L. lucinalis (Southward, 
1986; D i s t e l and Felbeck, 1987; Herry et al., 1989), y e l l o w 
and dark brown described f o r Parvilucina tenuisculpta (Reid 
and Brand, 1986), dark red f o r Myrtea spinifera (Dando et al., 

1985), "nearly black" f o r Lucina pectinata (Kraus et al., 

1990) and, g e n e r a l l y , "dark" f o r numerous species belonging to 
the genera Lucina, Parvilucina and Codakia (Jackson, 1973; 
Felbeck et al., 1981; Berg and A l a t a l o , 1984; Schweimanns and 
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Felbeck, 1985). Most repo r t s i n d i c a t e the granules resemble 
lysosomal s t r u c t u r e s ; they are electron-dense, o f t e n contain 
the remains of b a c t e r i a and some reports note they contain 
dense aggregates of membrane or membrane whorls, resembling 
myelin f i g u r e s t y p i c a l l y seen i n lysosomal r e s i d u a l bodies 
(Giere, 1985; Southward, 1986; D i s t e l and Felbeck, 1987; Le 
Pennec et al., 1988). The r o l e of the granules i n b a c t e r i a l 
l y s i s and n u t r i t i o n of the host b i v a l v e i s discussed f u r t h e r 
i n s e c t i o n 1.5. Reid and Brand (1986) analyzed the elemental 
composition of the granules i n P. tenuisculpta and suggested 
the granules may be n e p h r o l i t h - l i k e bioaccumulation granules 
that have sequestered i r o n , n i c k e l and chromium from the water 
column or from the blood. F i s h e r and Hand (198A) detected the 
presence of i r o n and suggested an a l t e r n a t e f u n c t i o n f o r the 
granules: that they may contain r e s p i r a t o r y pigments 
(myoglobin, hemoglobin) or i r o n - c o n t a i n i n g cytochromes. That 
the pigment granules may contain hemoglobin has a l s o been 
suggested by Read (1962) and Jackson (1973) but there i s no 
evidence f o r t h i s and observations on M. spinifera suggest i t 
may be l o c a t e d elsewhere i n the c e l l (Dando et al., 1985). 
The granules do appear to contain hematin, however, which can 
o x i d i z e sulphide (Powell and Arp, 1989). The p o t e n t i a l r o l e Of 
the granules i n • s u l p h i d e - o x i d a t i o n i s discussed i n s e c t i o n 
1.7. Giere (1985) suggests, however, t h a t the i r o n content of 
the granules could r e l a t e to lysosomal f u n c t i o n r a t h e r than, 
p l a y i n g a r o l e i n oxygen t r a n s f e r ; the granules could 
accumulate metabolic end-products, a c t i n g s i m i l a r l y to 
"cytosomes" or " s p h e r i t e s " o f t e n found i n molluscs (Preto, 
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1979). I t i s p o s s i b l e t h a t these two suggestions are both 
a p p l i c a b l e : i f the granules d i g e s t b a c t e r i a , the pigments i n 
the granules (which o x i d i z e sulphide non-enzsnnatically) could 
be a r e s u l t of heme compounds present i n the b a c t e r i a (R. 
V e t t e r , pers. comm). 

In a d d i t i o n to the b a c t e r i o c y t e s , the subfilamentar g i l l 
t i s s u e contains i n t e r c a l a r y c e l l s i n v i r t u a l l y a l l species of 
l u c i n i d s examined to date. The i n t e r c a l a r y c e l l s have no 
b a c t e r i a but contain more mitochondria than the b a c t e r i o c y t e s 
(Dando et al., 1985; Southward, 1986). The i n t e r c a l a r y c e l l s 
may contain few {Lucindma borealis) or many pigment granules 
{Lucinoma annulata, L. aequizonata, Lucina floridana) 

(Southward, 1986; D i s t e l and Felbeck, 1987). I n t e r c a l a r y c e l l s 
have surface m i c r o v i l l i and a l t e r n a t e w i t h the b a c t e r i o c y t e s . 
From a narrow base, the i n t e r c a l a r y c e l l s spread at the 
surface to form a t h i n l a y e r that covers, or p a r t i a l l y covers, 
the neighbouring b a c t e r i o c y t e s w i t h the m i c r o v i l l o u s d i s t a l 
surface of the c e l l ( F i s h e r and Hand, 1984; Dando et al., 

1985; Reid and Brand, 1986; Southward, 1986; D i s t e l and 
Felbeck, 1987; Herry and Le Pennec, 1987; Herry et al., 1989). 
Giere (1985) noted t h a t b a c t e r i o c y t e s a l t e r n a t e d r e g u l a r l y 
w i t h "normal" or "intermediate" c e l l s which f i t the 
d e s c r i p t i o n of i n t e r c a l a r y c e l l s ( m i c r o v i l l o u s s u r f a c e , 
numerous mitochondria). However, Giere's (1985) 
i n t e r p r e t a t i o n of p o s i t i o n i n g of the i n t e r c a l a r y c e l l s and 
b a c t e r i o c y t e s , i n d i f f e r e n t species of l u c i n i d , v a r i e s from 
that described above. He suggested that the i n t e r p r e t a t i o n of 
the b a c t e r i o c y t e s covered by an e x t e r n a l l a y e r of b a c t e r i a -
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f r e e c e l l s , which are i n t e r p r e t e d here to be i n t e r c a l a r y 
c e l l s , i s a r e s u l t of examination of l a t e r o - l o n g i t u d i n a l 
sections as opposed to cross s e c t i o n s of the g i l l f i l a m e n t s -
These c o n f l i c t i n g observations could represent tr u e 
i n t e r s p e c i f i c , d i f f e r e n c e s or they may represent f i x a t i o n 
a r t i f a c t s which a f f e c t i n t e r p r e t a t i o n of c e l l p o s i t i o n i n g . I f 
the d i f f e r e n c e i s t r u l y i n t e r s p e c i f i c v a r i a t i o n , then Giere's 
i n t e r p r e t a t i o n can be considered to be at one end of the range 
(no overlap) and the i n t e r p r e t a t i o n of D i s t e l and Felbeck 
(1987), who described the i n t e r c a l a r y c e l l s as a t h i n l a y e r of 
e p i t h e l i a l c e l l s l i n i n g the c e n t r a l channel of the 
b a c t e r i o c y t e c y l i n d e r s , can be considered to be at the other 
end of the range (complete o v e r l a p ) . The d e s c r i p t i o n of the 
"normal" or "intermediate" c e l l s ( i n t e r c a l a r y c e l l s ) given by 
Giere (1985) does, however, somewhat resemble the d e s c r i p t i o n 
of storage c e l l s given f o r other species of l u c i n i d s (see 
l a t e r i n t e x t ) . Herry e t al. (1987) even repo r t s that storage 
c e l l s have a m i c r o v i l l a r surface. Hence, i t i s p o s s i b l e t h a t 
Giere's "normal" or "intermediate" c e l l s may a c t u a l l y c o n s i s t 
of two c e l l types. 

The hypothesized f u n c t i o n of the i n t e r c a l a r y c e l l s 
v a r i e s : they may d i v i d e to produce new b a c t e r i o c y t e s or have a 
t r a n s p o r t r o l e l i n k e d to b a c t e r i a l metabolism (Reid and Brand, 
1986). The former r o l e i s supported by Herry et al. (1989) 
but D i s t e l and Felbeck (1987) suggest the i n t e r c a l a r y c e l l s 
may be i n v o l v e d i n the e l i m i n a t i o n of waste products of 
b a c t e r i a l l y s i s . They observed pigment granules i n 
i n t e r c a l a r y c e l l s , o f t e n at the margin of, or p r o t r u d i n g i n t o . 
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the lumen of the b a c t e r i o c y t e channel and suggest these 
s t r u c t u r e s may be excreted e i t h e r e x o c y t o t i c a l l y or by 
sloughing o f f of the e n t i r e c e l l . They observed no evidence 
of endocytosis of b a c t e r i a or other p a r t i c u l a t e m a t e r i a l s from 
the e x t e r n a l environment. This suggestion agrees w i t h the 
p o s s i b l e f u n c t i o n of the pigment granules suggested f o r the 
fa m i l y T h y a s i r i d a e by A l l e n (1958). The common observation of 
abundant mitochondria i n these c e l l s not only suggests an 
oxygen-scavenging r o l e but a l s o the a l t e r n a t e f u n c t i o n of host 
m i t o c h o n d r i a l o x i d a t i o n of sulphide (Reid, 1990). This 
suggestion i s discussed at length i n s e c t i o n 1.7 of t h i s 
chapter. 

Storage c e l l s have been found i n the subfilamentar 
t i s s u e s of most l u c i n i d s examined to date. The l o c a t i o n of 
these c e l l s i s v a r i a b l e , however. The storage c e l l s i n 
Parvilucina tenuisculpta contain numerous glycogen and 
mucopolysaccharide granules and were found only i n the 
t r a n s i t i o n zone; they d i d not appear to be d i s t r i b u t e d among 
the b a c t e r i o c y t e s (Reid and Brand, 1986). D i s t e l and Felbeck 
(1987) and Herry et al. (1989) a l s o note the presence of a 
t r a n s i t i o n zone but do not comment on a p o t e n t i a l storage 
f u n c t i o n f o r these c e l l s . Remaining reports do not l i m i t 
storage c e l l s to a s p e c i f i c "zone" but i n s t e a d , l o c a t e them 
among the b a c t e r i o c y t e s . Myrtea spinifera storage c e l l s 
contain l a r g e g l o b u l a r i n c l u s i o n s of electron-dense 
homogeneous m a t e r i a l which may be p r o t e i n (Dando et al., 
1985). S i m i l a r i n c l u s i o n s , which disappeared when the animal 

was starved, were observed f o r the storage c e l l s of Lucinoma 
• / 
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borealis (Southward, 1986). Storage c e l l s have been found 
among the b a c t e r i o c y t e s of Loripes lucinalis. and: Lucinella 

divaricata and those of the l a t t e r have m i c r o v i l l i at the 
a p i c a l pole (Herry and Le Pennec, 1987; Herry et al., 1989). 
This i s the only report of storage c e l l s w i t h m i c r o v i l l i , 
unless the "normal" or "intermediate" c e l l s described by Giere 
(1985) are considered storage c e l l s . G e r t a i n l y the presence 
of s p h e r i c a l globules i n those c e l l s seems c o n s i s t e n t w i t h the 
d e s c r i p t i o n of storage c e l l s given above. Storage c e l l s have 
not been described f o r Lucinoma annulata, Lucinoma aequizonata 

or Lucina floridana ( D i s t e l and Felbeck, 1987). 
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1.5. HOST NUTRITION 
Stable carbon isotope r a t i o s measured on l u c i n i d t i s s u e s 

suggest t h a t the host b i v a l v e s o b t a i n a s i g n i f i c a n t p o r t i o n of 
carbon from chemoautotrophy (Spiro et al., 1986; Brooks et 
al., 1987; Gary et al., 1989) but they do not provide evidence 
regarding the method by which the host obtains carbon from the 
b a c t e r i a l symbionts. I t i s p o s s i b l e t h a t the l u c i n i d b i v a l v e s , 
which possess a f u n c t i o n a l gut, may d i g e s t chemoautotrophic 
b a c t e r i a from t h e i r environment. They may a l s o o b t a i n carbon 
through phagocytosis of b a c t e r i a l symbionts, as opposed to 
t r a n s l o c a t i o n of carbon. D i s t e l and Felbeck (1988) found 
compounds s u i t a b l e f o r t r a n s l o c a t i o n produced by the symbiotic 
b a c t e r i a of Lucinoma aequizonata but d i d not demonstrate 
t r a n s l o c a t i o n . When they examined the re l e a s e of carbon 
d i o x i d e f i x a t i o n products from p u r i f i e d b a c t e r i a l i s o l a t e s , 
they found that the symbionts never released more than 5% of 
the carbon they f i x e d i n t o the in c u b a t i o n medium (incubations 
from 7.5 to 60 min) and suggest that the 5% i s the r e s u l t of 
l y s i s or leakage from b a c t e r i a l c e l l s . They do not r u l e out 
the p o s s i b i l i t y of t r a n s l o c a t i o n of s o l u b l e m e t a b o l i t e s , 
however, si n c e i t may be p o s s i b l e that host f a c t o r s (compounds 
produced by the hosts) are required to induce r e l e a s e of 
t r a n s l o c a t i o n products from symbiont to host. This has been 
i n d i c a t e d f o r m o l l u s c - a l g a l symbioses (Muscatine, 1967; 
Gallop, 1974). Q u a l i t a t i v e i n f o r m a t i o n on t r a n s l o c a t i o n of 
f i x e d carbon i n the symbiotic Loripes lucinalis was provided 
by pulse-chase t i s s u e autoradiography (Herry et al., 1989). 
T r a n s l o c a t i o n and i n c o r p o r a t i o n of l a b e l l e d metabolites i n t o 
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e i t h e r m e t a b o l i c a l l y a c t i v e or s t r u c t u r a l t i s s u e s was 
observed. L a b e l l e d compounds appeared f i r s t i n the g i l l . , as 
might be expected i f the a u t o t r o p h i c ssonbionts are f i x i n g 
carbon, f o l l o w e d by an increase of f i x e d carbon i n symbiont-
f r e e t i s s u e s . Studies on the g u t l e s s solemyid b i v a l v e , 
Solemya reidi, demonstrated t h a t the symbiont can t r a n s l o c a t e 
about 40% of the carbon they f i x ( i n the form of s o l u b l e 
organic compounds) to t h e i r host ( F i s h e r and C h i l d r e s s , 1986). 
.No comparable study has been c a r r i e d out f o r the l u c i n i d 
b i v a l v e s . 

Evidence of t r a n s l o c a t i o n of carbon products from 
symbiont to host does not preclude d i g e s t i o n of ssnnbionts as a 
supplementary means of n u t r i t i o n . The host may r e c e i v e 
n u t r i e n t s and energy by h a r v e s t i n g symbiont c e l l s ( D i s t e l and 
Felbeck, 1987). This mechanism would be as e f f e c t i v e i n 
p r o v i d i n g f o r the host's metabolic needs as t r a n s l o c a t i o n of 
s o l u b l e metabolites ( D i s t e l and Felbeck, 1988). The d i g e s t i o n 
of symbiotic b a c t e r i a by host b a c t e r i o c y t e s has been suggested 
from examination of e l e c t r o n micrographs of the g i l l c e l l s . 
The c e l l u l a r mechanisms (lysosomes) and evidence f o r l y s i s of 
symbiont c e l l s (lysosomal r e s i d u a l bodies) are c l e a r l y present 
i n the b a c t e r i o c y t e t i s s u e s ( D i s t e l and Felbeck, 1987). In 
Lucinoma aequizonata, Lucinoma annulata and Lucina floridana, 

the prominence of pigment granules i n the b a c t e r i o c y t e s , which 
have an abundance of membrane whorls resembling myelin f i g u r e s 
t y p i c a l l y seen i n lysosomal r e s i d u a l bodies, suggests that 
b a c t e r i a are c o n t i n u a l l y phagocytized i n b a c t e r i o c y t e s 
(Holtzman, 1976; V e t t e r , 1985; D i s t e l and Felbeck, 1987). The 
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presence of many membrane-bound phagosomes f i l l e d w i t h 
granular, electron-dense m a t e r i a l which may contain remains of 
b a c t e r i a have been observed i n Myrtea spinifera and Lucinoma 

borealis, although examples of b a c t e r i a being l y s e d i n s i d e 
t h e i r vacuoles were r a r e (Southward, 1986). Progressive 
degradation of the b a c t e r i a , followed by t o t a l l y s i s , has been 
observed f o r L u c i n e l l a divaricata (Le Pennec et al., 1988a,b). 
On the b a s i s of the i r o n content of the pigment granules, 
Giere (1985) suggested they may have a lysosomal f u n c t i o n , 
a c t i n g as si n k s f o r metal-containing substances. G o l g i 
apparatus has a l s o been observed w i t h the lysosomes and 
presumably produces primary lysosomes conlfaining enzjnnes 
a s s o c i a t e d w i t h degradation of b a c t e r i a l c e l l s ( V e t t e r , 1985). 
The presence of enzsnnatic equipment necessary f o r b a c t e r i a l 
l y s i s has yet to be proven, however (Herry et al., 1989), 

Pigment granules have been observed i n i n t e r c a l a r y c e l l s , 
a t the margin or pr o t r u d i n g i n t o the lumen of the b a c t e r i o c y t e 
channel, suggesting the s t r u c t u r e may be excreted 
e x o c y t o t i c a l l y or by sloughing o f f the e n t i r e c e l l ( A l l e n , 
1958; D i s t e l and Felbeck, 1987). This observation l e d to the 
suggestion t h a t the i n t e r c a l a r y c e l l s may be i n v o l v e d i n 
e l i m i n a t i o n of waste from b a c t e r i a l l y s i s ( D i s t e l and Felbeck, 
1987). A l s o , the c e n t r a l blood space of the subfilamentar 
region of Myrtea spinifera was observed to contain hemocytes, 
i n c l u d i n g phagocytes c a r r y i n g granular m a t e r i a l s i m i l a r to the 
brown granules i n the b a c t e r i o c y t e s , which may be waste 
m a t e r i a l (Dando et al., 1985). S i m i l a r observations have been 
made f o r L u c i n e l l a divaricata and Loripes lucinalis (Herry and 
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Le Pennec, 1987; Herry et al., 1989) and i n the former species 
these hemocytes have beep observed being extruded from the 
g i l l e p i t h e l i u m (Le Pennec et al., 1,988). The b a c t e r i o c y t e s 
i n some species have been observed to have a h i g h l y convoluted 
basal membrane, suggesting t h i s may be r e l a t e d to t r a n s p o r t of 
m a t e r i a l from c e l l to v a s c u l a r lumen (Herry and Le Pennec, 
1987; Le Pennec et al., 1988). Further c i r c u m s t a n t i a l evidence 
f o r d i g e s t i o n of the prokaryotes, at l e a s t under adverse 
c o n d i t i o n s , i s provided by Dando et al. (1986a) who found no 
enzyme a c t i v i t y and no b a c t e r i a i n g i l l s of L. borealis kept 
f o r twelve months i n oxygenated sediment. Although i t has 
been suggested t h a t phagocytosis could be used t o c o n t r o l 
b a c t e r i a l numbers ( D i s t e l and Felbeck, 1987), i t has been 
observed that the granules get bigger, suggesting i n g e s t i o n of 
b a c t e r i a , when the b i v a l v e s are starved (Southward, 1986). 

F i s h e r (1990) p o i n t s out that i f a host does not 
a s s i m i l a t e digested symbionts and r e c e i v e s only t r a n s l o c a t e d 
organic carbon from i t s ssnoabionts, then i t must obta i n other 
e s s e n t i a l compounds (amino a c i d s , f a t t y a c i d s ) by a l t e r n a t e 
means. The symbiotic solemyid b i v a l v e Solemya reidi i s capable 
of moderate uptake rates of amino acids (Felbeck, 1983; Lee et 

al., 1992). The l a t e r a l epidermis, an important s i t e of 
d i s s o l v e d organic compound uptake i n apo-symbiotic b i v a l v e s 
(Wright et al., 1984), may serve a s i m i l a r f u n c t i o n when t h i s 
t i s s u e houses b a c t e r i a (Southward, 1986). Giere (1985), 
i n t e r p r e t i n g t h a t the b a c t e r i o c y t e s are not separated from the 
e x t e r n a l environment by i n t e r c a l a r y c e l l s , determined that the 
b a c t e r i o c y t e s and intermediate c e l l s are open f o r uptake of 
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d i s s o l v e d compounds from e x t e r n a l water w i t h b a c t e r i a being 
i d e a l l y l o c a t e d f o r f u r t h e r t r a n s f e r of t h e i r metabolic -
products i n t o neighbouring c e l l s or i n t o the v a s c u l a r system.. 
In c o n t r a s t , f o r those species where the b a c t e r i o c y t e s are 
separated from the environment by i n t e r c a l a r y c e l l s , i t has 
been suggested that the b a c t e r i a do not f u n c t i o n d i r e c t l y i n 
the uptake of d i s s o l v e d organic m a t e r i a l from the environment 
but they may f u n c t i o n i n maintaining a concentration gradient 
favourable to the t r a n s p o r t of s o l u t e i n t o the c e l l s by 
u t i l i z i n g the s o l u t e ( D i s t e l and Felbeck, 1987). G e r t a i n l y 
the m i c r o v i l l a r surface of the b a c t e r i o c y t e s or the 
i n t e r c a l a r y c e l l s would i n d i c a t e they may f u n c t i o n i n the 
uptake of d i s s o l v e d organic compounds, as observed f o r 
m i c r o v i l l o u s c e l l s i n other b i v a l v e s (Wright et al., 1984). 
In a d d i t i o n to d i r e c t uptake of d i s s o l v e d organic m a t e r i a l , 
the symbionts may be able to r e c y c l e ammonia^ produced as 
waste by host animals or u t i l i z e the ammonia which i s abundant 
i n the o r g a n i c a l l y - e n r i c h e d sediments i n which many sjnnbiotic 
b i v a l v e s are found (Southward, 1987). Nitrogen a s s i m i l a t i o n i n 
Lucinoma aequizonata based on i n c o r p o r a t i o n of isfj-ammonia and 
i ^ N - n i t r a t e i n t o a c i d i n s o l u b l e compounds and by the presence 
of GS-GOGAT pathway enzymes i n the symbionts has been 
suggested (U. Hentschel, pers. comm.). 

1 "Ammonia" i s used throughout the t e x t to denote SNHa: NH3 
and the NHA+ r a d i c a l (ammonium). Ammonium i s the most abundant 
form i n i n t e r s t i t i a l water. 
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F i n a l l y , u n l i k e the symbiotic solemyid b i v a l v e s , a l l 
l u c i n i d s examined have f u n c t i o n a l , but reduced, guts. The 
small guts of Lucina floridana, Lucinella divaricata and 
Lucinoma borealis have been noted to contain d e t r i t u s or 
diatom remains ( F i s h e r and Hand, 1984; Dando et al., 1986a; 
Herry and LePennec, 1987). Despite f i n d i n g the stomachs of 
four specimens of Lucinoma aequizonata empty upon c o l l e c t i o n , , 
Gary et al. (1989) rep o r t maintaining t h i s b i v a l v e a l i v e f o r 
up to one year without a source of reduced, sulphur, i n d i c a t i n g 
that the r o l e of heterotrophy may be s i g n i f i c a n t . As 
discussed i n s e c t i o n 1.2, s t a b l e carbon isotope r a t i o s 
i n d i c a t e a p a r t i a l (<50%) c o n t r i b u t i o n of heterotrophy to 
l u c i n i d n u t r i t i o n . 
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1.6. HABITAT 
L u c i n i d b i v a l v e s are found i n t r o p i c a l , temperate and 

s u b - A r c t i c marine environments at depths ranging from the low 
i n t e r t i d a l to 600 m and i n h a b i t a t s i n c l u d i n g clean c o r a l 
sands and low sulphide sediments, sewage o u t f a l l s , mangrove 
swamps, and e s p e c i a l l y seagrass beds ( A l l e n , 1958; Jackson, 
1973; Young and Young, 1982; F i s h e r and Hand, 1984; Dando et 
al., 1985; Schweimanns and Felbeck, 1985; Gary et al., 1989; 
Herry e t al., 1989). One species may be found i n more than one' 
type of h a b i t a t : Loripes lucinalis has been found i n high-
sulphide reducing sediments near a sewage o u t f a l l i n France 
and i n s u l p h i d e - f r e e sandy sediments i n P o r t l a n d Harbour, U.K. 
(Herry et al., 1989; Dando and O'Hara, 1990; Southward and 
Southward, 1990; P. Barnes, pers. obs.). L u c i n i d s are o f t e n 
found i n e x c e p t i o n a l l y high d e n s i t i e s ; f o r example, Lucinoma 

borealis has been reported reaching d e n s i t i e s of 1500/m2 i n 
seagrass beds on the west coast of B r i t t a n y , which compares 
wit h a d e n s i t y of l-lO/m^ f o r apo-symbiotic b i v a l v e s i n the 
same area (Monnat, 1970). 

A l l e n (1958) noted that l u c i h i d s were found w i t h a marked 
lack of co-occurring infauna and suggested t h i s may be due to 
the presence of hydrogen sulphide i n some of the h a b i t a t s 
(noted by the strong s m e l l ) . A s i m i l a r observation regarding 
the f a m i l y was made by Bretsky (1976). A l l e n (1958) suggested 
a tolerance to hydrogen sulphide throughout the f a m i l y , 
a t t r i b u t e d to the presence of the i n h a l a n t tube connecting to 
the sediment-surface seawater. Although many l u c i n i d species 
are found i n high sulphide sediments, there are notable 

48 



exceptions. Several species are found i n the Caribbean i n 
"clean c o r a l sands" ( A l l e n , 1958) and, r e c e n t l y , Lucinoma 

borealis, Myrtea spinifera, Loripes lucinalis and Lucinoma 

aequizonata have a l l been reported from sediments where f r e e 
sulphide i s <1 pM (Dando et al., 1985, 1986a; Cary et al., 

1989; Dando and O'Hara, 1990). The presence of sulphur-
o x i d i z i n g symbioses i n low sulphide environments suggests a 
much greater h a b i t a t range f o r chemoautotrophic ssnnbioses than 
p r e v i o u s l y expected. A l s o , the i n t e r s t i t i a l sulphide 
concentrations reported f o r "high sulphide" haibitats may not 
be r e p r e s e n t a t i v e of l e v e l s to which the b i v a l v e i s d i r e c t l y 
exposed s i n c e measuring sulphide l e v e l s i n the immediate 
v i c i n i t y of the animal, or i n i t s i n h a l a n t tube, can be 
p r o b l e m a t i c a l . In f a c t , behavioural m o d i f i c a t i o n s i n both high 
and low sulphide sediments, as discussed i n the f o l l o w i n g 
t e x t , may decrease or increase d i s s o l v e d sulphide i n the 
animal's immediate environment. I n t e r s t i t i a l sulphide l e v e l s 
represent the "raw m a t e r i a l " which the b a c t e r i a - i n v e r t e b r a t e 
symbiosis has "to work w i t h " . A n a l y s i s of mantle f l u i d s may 
be the best i n d i c a t o r of l e v e l s to which the organism i s 
d i r e c t l y exposed. 

In the l u c i n i d h a b i t a t s which are s u l p h i d e - r i c h , the 
hydrogen sulphide i s produced b i o l o g i c a l l y , u n l i k e the 
.geothermally-produced hydrogen sulphide at the hydrothermal 
vents, a w e l l - s t u d i e d h a b i t a t of i n v e r t e b r a t e s c o n t a i n i n g 
b a c t e r i a l symbionts. Hydrogen sulphide accumulates i n marine 
sediments where the amount of organic d e p o s i t i o n i s greater 
than oxygen a v a i l a b l e f o r degradation. Anoxic c o n d i t i o n s a r i s e 
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and decomposition i s then accomplished by the a c t i v i t y of 
b a c t e r i a u t i l i z i n g i n o r g a n i c compounds'other than oxygen, such, 
as n i t r a t e , n i t r i t e and sulphate, as e l e c t r o n acceptors 
(Fenchel and R i e d l , 1970). Because sulphate i s r e a d i l y 
a v a i l a b l e i n seawater and because of the l a r g e populations of 
sulphate-reducing b a c t e r i a , hydrogen sulphide i s o f t e n the 
major i n o r g a n i c c o n s t i t u e n t i n the sediment i n t e r s t i t i a l water 
(J^rgensen and Fenchel, 1974). Inshore areas such as seagrass 
beds and mangrove swamps, common h a b i t a t s f o r l u c i n i d s , 
r e ceive l a r g e amounts of self-generated p l a n t m a t e r i a l ; 
seagrass beds, i n p a r t i c u l a r , are known to s t a b i l i z e 
sediments, reduce water movements, and trap d e t r i t u s and 
organic debris from outside the bed (Fenchel, 1970; Jackson, 
1972). Sulphide l e v e l s i n seagrass bed i n t e r s t i t i a l water can 
reach 2.5 mM ( F i s h e r and Hand, 1984). 

Access to both sulphide and oxygen seems to be a 
requirement of s u l p h i d e - o x i d i z i n g b a c t e r i a - i n v e r t e b r a t e 
sjrmbioses ( F i s h e r , 1990). B i v a l v e s appear to be p a r t i c u l a r l y 
good, hosts s i n c e they can p o s i t i o n themselves at the s u l p h i d e -
oxygen i n t e r f a c e and they have the a b i l i t y to c o n t r o l the 
supply of oxygen and reduced sulphur, p o s s i b l y through s p a t i a l 
and temporal p a r t i t i o n i n g as a r e s u l t of behavioural 
mechanisms (Reid and Brand, 1986). These mechanisms may vary 
between f a m i l i e s and environments ( F i s h e r , 1990). The 
f o l l o w i n g t e x t discusses the behavioural mechanisms used by 
b i v a l v e s i n r e g u l a t i n g sulphide and oxygen l e v e l s . The r o l e s 
of both p h y s i o l o g i c a l and behavioural mechanisms i n 
d e t o x i f y i n g sulphide and t r a n s p o r t i n g reduced sulphur forms 
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are discussed, i n d e t a i l , i n s e c t i o n 1.7. Behavioural 
adaptations have been c l e a r l y demonstrated f o r some of the 
n o n - l u c i n i d symbiont-containing b i v a l v e s . The vent clam, 
Calyptogena magnifica, l i v e s i n c r e v i c e s and "bridges the 
i n t e r f a c e " by extending i t s foot i n t o s u l p h i d e - r i c h upwelling 
water while accessing oxygenated seawater w i t h i t s extended 
siphon (Arp et al., 1984) ( F i g . 3 ( a ) ) . The symbiont-containing 
Solemya velum l i v e s i n Y-shaped burrows and obtains oxygen by 
moving up i n the burrow or by v e n t i l a t i n g the upper burrow. 
Sulphide may be obtained i n the deep stem of the Y-shaped 
burrow ( D o e l l e r , 1984) ( F i g . 3 ( b ) ) . Solemya reidi l i v e s i n U-
shaped burrows and a l t e r n a t e s between oxygen and sulphide 
uptake by v e n t i l a t i n g the burrow through p a l l i a l c i l i a r y 
a c t i v i t y to o b t a i n oxygen and by ceasing v e n t i l a t i o n w h i l e 
remaining open to the absorption of sulphide t h a t accumulates 
i n the burrow i n the absence of a e r a t i o n (McMahon and Reid, 
1984) ( F i g . 3 ( c ) ) . 

L u c i n i d s burrow r e a d i l y and,' although l a c k i n g an i n h a l e n t 
siphon, maintain access to sediment-surface seawater through a 
mucus-lined i n h a l e n t tube constructed using the vermiform t i p 
of the f o o t . They have a p o s t e r i o r exhalent siphon that can 
be extended out the p o s t e r i o r end of the s h e l l and upward to 
the sediment surface. L u c i n i d s l a c k a p o s t e r i o r i n h a l e n t 
siphon but do have a small i n h a l e n t aperture ( A l l e n , 1958). 
The depth to which they burrow v a r i e s g r e a t l y and appears to 
be r e l a t e d to clam s i z e (due to the length of the foot) 
( A l l e n , 1953) and type of substrate (P. Barnes, pers. obs.). 
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(c) 

Figure 3. Distribution of bacteria-bivalve symbioses in relation to oxygen and 
dissolved sulphide. 3(a). Diagram of Calyptogena magnifica, the vent clam, 
located at the sulphide-oxygen interface. (Figure modified from Reid and 
Brand (1986)). 3(b). Drawing of 50/^3^(2 ve/wm Y shaped burrow. (Figure 
modified from Fisher (1990)). 3(c). Drawing of Solemya reidi U shaped 
burrow. (Figure modified from Reid and Brand (1986)). 
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L u c i n i d s , found i n h a b i t a t s where d i s s o l v e d sulphide 
accumulates, may o b t a i n sulphide from the water e n t e r i n g the 
p o s t e r i o r i n h a l a n t aperture. In a d d i t i o n , c e s s a t i o n of 
v e n t i l a t i o n would a l l o w sulphide to accumulate and enter the 
mantle c a v i t y through the a n t e r i o r gape, unimpeded by an 
i n h a l a n t siphon {Reid, 1990). In Parvilucina tenuisculpta 

there i s a p o s t e r i o r f u s i o n of the g i l l s w i t h the mantle edge 
and i t has been suggested t h a t c o n t r a c t i o n of the mantle edge 
would create a b e l l o w s - l i k e a c t i o n w i t h the g i l l s , b r i n g i n g 
sulphide from the e x t e r n a l environment i n t o the suprabranchial 
chamber and i n t o contact w i t h the b a c t e r i o c y t e s while l i m i t i n g 
exposure of the c i l i a t e d f r o n t a l c e l l s (Reid and Brand, 1986). 
The seagrass bed dw e l l e r , Lucina floridana; does not appear to 
construct long enough i n h a l a n t tubes to access the oxygen i n 
sediment-surface seawater but t y p i c a l l y i s found cl o s e to the 
seagrass roots ( F i s h e r and Hand, 1984). Since i t has been 
suggested that oxygen i s r e l e a s e d from the roots of some 
marine angiosperms (Armstrong, 1970), the b i v a l v e s may be 
o b t a i n i n g t h e i r oxygen through t h i s route ( F i s h e r and Hand, 
1984). Although t h i s r e q u i r e s f u r t h e r study, the f a c t that L. 

floridana was not found i n areas devoid of seagrasses nor at 
sediment depths below the rhizosphere (20 cm) ( F i s h e r and 
Hand, 1984) suggests an a s s o c i a t i o n w i t h the seagrass 
sediments. 

U n l i k e members of the b i v a l v e f a m i l y Solemyidae, which 
have only been reported from s u l p h i d e - r i c h h a b i t a t s such as 
sewer o u t f a l l , pulp m i l l e f f l u e n t and wood f i b r e bed sediments 
and seagrass beds (Reid, 1980; Felbeck, 1981; Gavanaugh, 1983; 
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Shepard, 1986), bivalves, belonging to the f a m i l y Lucinidae 
a l s o occur i n low-sulphide sediments ( A l l e n , 1958; Dando et 
al., 1.985; Cary et al., 1989). Low sulphide l e v e l s occur i n 
sediments w i t h low organic i n p u t or i n sediments w i t h high 
organic input where uptake of f r e e - l i v i n g b a c t e r i a may help to 
maintain low l e v e l s (Berner, 1985). In a d d i t i o n , high l e v e l s 
of d i s s o l v e d i r o n a v a i l a b l e f o r forming i r o n sulphides w i l l 
l i m i t the l e v e l s of d i s s o l v e d sulphide (Dando et al., 1986a). 
The e f f e c t of sulphide u t i l i z a t i o n by the s u l p h i d e - o x i d i z i n g 
symbioses may a l s o be a f a c t o r i n maintaining low 
environmental l e v e l s . I t has a l s o been suggested that 
o r g a n i c a l l y enriched sediments that are well-mixed by 
b i o t u r b a t i o n can maintain a redox c o n d i t i o n l i m i t i n g the 
accumulation of sulphide (Cary et al.., 1989). Sulphate 
reduction measurements are re q u i r e d to help determine sulphide 
a v a i l a b i l i t y and the reason(s) f o r low sulphide i n sediments. 

The sulphide concentrations i n the h a b i t a t of Myrtea 

spinifera were found to be <1.0 pM but sin c e t h e i r g i l l s 
contained SGES (Dando et al., 1985), i n d i c a t i v e of an a c t i v e 
sulphur metabolism, the b i v a l v e s obviously had access to some 
form(s) of reduced sulphur. A l l e n (1958) noted that s e v e r a l 
l u c i n i d species were found i n "clean c o r a l sands" and, more 
r e c e n t l y , two species of European l u c i n i d {M. s p i n i f e r a and 
Lucinoma bdrealis) and one species of North American l u c i n i d 
{Lucinoma aequizonata) have been found i n sediments w i t h 
b a r e l y detectable l e v e l s of d i s s o l v e d sulphide (<1 pM) and 
other reduced sulphur forms such as t h i o s u l p h a t e (<10 pM) i n 
the i n t e r s t i t i a l water (Dando et al., 1985, 1986; Gary et al.. 
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1989). I t has been estimated that reduced sulphide 
concentration would need to be greater than 10 pM to support 
b i v a l v e symbioses; at lower l e v e l s , the b i v a l v e s would have to 
pump an im p o s s i b l y l a r g e volume of i n t e r s t i t i a l water to 
e x t r a c t s u f f i c i e n t d i s s o l v e d sulphide or t h i o s u l p h a t e to 
obtain a s u b s t a n t i a l p a r t of t h e i r n u t r i t i o n fropi the 
prokaryotes (Dando et al., 1985). M. spinifera may o b t a i n the 
required reduced sulphur e i t h e r by r a i s i n g sulphide production 
i n i t s immediate v i c i n i t y through enrichment of the 
neighbouring sediment w i t h a deposit of pseudofaeces or by 
using the oxygen i n the i n h a l a n t tube to o x i d i z e i r o n 
sulphides i n the sediment around the tube (Dando et al., 
1985). This l a t t e r hypothesis has a l s o been suggested f o r L. 
borealis (Dando et al., 1986a). P y r i t e s may be o x i d i z e d to 
thi o s u l p h a t e and t e t r a t h i o n a t e i n marine sediments (Goldhaber, 
1983) and although the chemical o x i d a t i o n product of ferrous 
sulphide under marine c o n d i t i o n s i s elemental sulphur (Nelson 
et al., 1977), the o x i d a t i o n mechanisms i n the i n l e t tube are 
l i k e l y to be both chemical and m i c r o b i a l (Dando et al., 
1986a). When t e s t i n g t h i s hypothesis i n the l a b o r a t o r y , both 
t h i o s u l p h a t e and sulphide were produced, probably a r i s i n g from 
both chemical and bacterially-rmediated r e a c t i o n s (Dando and 
O'Hara, 1990; Southward and Southward, 1990; Barnes, unpubl. 
data). This hypothesis i s f u r t h e r supported by the presence 
of r u s t - c o l o u r e d i r o n oxides adhering to the i n h a l a n t tube 
where sediments contain i r o n and by the observation that 
f r e s h l y c o l l e c t e d i n d i v i d u a l s o f t e n have a rust-brown patch on 
the s h e l l where the i n h a l a n t tube adheres (Dando et al., 1985; 
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p. Barnes, pers. obs.). In the l a b o r a t o r y , these b i v a l v e s 
formed a new i n h a l a n t tube every few days (Dando.e£ al., 

1985), suggesting the heed to access new s u p p l i e s of sediment-
bound su l p h i d e s . This method of accessing reduced sulphur 
compounds has a l s o been suggested f o r Loripes lucinalis and L. 

borealis. L. lucinalis i s found at P o r t l a n d Harbour (U.K.) i n 
sand w i t h undetectable l e v e l s of sulphide (Southward and 
Southward, 1990; Barnes, unpubl. data) but i s more numerous i n 
patches of sand where there are black accumulations of i r o n 
sulphide (Southward and Southward, 1990). Reid and Brand 
(1986) suggest an a d d i t i o n a l source of reduced sulphur may be 
sulphide r e l e a s e d , as a r e s u l t of low pH and anoxia i n the 
gut, from sediments t h a t are ingested i n t o the d i g e s t i v e 
system. There i s c u r r e n t l y no evidence i n support of t h i s 
hypothesis, however. 

Lucinoma borealis, found i n low sulphide sediments and 
u s u a l l y below the depth of maximum sulphate r e d u c t i o n , i s 
o f t e n l o c a t e d c l o s e to decaying organic matter w i t h i n the 
sediment (Dando et al., 1986a). This suggests t h a t the 
organisms may u t i l i z e more than one method f o r o b t a i n i n g 
reduced sulphur, i n c l u d i n g accessing i s o l a t e d pockets of 
sulphide when a v a i l a b l e . This l a t t e r method may a l s o apply to 
the Berraudian l u c i n i d , Lucina radians and the C a l i f o r n i a 
s pecies, Lucinoma aequizonata. L. radians occurs i n low 
d e n s i t i e s , w i t h a patchy d i s t r i b u t i o n , i n clean c o r a l sands 
(Schweimanns and Felbeck, 1985). Bermuda's carbonate sediment 
i n t e r s t i t i a l water i s low i n i r o n , probably due to l a c k of 
c o n t i n e n t a l d e t r i t a l input (Lyons et al., 1979) and, as a 
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r e s u l t , concentrations of sediment-bound sulphides are a l s o 
l i k e l y to be low. I t seems probable, t h e r e f o r e , that the 
patchy d i s t r i b u t i o n of L. radians may be r e l a t e d to i s o l a t e d 
pockets of organics (P. Barnes, pers, obs.). L. aequizonata, 

found at 500 m depth i n the Santa Barbara Basin o f f 
C a l i f o r n i a , had blood t h i o l l e v e l s that i n d i c a t e d 
exposure to s i g n i f i c a n t amounts of sulphide and/or 
t h i o s u l p h a t e (Cary et al., 1989). However, no sulphide 
accumulation occurred i n the sediments immediately a s s o c i a t e d 
with the clam and the oxygen concentration i n the o v e r l y i n g 
seawater was <20 pM (Cary et al., 1989). The suggestions of 
Dando et al. (1985) regarding the biogenic r e m i n e r a l i z a t i o n of 
accumulated pseudofaeces and o x i d a t i o n of metal sulphides to 
u t i l i z a b l e forms of reduced sulphur are, t h e r e f o r e , not 
a p p l i c a b l e (Cary et al., 1989). Sediments d i d c o n t a i n 
randomly dispersed small pockets of black mud, p o s s i b l y a 
r e s u l t of the breakdown of dead organisms, w i t h sulphide 
l e v e l s two orders of magnitude higher than the surrounding 
sediments (Cary et al., 1989). I t seems l i k e l y , t h e r e f o r e , 
that a method of o b t a i n i n g reduced sulphur, s i m i l a r to that 
hypothesized f o r L. borealis and L. radians, i s u t i l i z e d . I t 
should be noted, however, that the sediment data i n Cary et 

al. (1989) are based on only two cores, w i t h d i f f e r e n t 
v a r i a b l e s measured on each core. 

The vermiform foot of the l u c i n i d s may be used i n 
d e t e c t i n g these sulphide pockets and s e v e r a l species have been 
observed to form channels that penetrate w e l l below t h e i r 
burrow (Stanley, 1970; Dando et al., 1986b; Cary et al., 1989; 
Southward, 1989) ( F i g . 4). I f the foot was capable of sulphide 
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Figure 4. Drawing of lucinid bivalve burrow showing channels excavated using 
vermiform foot. (Figure modified from Fisher (1990) and Stanley (1970). 
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uptake, i n a d d i t i o n to d e t e c t i o n , the s i t u a t i o n would be 
s u p e r f i c i a l l y s i m i l a r to that described f o r Galyptpgena 

magnifica (Arp et al., 1984), except that the l u c i n i d s l a c k a 
sulph i d e - b i n d i n g p r o t e i n i n the blood. Obviously, s p e c i f i c 
routes of a c q u i s i t i o n of sulphide i n the l u c i n i d s s t i l l need 
to be defined through experimentation (Fisher,, 1990). 

Discovery of s u l p h i d e - o x i d i z i n g symbioses i n low-
sulphide environments, which are widespread i n the marine 
environment ( V o l k o v a n d Rozanov, 1983), suggests t h i s 
r e l a t i o n s h i p may be more common than p r e v i o u s l y thought. 
U t i l i z a t i o n of energy from sediment-bound sulphur would 
decrease dependency on d i s s o l v e d s u l p h i d e , which could be 
ephemeral i f organic input i s seasonal or i r r e g u l a r (Dando et 
al., 1986a). The a b i l i t y to e x p l o i t low sulphide environments 
appears to be a r e s u l t of behavioural adaptations designed to 
provide adequate reduced sulphur sources; a l l animals 
examined, regardless of environmental l e v e l s of reduced 
sulphur compounds, contained g l o b u l a r elemental sulphur i n the 
g i l l s i n d i c a t i v e of an a c t i v e sulphur metabolism. In 
a d d i t i o n , the same l u c i n i d species can occur i r i both low and 
high sulphide sediments (Dando et al., 1986a; Herry et al., 
1989), presumably u t i l i z i n g d i f f e r e n t behavioural s t r a t e g i e s 
i n each h a b i t a t . The d i s t r i b u t i o n of some s u l p h i d e - o x i d i z i n g 
symbioses i n "high" sulphide environments (sewage o u t f a l l s , 
seagrass beds) may be due to the ready a v a i l a b i l i t y of 
sulphide, r a t h e r than the high concentrations. Behavioural 
adaptations, such as burrow formation and v e n t i l a t i o n , are 
u t i l i z e d to moderate the sulphide l e v e l s i n the b i v a l v e s ' 
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immediate environment (Reid, 1980; Reid and Brand, 1986). In 
a d d i t i o n , an i n t e r s t i t i a l water pH of 7.5-8.0 and an i n t e r n a l 
pH of 7.5 (Wilmot and V e t t e r , 1992) are l i k e l y to moderate the 
t o x i c e f f e c t s of sulphide s i n c e , at these pH values, only 3-4% 
of the sulphide pool e x i s t s as the uncharged, f r e e l y 
d i f f u s i b l e H2S form ( M i l l e r o et al., 1986). 

L u c i n i d s acquire oxygen from the water column by way of 
the a n t e r i o r feeding tube ( A l l e n , 1958). In some l u c i n i d 
h a b i t a t s , however, oxygen l e v e l s i n both the sediment-surface 
seawater and the i n t e r s t i t i a l water are very low (Cary et al., 
1989). In these suboxic environments, i t has been suggested 
that environmental n i t r a t e may be u s e f u l as an a l t e r n a t e 
e l e c t r o n acceptor f o r the b a c t e r i a l ssnnbionts (Gary et al., 
1989). N i t r a t e r e s p i r a t i o n 2 occurs i n many f r e e - l i v i n g , 
f a c u l t a t i v e l y anaerobic b a c t e r i a (Knowles, 1982; Stewart, 
1988; T i e d j e , 1988). Lucinoma aequizonata, found i n suboxic 
sediments,, has ssmibionts that appear capable of n i t r a t e 
r e s p i r a t i o n under both anoxic and o x i c c o n d i t i o n s and which 
have not yet been found to consume oxygen (Hentschel et al., 
1993). In low oxygen environments, a v a i l a b l e oxygen would be 
depleted by the host and i t i s u n l i k e l y much oxygen would 
d i f f u s e i n t o b a c t e r i o c y t e s . The obvious advantage to the 
symbionts r e s p i r i n g n i t r a t e i n low oxygen h a b i t a t s i s l a c k of 
competition w i t h the host f o r oxygen. N i t r a t e l e v e l s i n the 
ha b i t a t i n t e r s t i t i a l water of L. aequizonata decreased from 

2 Except where noted otherwise, " n i t r a t e r e s p i r a t i o n " i m p l i e s 
r e s p i r a t o r y r e d u c t i o n of n i t r a t e to n i t r i t e . 
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approximately 30 pM at the sediment surface to <ld pM down to 
25 cm (Cary et al., 1989). Ammonia has t y p i c a l l y been found-.in 
high concentrations (up to 200 pM) i n l u c i n i d h a b i t a t s (Dando 
et al., 1986b; Cary et al., 1989). These high l e v e l s are not 
unusual f o r marine sediments (Henrichs and F a r r i n g t o n , 1980). 
Both ammonia and n i t r a t e may serve as sources of n i t r o g e n f o r 
t h i s symbiosis, as suggested f o r L. aequizonata (Henstchel, 
unpubl. data) and discussed i n s e c t i o n 1.4. Southward (1987) 
suggests that the symbionts may be able to r e c y c l e ammonia 
produced as waste by host animals i n a d d i t i o n to u t i l i z i n g the 
abundant ammonia i n the sediments. D i r e c t uptake of d i s s o l v e d 
f r e e amino acids may a l s o be an important source of n i t r o g e n 
i n l u c i n i d s , as w e l l as an a l t e r n a t i v e source of reduced 
carbon f o r l u c i n i d s i n h a b i t a t s where a v a i l a b i l i t y of reduced 
sulphur i s unpred i c t a b l e (Cary et al., 1989). The uptake of 
d i s s o l v e d organic compounds across the l a t e r a l epidermis has 
been demonstrated f o r apo-ssnnbiotic b i v a l v e s (Wright et al., 
1984). The symbiont-containing Solemya reidi has been shown 
to be capable of moderate uptake rates of amino acids 
(Felbeck, 1983; Lee et al., 1992). Levels of d i s s o l v e d f r e e 
amino acids reported f o r l u c i n i d h a b i t a t s vary from <15 pM 
(Dando e£ al.,1986b) to >200 pM (Cary et al., 1989). Lower 
l e v e l s may not be r e p r e s e n t a t i v e of the t o t a l reserves, 
however, since most amino a c i d s are probably adsorbed onto 
sediment p a r t i c l e s (Christensen and Blackburn, 1980). 
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1.7. TRANSPORT, DETOXIFICATION AND METABOLISM OF REDUCED 
SULPHUR COMPOUNDS, 

Because sulphide i s t o x i c to aerobic- r e s p i r a t i o n and 
spontaneously o x i d i z e s i n the presence of oxygen, numerous 
questions a r i s e when co n s i d e r i n g the complex physiology of the 
s u l p h u r - o x i d i z i n g b a c t e r i a - l u c i n i d symbioses. For example: 

- which forms of reduced sulphur are u t i l i z e d by the 
symbionts? 
- how are reduced sulphur compounds transported to the 
b a c t e r i a and how i s poisoning of host clam c e l l s ( i f the 
compound i s sulphide) avoided? 
- do host c e l l s have the a b i l i t y to o x i d i z e reduced 
sulphur and, i f so, can they harness the energy 
released or i s i t a simple d e t o x i f i c a t i o n mechanism? 

In the f o l l o w i n g s e c t i o n , p o s s i b l e mechanisms used i n the 
de t o x i f i c a : t i o n of sulphide and the t r a n s p o r t of reduced 
sulphur forms i n b a c t e r i a - l u c i n i d and other b a c t e r i a - b i v a l v e 
symbioses are reviewed. In l i g h t of these mechanisms, the 
forms of reduced sulphur u t i l i z e d by the i n t a c t symbioses and 
the b a c t e r i a l symbionts are dicussed f o r the much-studied 
gutless protobranch b i v a l v e , Solemya reidi (Solemyidae) and 
hypothesized f o r members of the f a m i l y L u c i n i d a e . 

1.7.1. D e t o x i f i c a t i o n o f sulphide and t r a n s p o r t o f reduced 
sulphur forms 
1.7.1.1.. Behavioural M o d i f i c a t i o n s 

The r o l e of behavioural m o d i f i c a t i o n s i n r e g u l a t i n g 
sulphide concentrations i n the immediate environment of 
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l u c i n i d s found i n high-sulphide jsediments may be c r i t i c a l . 
L i k e Solemya reidi, the l u c i n i d s appear to f i n d sulphide 
concentrations greater than 100 pM d e l e t e r i o u s (demonstrated 
by reduced g i l l c i l i a l a c t i v i t y ) (Dando et al., 1986a; 
Anderson et al., 1987). For some species, the t o x i c i t y l e v e l 
may even be lower; Lucinoma aequizonata demonstrated elevated 
l e v e l s of sulphide i n the blood only when animals were 
maintained i n aquaria w i t h 30 pM sulphide, suggesting that the 
s u l p h i d e - o x i d i z i n g mechanism could not cope w i t h the elevated 
environmental sulphide, a l l o w i n g sulphide to accumulate i n the 
blood and causing s t r e s s to the animal (Gary et al., 1989). 
Behavioural mechanisms may be r e q u i r e d , t h e r e f o r e , to maintain 
sulphide i n the v i c i n i t y of the b i v a l v e s at l e v e l s with which 
d e t o x i f i c a t i o n mechanisms can cope. 

Data on i n t e r s t i t i a l sulphide l e v e l s i n d i c a t e that 
sulphide may be present i n t o x i c concentrations i n some 
h a b i t a t s ( C h i l d r e s s and Lo w e l l , 1982; F i s h e r and Hand, 1984), 
although sulphide i n the immediate v i c i n i t y of the animals i s 
d i f f i c u l t to measure. These b i v a l v e s a l l appear to have 
behavioural adaptations which serve to lower the sulphide 
l e v e l s i n t h e i r immediate environment. Solemya velum l i v e s i n 
a Y-shaped burrow and moves between the s u l p h i d e - r i c h deeper 
p o r t i o n of the burrow and the oxygenated upper arms, thus 
l i m i t i n g i t s sulphide exposure ( D o e l l e r , 1984). Solemya reidi 

v e n t i l a t e s i t s burrow wi t h oxygenated sediment-surface 
seawater, which would reduce sulphide l e v e l s to which the 
animal i s exposed (Reid, 1980). Since carbon di o x i d e f i x a t i o n 
ceases when whole b i v a l v e s are exposed to greater than 100 pM 
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sulphide (Anderson et al., 1987), i t must be assumed t h a t the 
animal maintains sulphide l e v e l s below t h i s , A s i m i l a r 
v e n t i l a t o r y mechanism i s suggested f o r l u c i n i d s found i n hig h -
sulphide sediments. These b i v a l v e s maintain contact w i t h the 
oxygenated sediment-surface seawater by means of the i n l e t 
tube constructed using the foo t ( A l l e n , 1958; Reid and Brand, 
1986). I t i s important to remember, when r e l a t i n g reported 
environmental sulphide l e v e l s to the p h y s i o l o g i c a l 
d e t o x i f i c a t i o n and t r a n s p o r t mechanisms, th a t as a r e s u l t of 
behavioural mechanisms, the sulphide concentrations to which 
the b i v a l v e i s immediately exposed are probably s i g n i f i c a n t l y 
lower than those i n the i n t e r s t i t i a l water. I f not f o r these 
behavioural adaptations, d e t o x i f i c a t i o n mechanisms would be 
r e l a t i v e l y i n e f f e c t i v e against such high l e v e l s of sulphide. 

L u c i n i d s found i r i low sulphide environments may search 
out i s o l a t e d pockets of sulphide (Gary et al., 1989) or, 
through i n l e t tube v e n t i l a t i o n , o x i d i z e sediment-bound 
sulphides to sulphide (or th i o s u l p h a t e ) (Dando et al., 1985; 
Southward, 1990). These organisms, although not surrounded by 
s u l p h i d e - r i c h sediments, must a l s o have p h y s i o l o g i c a l 
mechanisms f o r d e t o x i f i c a t i o n and t r a n s p o r t of sulphide. The 
combination of behavioural and p h y s i o l o g i c a l mechanisms 
u t i l i z e d by these organisms should be optimal f o r maintaining 
a constant i n t e r n a l environment. 

1.7.1.2. P h y s i o l o g i c a l M o d i f i c a t i o n s 
The cytochrome oxidases of animals from high-sulphide 

environments, i n c l u d i n g organisms p a r t i c i p a t i n g i n sulphur 
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o x i d i z i n g ssmibioses, are i n v a r i a b l y as s e n s i t i v e to sulphide 
(even at low pM range) as the cytochrome oxidase of animals 
from s u l p h i d e - f r e e environments (Somero et al., 19891; Hand 
and Somero, 1983; Powell and Somero, 1983, 1986). Therefore, 
methods of d e t o x i f y i n g sulphide and p r o t e c t i n g aerobic 
r e s p i r a t i o n must be u t i l i z e d i n a d d i t i o n t o , and sometimes i n 
combination w i t h , mechanisms f o r t r a n s p o r t i n g reduced sulphur 
to l o c a t i o n s where i t can be u t i l i z e d as an energy source. 

In some organisms, sulphide i s r a p i d l y and e f f i c i e n t l y 
bound to p r o t e i n s i n the blood (Arp and C h i l d r e s s , 1983; 
Ch i l d r e s s et al., 1984). The presence of sul p h i d e - b i n d i n g 
p r o t e i n s , y h i c h have a s u f f i c i e n t l y high a f f i n i t y f o r sulphide 
to c o n t r o l the sulphide d i s t r i b u t i o n w i t h i n an animal's body, 
are i d e a l f o r symbiont-containing i n v e r t e b r a t e s . In f a c t , 
they are found only i n symbiont-containing animals where the 
b a c t e r i a serve as a s i n k . They pl a y an important r o l e i n 
p r o t e c t i n g the aerobic r e s p i r a t o r y systems of the animals from 
sulphide poisoning while t r a n s p o r t i n g s u l p h i d e , i n a 
chemically s t a b l e form, to the s i t e s where energy e x p l o i t a t i o n 
takes p l a c e (Powell and Somero, 1986; Somero et al., 1989). 
Such c i r c u l a t i n g p r o t e i n s have been found i n the phylum 
V e s t i m e n t i f e r a (hemoglobin) and the b i v a l v e f a m i l y 
Vesicomyidae (plasma-borne p r o t e i n ) (Arp and C h i l d r e s s , 1983; 
Arp et al., 1984, 1987). In the blood of the vesicomyid clam, 
Calyptogena magnifica, sulphide binds w i t h a high molecular 
weight, nonheme serum p r o t e i n which has a high a f f i n i t y f o r 
sulphide and, t h e r e f o r e , p r o t e c t s cytochrome c oxidase from 
sulphide i n h i b i t i o n (Powell and Somero, 1986). The blood of C. 
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magnifica i s able to concentrate sulphide above e x t e r n a l 
l e v e l s (Arp et al., 198A). In a d d i t i o n , the blood of C. 
magnifica has a high concentration of hemoglobin, l o c a l i z e d 
w i t h i n e r y t h r o c y t e s ( T e r w i l l i g e r , et al., 1983; Arp et al., 
1984) which, u n l i k e that of the v e s t i m e n t i f e r a n worm, Riftia 

pachyptil-a, does form sulphemoglobin i n the presence of 
sulphide in vitro and i s then unable to bind oxygen. Since 
sulphemoglobin i s not found in vivo, however, i t appears that 
the s u l p h i d e - b i n d i n g p r o t e i n of C. magnifica p r o t e c t s the 
hemoglobin (Arp et al., 1984). 

The exact composition of l u c i n i d blood i s apparantly 
unknown (Giere, 1985) and, apart from the observation t h a t the 
c e n t r a l blood space contains hemocytes (Dando et al., 1985; 
Herry and Le Pennec, 1987; Le Pennec et al., 1988; Herry et 
al., 1989), has been l a r g e l y undescribed. Dando et al. (1985) 
found no evidence of hemoglobin-containing c e l l s 
( erythrocytes) i n the blood of Myrtea spinifera and there has 
been no evidence reported of hemoglobin i n the blood of other 
l u c i n i d s pecies. L u c i n i d blood does not contain hemocyanin, 
which assures blood oxygen t r a n s p o r t i n Solemya velum, and 
there has been no evidence, to date, of a c i r c u l a t i n g non-heme 
serum p r o t e i n s i m i l a r to th a t found i n Calyptogena magnifica 

(Arp et al., 1984). 

Cytoplasmic hemoglobins (myoglobins) occur at high 
concentrations i n the g i l l s of many b i v a l v e s c o n t a i n i n g 
b a c t e r i a l ss^nbionts (Dando et al., 1985; Witteribergj 1985). 
The presence of i n t r a c e l l u l a r hemoglobin has been suggested 
f o r s e v e r a l l u c i n i d species on the b a s i s of the reddish colour 
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of the g i l l s ( Giere, 1985) and has been confirmed f o r Codakia 

{Parvilucina d'Orbigny). costata (Jackson, 1973),, Codakia 

orbicularis (Jackson, 1973; Wittenberg, 1985), Codakia 

orbiculata {= Ctena orbiculata Montagu) (Jackson, 1973), 
Parvilucina tenuisculpta (Reid and Brand, 1986), Myrtea 

spinifera (Dando et al., 1985), Lucina pectinata (= Phacoides 

pectinatus Gmelin) (Read, 1962; Wittenberg, 1985; Kraus and 
Wittenberg, 1990) and Lucina floridana (Wittenberg, 1985). 
The reported concentrations of hemoglobin range from 1.2 mM 
(L. pectinata) to 0.02 mM (L. floridana) per kg t i s s u e 
(Witenbdrg, 1985). The la c k of red i n the g i l l s may not, as 
suggested f o r Lucinoma borealis (Southward, 1986), be a 
r e l i a b l e i n d i c a t o r of the absence of hemoglobin. I t has been 
demonstrated t h a t the l u c i n i d g i l l s change from the 
c h a r a c t e r i s t i c yellow-brown co l o u r , i n d i c a t i v e of an ample 
supply of reduced sulphur forms and g l o b u l a r elemental sulphur 
s t o r e s , to dark red when deprived of sulphide ( V e t t e r , 1985). 
Hence, colour of the g i l l s may be more a f u n c t i o n of the 
amount of SGES reserves, i n combination w i t h pigment granules, 
than an i n t e r s p e c i f i c d i f f e r e n c e i n hemoglobin^ 

The oxygen-binding hemoglobin found i n l u c i n i d s may act 
as a b u f f e r , p r o t e c t i n g the symbionts from excess oxygen which 
may i n t e r f e r e w i t h t h e i r a u t o t r o p h i c processes (Dando et al., 
1985). F r e e - l i v i n g s u l p h u r - o x i d i z i n g b a c t e r i a are f r e q u e n t l y 
m i c r o a e r o p h i l i c (J0rgensen, 1982) and the absence of b a c t e r i a 
i n the "intermediary" c e l l s or the " t r a n s i t i o n zone" has been 
suggested to be the r e s u l t of oxygen levelis too high to allo w 
the presence of symbionts i n these c e l l s (Herry et al., 1989). 
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I f the b a c t e r i a l symbionts are capable of u t i l i z i n g n i t r a t e as 
an a l t e r n a t e e l e c t r o n acceptor, as demonstrated f o r S. reidi 

symbionts (Wilmot and V e t t e r , 1992; B. Javor, pers. comm.), 
then, by bin d i n g oxygen, the hemoglobin would a l s o be 
p r o t e c t i n g oxygen-sensitive n i t r a t e reductase. The oxygen-
bi n d i n g hemoglobin i n chemoautotrophic b i v a l v e g i l l s may be. 
analagous to the leghemoglobin of the Rhizohium-legnme root 
symbiosis, a c t i n g as an oxygen sto r e but keeping the p a r t i a l 
pressure of oxygen low (Wittenberg et al., 1974), h e l p i n g to 
c o n t r o l oxygen tension c l o s e to the b a c t e r i a (Dando et al., 
1-985). Oxygen-binding hemoglobin would help avoid spontaneous 
o x i d a t i o n of sulphide and may act as an oxygen s t o r e during 
periods of oxygen d e p r i v a t i o n , as suggested f o r M. spinifera 

(Dando et al., 1985). The suggestion that the hemoglobin may 
act to p r o t e c t the animal c e l l s from excessive d e p l e t i o n of 
oxygen when the b a c t e r i a are a c t i v e l y o x i d i z i n g sulphur 
compounds (Dando et al., 1985) may not be r e l e v a n t i f the 
symbionts are able to u t i l i z e n i t r a t e as an a l t e r n a t e e l e c t r o n 
acceptor (discussed l a t e r i n t h i s s e c t i o n ) . Wittenberg (1985) 
noted t h a t cytoplasmic hemoglobin i s always accompanied by 
non-hemoglobin i r o n ( i n a one-to-one molar equivalence) and 
suggested that t h i s i r o n may p l a y a s i g n i f i c a n t , although 
c u r r e n t l y unknown, r o l e i n t i s s u e oxygen-transport. 

N o n - c i r c u l a t i n g , cytoplasmic hemoglobin which can bind to 
sulphide, forming f e r r i c hemoglobin sul p h i d e , has been 
described i n the g i l l t i s s u e s of the solemyid b i v a l v e s , 
Solemya reidi and Solemya velum and the l u c i n i d , Lucina 

pectinata ( D o e l l e r et al., 1988; Kraus and Wittenberg, 1990). 
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These b i v a l v e s a l s o have i n t r a c e l l u l a r hemoglobin which binds 
to oxygen i n the presence of sulphide ( i e : does not form the • 
p h y s i o l o g i c a l l y nonfunctional sulphemoglobin) ( C a r r i c o et al., 
1978; D o e l l e r et al., 1988; Kraus and Wittenberg, 1990). The 
hemoglobin may act to t r a n s p o r t both oxygen and sulphide 
across c e l l s to the b a c t e r i a l symbionts, a method of 
separating sulphide and oxygen in situ ( D o e l l e r et al., 1988; 
Kraus and Wittenberg, 1990; D. Kraus, pers. comm.). Kraus and 
Wittenberg (1990) suggest t h a t , i n L. • pectinata, hydrogen 
sulphide would be released i f f e r r i c hemoglobin sulphide 
accepts e l e c t r o n s i n r a p i d r e a c t i o n , l i b e r a t i n g the ferrous 
p r o t e i n and hydrogen sulphide. The hemoglobin-bound sulphide 
may a l s o serve as a sulphide s t o r e when e x t e r n a l sulphide i s 
una v a i l a b l e or may act to bind sulphide i n excess of l e v e l s 
manageable by host o x i d a t i o n mechanisms. L. pectinata i s , to 
datej the only l u c i n i d reported to have sul p h i d e - b i n d i n g 
hemoglobin. The hemoglobin of Myrtea spinifera has been 
studied and found to be heterogenous, w i t h a q u i t e high oxygen 
a f f i n i t y but w i t h no evidence of sulphide b i n d i n g . Sulphide 
was r e a d i l y bound, however, by two f r a c t i o n s of g i l l e x t r a c t 
(Mr>100,000 and Mr = 29,000) (Dando et al., 1985). The 
ma j o r i t y of l u c i n i d species remain to be i n v e s t i g a t e d f o r 
sulphide-binding hemoglobin. 

In Solemya reidi, s u l p h i d e - r e a c t i v e hemoglobin i s found 
only i n the "bacteria-harbouring domain", where i t may a i d the 
sulphide supply to the symbiont w h i l e the oxygen-reactive 
hemoglobins are wid e l y d i s t r i b u t e d (Kraus and Wittenberg, 
1990). The "bacteria-harbouring domain" probably i n c l u d e s the 
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i n t e r c a l a r y c e l l s s i n c e the authors d i s t i n g u i s h t h i s domain 
from the "mitochondria-rich c i l i a t e d domain" of the g i l l . 
S i m i l a r to observations on the g i l l s of most l u c i n i d s p e c i e s , 
the b a c t e r i o c y t e s of S. reidi are separated from the e x t e r n a l 
medium by a t h i n l a y e r of m i t o c h o n d r i a - r i c h i n t e r c a l a r y c e l l s . 
I t seems probable, t h e r e f o r e , that the b a c t e r i a may be 
sup p l i e d w i t h some sulphide which i s transported across the 
i n t e r c a l a r y c e l l s to the b a c t e r i o c y t e s by hemoglobin. Since 
the hemoglobin i s h i g h l y l o c a l i z e d , t h i s lends support to the 
hypothesis that i t may a l s o a ct as a short-term sulphide s t o r e 
f o r the b a c t e r i a . L o c a l i z a t i o n of s p e c i f i c hemoglobins w i t h i n 
the g i l l t i s s u e s of l u c i n i d b i v a l v e s i s c u r r e n t l y being 
i n v e s t i g a t e d (D. Kraus, pers. comm.). 

The mechanisms discussed above bind sulphide and prevent 
poisoning of host t i s s u e s , w h i l e a l s o f u n c t i o n i n g as t r a n s p o r t 
mechanisms. The l o c a t i o n of the b a c t e r i a deep w i t h i n the g i l l 
t i s s u e s precludes the b a c t e r i a p l a y i n g a d i r e c t r o l e i n 
d e t o x i f i c a t i o n of sulphide ( D i s t e l and Felbeck, 1987) but 
p r e l i m i n a r y enzymatic or non-enzymatic sulphide o x i d a t i o n may 
occur i n host t i s s u e s (Powell and Somero, 1986; Powell and 
Arp, 1989; Bagarinao, 1992). This would r e s u l t i n 
d e t o x i f i c a t i o n of sulphide and produce a p a r t i a l l y o x i d i z e d 
form of reduced sulphur, such as t h i o s u l p h a t e , which might-be 
a v a i l a b l e to the symbionts. 

Sulphide o x i d a t i o n can be c a t a l y z e d by metal i o n s , heme-
asso c i a t e d i r o n and c e r t a i n p r o t e i n s and low molecular weight 
organic substances (Chen and M o r r i s , 1972; N a t i o n a l Research 
C o u n c i l , 1989). Non-enzymatic sulphide o x i d a t i o n has been 
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suggested f o r i r o n - c o n t a i n i n g pigment granules found i n the 
b a c t e r i o c y t e s o f s e v e r a l l u c i n i d species ( A l l e n , 1958; 
Jackson, 1973; F i s h e r and Hand, 1984) and has now been, 
determined i n electron-dense, brown granules found i n the 
g i l l s of Solemya reidi (termed " s u l p h i d e - o x i d i z i n g b o d i e s " ) , 
Calyptogena magnifica and Lucinoma annulata (Powell and 
Somero, 1985; Powell and Arp, 1989). The granules i n these 
three species were found to contain hematin but the sources of 
hematin. and the exact composition of the hematin granules have 
yet to be determined (Powell and Arp, 1989). The a b i l i t y of 
f r e e heme compounds (hemoglobin derived hematins = o x i d i z e d 
hemes not a s s o c i a t e d w i t h p r o t e i n s ) to c a t a l y z e sulphide 
o x i d a t i o n has been known f o r many years ( K e i l i n , 1933; Sorbo, 
1960). With the exception of sediment-dwelling marine animals 
(Falk, 1964)j however, fr e e heme compounds are not normally 
present i n animal t i s s u e s (Mangum and Dales, 1965). These 
hematin pigments, c o n t a i n i n g f e r r i c i r o n , have a l s o been found 
i n the blood of s u l p h i d e - t o l e r a n t i n v e r t e b r a t e s and shown to 
c a t a l y z e sulphide o x i d a t i o n ( P a t e l and Spencer, 1963; Powell 
and Arp, 1989). In f a c t , the absence of s u l p h i d e - b i n d i n g 
hemoglobin i n the blood of marine i n v e r t e b r a t e s exposed to 
sulphide has been suggested to i n d i c a t e t h a t heme compounds, 
such as hematin granules, may be o x i d i z i n g sulphide (Vismann, 
1991). In the l u c i n i d s , the hematin granules aire l o c a t e d i n 
b a c t e r i o c y t e s i n the g i l l s (Powell and Arp, 1989) and the 
hemoglobin i s cytoplasmic w i t h s u l p h i d e - i n s e n s i t i v e oxygen-
binding components and, i n some Cases, su l p h i d e - b i n d i n g 
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components (Kraus and Wittenberg, 1990; D. Kraus, pers. 
comm.). 

In Calyptogena magnifica, Solemya reidi and Lucinoma 

annulata, sulphide o x i d a t i o n a c t i v i t y was found to be 
p r o p o r t i o n a l to the t o t a l heme content of g i l l homogenates 
(hematin >80% of t o t a l heme content), suggesting that the heme 
compounds may be a major component of the sulphide o x i d a t i o n 
a c t i v i t y (Powell and Arp, 1989). I t i s c r i t i c a l to note, 
however, that experiments r e v e a l i n g oxidation, of sulphide by 
these granules have g e n e r a l l y been c a r r i e d out at sulphide 
concentrations g r e a t l y i n excess of r e a l i s t i c environmental 
l e v e l s (eg: 1 mM sulphide used by Powell and Arp, 1989). 
These high l e v e l s are p h y s i o l o g i c a l l y u n r e a l i s t i c and are 
l i k e l y to be i n h i b i t o r y f o r enzymatic o x i d a t i o n (R. V e t t e r , 
pers. comm.). The " r o l e " of these hematin pigments in vivo 

i s , t h e r e f o r e , questionable. I t has been demonstrated f o r 
Solemya reidi b a c t e r i a l suspensions, which s t i l l contained 
pigment granules, that aerobic r e s p i r a t i o n r a t e i s greater 
than the r a t e of oxygen consumption due to non-enzjraiatic 
o x i d a t i o n (pigment granules) at sulphide concentrations <150 
pM (peaking at approximately 20 pM). At sulphide 
concentrations greater than 150 pM, however, the oxygen 
consumption r a t e of the granules continued to increase 
l i n e a r l y , w h i l e the aerobic r e s p i r a t i o n r a t e decreased and 
then l e v e l l e d o f f (Wilmot and V e t t e r , 1992). Hence, granular 
sulphide o x i d a t i o n may occur at lower sulphide concentrations 
but i t s " r o l e " at these concentrations i s questionable i n 
l i g h t of b a c t e r i a l and mito c h o n d r i a l o x i d a t i o n (see l a t e r i n 
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text.) a t those concentrations. The. p o s s i b l e r o l e of hematin 
granules i n o x i d i z i n g high sulphide concentrations down to 
l e v e l s that can be r a p i d l y metabolized by other mechanisms, 
such as b a c t e r i a l or mi t o c h o n d r i a l o x i d a t i o n , seems d o u b t f u l . 
The pigments alone are u n l i k e l y to have s u f f i c i e n t a f f i n i t y 
f o r sulphide to prevent poisoning of cytochrome c oxidase by 
reducing sulphidd to low nanomolar l e v e l s (Bagarinao, 1992). 
A l s o , the pigment granules are found i n the b a c t e r i o c y t e s , 
e l i m i n a t i n g any p o s s i b l e " p e r i p h e r a l defense" s t r a t e g y f o r 
p r o t e c t i n g the host c e l l s or the b a c t e r i a from high sulphide 
l e v e l s . In a d d i t i o n , the granular shape, i n comparison to a 
d i f f u s e d d i s t r i b u t i o n , would reduce t h e i r e f f e c t i v e n e s s i n 
o x i d i z i n g sulphide (R. V e t t e r , pers. comm.). 

S p e c i f i c c a t a l y s t s which o x i d i z e sulphide and which are 
termed ''sulphide oxidases'-'^ i n the l i t e r a t u r e , are found i n the 
t i s s u e s of sjTnbiont-containing i n v e r t e b r a t e s (Powell and 
Somero, 1985). Benzyl v i o l o g e n (B.V.) assays are u s u a l l y 
employed f o r these determinations but i n the absence of 
adequate c o n t r o l s , or i f p h y s i o l o g i c a l l y u n r e a l i s t i c sulphide 
concentrations are used, i t i s d i f f i c u l t to determine i f the 
sulphide o x i d a t i o n a c t i v i t y measured i s the r e s u l t of 
enzymatic or non-enzymatic o x i d a t i o n (see s e c t i o n 1.3). 
"Sulphide Oxidase" enzymes have yet to be p u r i f i e d and 
ch a r a c t e r i z e d and the products of sulphide o x i d a t i o n c a t a l y z e d 
by these enzymes have yet to be i d e n t i f i e d . In the benzyl 
v i o l o g e n assay, B.V. acts as the e l e c t r o n acceptor but the 
e l e c t r o n acceptor used i n the absence of B.V., c r i t i c a l to 
maintaining•the redox balance of the c e l l , has yet to be 
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determined. Since the assay must be c a r r i e d out under anoxic 
c o n d i t i o n s , i t a l s o does not measure mit o c h o n d r i a l oxidation... 
Regardless, however, evidence from these assays i n d i c a t e s 
sulphide can be o x i d i z e d i n the outer few c e l l l a y e r s of 
t i s s u e s i n contact w i t h the environment, suggested as a 
" p e r i p h e r a l defense" s t r a t e g y against sulphide t o x i c i t y 
{Somero et al., 1989). Sulphide o x i d a t i o n can a l s o occur i n 
i n t e r n a l organs i f sulphide penetrates the body and enters 
c i r c u l a t i o n , as demonstrated f o r the hydrpthermal vent crab, 
Bythograea thermydron {Vetter et al., 1987). Once again, 
where assay c o n d i t i o n s are n o n - p h y s i o l o g i c a l {eg: very high 
sulphide c o n c e n t r a t i o n s ) , sulphide o x i d a t i o n measured i s 
l i k e l y due to non-enz3raiatic a c t i v i t y . In S. reidi, however, 
i t appears that at l e a s t some of the sulphide o x i d a t i o n 
a c t i v i t y measured i s enzymatic {Powell and Somero, 1986). 

To date, "sulphide oxidase" a c t i v i t y has been 
demonstrated i n s e v e r a l species of l u c i n i d b i v a l v e . None' of 
the f o l l o w i n g s t u d i e s , however, reported the r e s u l t s of b o i l e d 
c o n t r o l s , the reappearance of the "enzyme" c a t a l y s t , the 
products of sulphide o x i d a t i o n nor the sulphide concentrations 
used i n the assay. I f the l a t t e r are p h y s i o l o g i c a l l y 
u n r e a l i s t i c , a c t i v i t y measured i s most l i k e l y a r e s u l t of rion-
enzymatic, p o s s i b l y hematin/pigment granule, o x i d a t i o n . The 
average basal a c t i v i t y of "sulphide oxidase" i n non-symbiotic 
animal t i s s u e s i s 0.25 units/gFW {Powell and Somero, 1985), 
although presumably t h i s i s dependent on the concentration of 
sulphide used. Pseudomiltha sp., a l u c i n i d found at a deep sea 
hydrocarbon seep, was found to have 2.03 units/gFW "sulphide 
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oxidase" a c t i v i t y i n the g i l l t i s s u e s ; t h i s i s s i g n i f i c a n t l y 
lower than a c t i v i t i e s reported f o r the g i l l s of other 
symbiont-containing b i v a l v e s (Brooks et al^, 1987). In 
Lucinoma aequizonata, "sulphide oxidase" a c t i v i t y was found to 
be greater i n the f o o t than i n the mantle, although no 
a c t i v i t i e s or f u r t h e r i n f o r m a t i o n are given ( J . (3'Brien, pers. 
comm. i n Gary et al., 1989). These data were used i n support 
of the hypothesis that the f o o t scavenges f o r sulphide. I f 
t h i s hypothesis i s c o r r e c t , then the products of the 
enzymatic, or non-enzjonatic, sulphide o x i d a t i o n must be a 
usable form of reduced sulphur such as t h i o s u l p h a t e . Sulphide 
o x i d i z i n g a c t i v i t y i n Lucinoma borealis and Loripes l u c i n a l i s 

was found to be x2-3 greater i n the g i l l s than i n the f o o t 
t i s s u e s (Southward, 1990). The higher a c t i v i t y i n the g i l l s 
may be due to the b a c t e r i a or to the pigment granules which 
have been a s s o c i a t e d w i t h non-enz3Tnatic o x i d a t i o n and which 
have not been observed i n the f o o t of l u c i n i d s . Foot a c t i v i t y 
could, be a r e s u l t of non-enzymatic a c t i v i t y not a s s o c i a t e d 
w i t h pigment granules or due to enzyme a c t i v i t y not a s s o c i a t e d 
w i t h mitochondria, although there i s no d i r e c t evidence f o r 
e i t h e r . 

Sulphide o x i d a t i o n by mitochondria appears to be a common 
method used by marine organisms to p r o t e c t cytochrome c 
oxidase against sulphide t o x i c i t y (Bagarinao, 1992). The 
o x i d a t i o n of sulphide by mitochondria may i n v o l v e a s p e c i f i c 
sulphide oxidase enzyme or cytochrome c may a c t as an enzyme 

(Bagarinao, 1992). M i t o c h o n d r i a l sulphide o x i d a t i o n has been 
shown to be l i n k e d to ATP synthesis i n Solemya r e i d i (Powell 
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and Somero, 1986; O'Brien and V e t t e r , 1990). The same has now 
been" demonstrated f o r the non-sjnnbiotic but s u l p h i d e - t o l e r a n t 
t e l e o s t , Fundulus parvipinhis (Bagarinao and V e t t e r , 1990). 
In Solemya reidi, however, the ATP y i e l d of m i t o c h o n d r i a l 
•sulphide o x i d a t i o n was w e l l below the p o t e n t i a l y i e l d , 
suggesting that t h i s mechanism may be p r i m a r i l y f o r 
d e t o x i f i c a t i o n (O'Brien and V e t t e r , 1990). The m i t o c h o n d r i a l 
sulphide o x i d a t i o n system described by O'Brien and V e t t e r 
(1990) i s the only system th a t seems to e x p l a i n S. reidi 

p h y s i o l o g i c a l data. Whole animal r e s p i r a t i o n was s t r o n g l y 
i n h i b i t e d when sulphide l e v e l s exceeded 100 pM (Anderson et 

al., 1987) and the b i v a l v e s were found to switch to anaerobic 
metabolism at sulphide concentrations equal to or higher than 
250 pm, even when oxygen was present, i n d i c a t i n g s u l p h i d e -
i n h i b i t e d aerobic r e s p i r a t i o n (Anderson et al., 1990). This 
suggests that the sulphide d e t o x i f i c a t i o n mechanism does not 
f u n c t i o n above t h i s l e v e l and sulphide at concentrations below 
100-250 pM must be metabolized r a p i d l y to prevent i n h i b i t i o n 
of cytochrome c oxidase. "Sulphide oxidase" systems (Powell 
and Somero, 1985) and hematin o x i d a t i o n (Powell and Arp, 1989) 
had Km's greater than one m i l l i m o l a r and, u n l i k e mitochondria, 
were not i n h i b i t e d by high sulphide (O'Brien and V e t t e r , 
1990). In a d d i t i o n , p o t e n t i a l e l e c t r o n acceptors, r e q u i r e d to 
maintain the redox balance of the c e l l , have yet to be 
i d e n t i f i e d f o r a d d i t i o n a l enzymatic o x i d a t i o n . 

Studies on the m i t o c h o n d r i a l s u l p h i d e - o x i d a t i o n systems 
i n Solemya reidi and i n s u l p h i d e - t o l e r a n t f i s h found that 
maximum a c t i v i t y rates were d i s p l a y e d at l e s s than 50 pM 
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sulphide and t h a t t h i o s u l p h a t e was the only product (Powell 
and Somero, 1986;. Bagarinao and V e t t e r , 1990; O'Brien and 
V e t t e r , 1990). Thipsulphate i s non-toxic and, u n l i k e 
elemental sulphur, i t i s s o l u b l e (Bagarinao, 1992) and, 
t h e r e f o r e , a good d e t o x i f i c a t i o n product. M i t o c h o n d r i a l 
o x i d a t i o n probably e x p l a i n s the accumulations of t h i o s u l p h a t e 
found i n the blood of the symbiont-containing b i v a l v e S. reidi 

(Anderson et al., 1987) and i n apo-ssnnbiotic organisms exposed 
to sulphide (Vetter et al., 1987; Bagarinao and V e t t e r , 1989). 
Thiosulphate accumulates i n the blood of S. reidi only under 
o x i c c o n d i t i o n s . Further support that the accumulation of 
t h i o s u l p h a t e i n the blood i s i n d i c a t i v e of host m i t o c h o n d r i a l 
sulphide o x i d a t i o n are the low l e v e l s of t h i o s u l p h a t e i n most 
sediment i n t e r s t i t i a l water (Dando et al., 1986a; Cary et al., 

1989; Wilmot and V e t t e r , 1992) combined w i t h the observation 
that S. reidi d i d not accumulate t h i o s u l p h a t e i n the blood 
above e x t e r n a l concentrations (Wilmot and V e t t e r , 1992). In 
c o n t r a s t , sulphide appeared to accumulate i n the blood only 
when d e t o x i f i c a t i o n systems were "overloaded" and the animals 
were i n d i s t r e s s (Vetter et al., 1987; Bagarinao and V e t t e r , 
1989; Gary et al., 1989). 

M i t o c h o n d r i a l o x i d a t i o n of sulphide has not been s t u d i e d 
f o r the l u c i n i d b i v a l v e s but i s suggested by the accumulation 
of t h i o s u l p h a t e i n the blood of Lucinoma aequizonata incubated 
i n the presence of 30 pM sulphide (Cary et al., 1989). There 
i s c u r r e n t l y no evidence l i n k i n g m i t o c h o n d r i a l o x i d a t i o n i n 
l u c i n i d s to ATP production. ATP production by crude g i l l 
e x t r a c t s of Lucinoma borealis i n response to sulphide or 
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s u l p h i t e (100 pM) (Dando et al., 1986a) i s ' a t t r i b u t e d to 
b a c t e r i a l metabolism, i n l i g h t of the t i s s u e p r e p a r a t i o n 
methods. The f o o t and mantle t i s s u e s of L. borealis d i d not 
produce ATP when exposed to sulphide or s u l p h i t e (Dando et 
al., 1985), i n d i c a t i v e of the absence of b a c t e r i a l symbionts. 
Once again, s i n c e the p r e p a r a t i o n method was not designed to 
i s o l a t e healthy mitochondria, t h i s r e s u l t cannot be considered 
suggestive of an absence of m i t o c h o n d r i a l o x i d a t i o n . 

Obviously, the r o l e of non-enzjonatic versus enzymatic 
sulphide o x i d a t i o n i n host t i s s u e s (the l a t t e r l i n k e d , 
p o s s i b l y , to ATP synthesis) and u t i l i z a t i o n of the products of 
both these processes, needs f u r t h e r research i n a l l b a c t e r i a -
b i v a l v e sjTnbioses. Whole animal t o x i c i t y experiments may be 
required to e l u c i d a t e the r o l e s of m i t o c h o n d r i a l and non-
enzymatic sulphide o x i d a t i o n . For example, i n both Solemya 

reidi and some t e l e o s t s , the t o x i c i t y l e v e l of sulphide f o r 
whole animals i s the same as f o r mitochondria, r a t h e r than f o r 
the pigment granules (Powell and Somero, 1985; Anderson et 
al., 1987; Bagaririao and V e t t e r , 1989; Bagarinao, 1992; Wilmot 
and V e t t e r , 1992). I f whole animals are poisoned at higher 
sulphide l e v e l s than poison mitochondria, then non-
mitpchondrial sulphide o x i d a t i o n systems may p l a y a r o l e . 
While the products of non-enzymatic sulphide o x i d a t i o n i n 
marine i n v e r t e b r a t e s are l i k e l y to i n c l u d e t h i o s u l p h a t e , i n 
a d d i t i o n to other products such as p o l y s u l p h i d e s (Vetter et 
al., 1987; Vismann, 1991), i t has yet to be determined i f 
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these products can be f u r t h e r u t i l i z e d by the b a c t e r i a l 
symbionts. 

1.7.2, Forms of reduced sulphur used as energy sources 
When i n t e r p r e t i n g the r e s u l t s of experiments designed to 

i d e n t i f y the sulphur compound(s) used as energy sources by the 
symbiosis, the b i o l o g i c a l p r e p a r a t i o n used ( i n t a c t symbiosis 
(whole clam), i s o l a t e d g i l l s , g i l l homogenates, i s o l a t e d 
b a c t e r i o c y t e s , i s o l a t e d host c e l l mitochondria or i s o l a t e d 
symbionts) must be c a r e f u l l y considered. For example, i f the 
experimental p r e p a r a t i o n used c o n s i s t s of i s o l a t e d 
b a c t e r i o c y t e s , then ATP synthesis measured i n response to 
sulphide could r e f l e c t some m i t o c h o n d r i a l , i n a d d i t i o n to 
b a c t e r i a l , processing (Hand, 1987). In the vent clam, 
Calyptogena magnifica, s u l p h i d e - b i n d i n g p r o t e i n s present i n 
the blood suggest that sulphide can be d e l i v e r e d to the 
b a c t e r i a l symbionts w i t h minimal t o x i c e f f e c t s to host c e l l s 
(Arp and C h i l d r e s s , 1983; Arp et al., 1984) but st u d i e s on the 
s p e c i f i c sulphur substrates used by the b a c t e r i a are 
c o n f l i c t i n g (Powell and Somero, 1986; Hand, 1987), probably 
due to the t i s s u e preparations used. Since the nature of the 
experimental p r e p a r a t i o n may determine the systems' response 
to reduced sulphur compounds, use of the i n t a c t symbiosis may 
be required (as discussed f o r s t u d i e s on enzsnnatic versus non-
enzymatic sulphide o x i d a t i o n ) to o b t a i n a r e a l i s t i c p i c t u r e of 
the sulphur metabolism systems (Somero et al., 1989). In 
a d d i t i o n , concentrations of reduced sulphur compounds must be 
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p h y s i o l o g i c a l l y r e a l i s t i c (Somero et al., 1989; Bagarinao, 
1992). • . 

Since the processes i n v o l v e d i n the u t i l i z a t i o n of 
sulphur forms can be complex, i n c o r p o r a t i n g the t r a n s p o r t and 
d e t o x i f i c a t i o n mechanisms discussed e a r l i e r , the f o l l o w i n g 
t e x t f i r s t summarizes the processes used by Solemya reidi, 

then the p o t e n t i a l processes used by the f a m i l y Lucinidae. 

1.7.2.1. Solemya reidi 

Thiosulphate accumulation i n the blood of Solemya reidi 

exposed to sulphide and oxygen (Anderson et al., 1987) 
suggests both p r e l i m i n a r y o x i d a t i o n by the host (probably host 
c e l l mitochondria (Powell and Somero, 1986)) and the low 
a b i l i t y o f t h i o s u l p h a t e to cross membranes (Holmes and 
Donaldson, 1969), However, the t h i o s u l p h a t e i n blood of 
f r e s h l y c o l l e c t e d S. reidi q u i c k l y disappeared when b i v a l v e s 
were maintained i n s u l p h i d e - f r e e oxygenated seawater (Wilmot 
and V e t t e r , 1992). Combined w i t h the n e a r l y constant 
concentrations of th i o s u l p h a t e which occurred i n the blood of 
S. reidi i n the presence of c o n t i n u a l l y f l o w i n g s u l p h i d e , t h i s 
suggests the c o n t i n u a l removal of t h i o s u l p h a t e as an energy 
source f o r the sjnnbionts (Anderson et al., 1987) and i n f e r s 
the presence of a good a c t i v e t r a n s p o r t mechanism f o r 
th i o s u l p h a t e from the blood to the b a c t e r i o c y t e s (R. V e t t e r , 
pers. comm.). In a d d i t i o n to host m i t o c h o n d r i a l sulphide 
o x i d a t i o n , r e s u l t i n g i n t h i o s u l p h a t e i n the blood, i t i s 
p o s s i b l e t h a t t h i s process occurs i n the i n t e r c a l a r y and 
b a c t e r i o c y t e c e l l s of the g i l l s . The i n t e r c a l a r y c e l l s are 
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r i c h i n mitochondria (Felbeck, 1983; Gustafson and Reid, 1988) 
which could o x i d i z e sulphide d i f f u s i n g i n t o these c e l l s . 
Thiosulphate would then be transported to the b a c t e r i a 
u t i l i z i n g an a c t i v e t r a n s p o r t mechanism, s i m i l a r to that 
suggested f o r t r a n s p o r t i n g t h i o s u l p h a t e from the blood. 
Because m i t o c h o n d r i a l o x i d a t i o n i n S. reidi r e s u l t s i n ATP 
production, the b e n e f i t s of host o x i d a t i o n of sulphide are 
thus two-fold: sulphide i s o x i d i z e d to a non-toxic form, such 
as t h i o s u l p h a t e , which s t i l l contains energy and can. be 
s u p p l i e d to the b a c t e r i a l symbiohts and there are e n e r g e t i c 
b e n e f i t s f o r the host. Figure 5 i s a diagraimnatic 
r e p r e s e n t a t i o n of the whole animal sulphide metabolism model 
i n S. reidi, as summarized by Anderson et al. (1987). 

While the above hypothesis does not exclude the 
p o s s i b i l i t y t h a t the symbionts may a l s o o x i d i z e s u l p h i d e , i t 
has been suggested, due to the l a c k of '-sulphide oxidase*" 
a c t i v i t y demonstrated using the B.V. assay, that the b a c t e r i a l 
symbionts of Solemya reidi do not o x i d i z e sulphide (Powell and 
Somero, 1985). The cautions inherent i n i n t e r p r e t i n g the 
r e s u l t s of the benzyl v i o l o g e n assay, discussed e a r l i e r i n 
t h i s t e x t , must be a p p l i e d (Powell and Somero, 1985). Wilmot 
and V e t t e r (1992) addressed t h i s i s s u e and noted that the B.V. 
assay probably d i d not measure e l e c t r o n t r a n s p o r t c h a i n - l i n k e d 
a c t i v i t y because the high sulphide concentrations used 
i n h i b i t e d o x i d a t i o n . In a d d i t i o n , these s t u d i e s were 
conducted on g i l l t i s s u e homogenates and pigment granules 
( s u l p h i d e - o x i d i z i n g bodies) were undoubtedly present i n the 
homogenate. The pigment granules contain hematin and the B.V, 
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Figure 5. Diagram of the wliole animal model for sulphide metabolism in 
Solemya reidi as suggested by Anderson al. (1987), based upon the results of 
Anderson al (1987), Felbeck (1983), Fisher and Childress (1986) and Powell 
and Somero (1985,1986). Org. C = organic carbon; M = mitochondrion; 
S-oxid. = sulphur oxidation. (Figure from Anderson et al. (1987)). 
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assay does measure rion-enzymatic f e r r i c i r o r i c a t a l y s i s i n the 
presence of high sulphide (Powell and Arp, 1989). I t has 
r e c e n t l y been demonstrated that the i s o l a t e d b a c t e r i a are 
capable of sul p h i d e o x i d a t i o n at sulphide concentrations <150 
pM; at sulphide i n c u b a t i o n concentrations >150 pM, however, 
non-enzymatic o x i d a t i o n (by pigment granules) f a r exceeded 
b a c t e r i a l r e s p i r a t o r y o x i d a t i o n , which was i n h i b i t e d (Wilmot 
and V e t t e r , 1992). In a d d i t i o n , i *C O 2 f i x a t i o n i n b a c t e r i a 
i s o l a t e d from 5. reidi was st i m u l a t e d by both t h i o s u l p h a t e (1 
mM) and sulphide (500 pM) (B. Javor, pers. comm.). Further 
evidence t h a t the b a c t e r i a l symbionts may u t i l i z e sulphide i s 
provided by the presence of i n t r a c e l l u l a r s u l p h i d e - b i n d i n g 
hemoglobin i n the "bacteria-harbouring domain" of the g i l l s of 
S. reidi (D. Kraus, pers. comm.), suggesting the b a c t e r i a may 
be provided w i t h sulphide as an energy source. The presence 
of s u l p h i d e - b i n d i n g molecules i n the absence of a " s i n k " , such 
as the b a c t e r i a , would be a p h y s i o l o g i c a l disadvantage 
(Bagarinao, 1992). In l i g h t of a v a i l a b l e evidence, i t must be 
assumed th a t the 5. reidi b a c t e r i a are capable of u t i l i z i n g , 
and most l i k e l y have access t o , both t h i o s u l p h a t e and 
sulphide. Hence, the whole animal model put forward by 
Anderson et al. (1987) must be modified to i n c l u d e sulphide 
o x i d a t i o n by the endosymbionts. 

I t i s important to note t h a t r e s u l t s of experiments 
u t i l i z i n g the i n t a c t symbiosis or i s o l a t e d c t e n i d i a can be 
ambiguous i n terms of d e f i n i n g the u t i l i z a t i o n pathway of 
sulphur forms. For example, net carbon d i o x i d e uptake has 
been demonstrated f o r the Solemya reidi i n t a c t symbiosis i n 
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the presence of sulphide (<250 pM) or t h i o s u l p h a t e (>250 pM) 
(Anderson et ali, 1987) and i n the e x c i s e d g i l l s of Solemya 

velum, both sulphide (0.2 mM) and t h i o s u l p h a t e (1.0 mM) 
s t i m u l a t e d carbon d i o x i d e f i x a t i o n (Cavanaugh, 1981). These 
data suggest both forms of reduced sulphur can be used to f u e l 
the symbioses but do not r e v e a l i f , when the g i l l or i n t a c t 
symbiosis i s s u p p l i e d w i t h s u l p h i d e , the b a c t e r i a are 
u t i l i z i n g sulphide d i r e c t l y or the o x i d a t i o n product, 
t h i o s u l p h a t e . Other evidence which has been put forward as 
suggestive of the form of sulphur u t i l i z e d by the b a c t e r i a 
must be examined c l o s e l y . I s o l a t e d g i l l c t e n i d i a of 5. reidi 

( i e : no host blood supply) exposed to oxygen and sulphide 
accumulated g l o b u l a r elemental sulphur and produced p r o t e i n . 
I t was suggested that t h i s i n d i c a t e s sulphide and oxygen enter 
the b a c t e r i o c y t e d i r e c t l y from seawater ( V e t t e r , 1990) but i t 
i s a l s o p o s s i b l e that sulphide may f i r s t be o x i d i z e d to 
t h i o s u l p h a t e i n the i n t e r c a l a r y c e l l s . In a d d i t i o n , the 
argument of Wilmot and V e t t e r (1992), that the l o c a t i o n of the 
b a c t e r i a w i t h i n the g i l l can be used as evidence supporting 
the o x i d a t i o n of sulphide by the b a c t e r i a , must be questioned. 
They report t h a t the b a c t e r i o c y t e s are separated from seawater 
by a t h i n e p i t h e l i a l c e l l w i t h few mitochondria arid that the 
b a c t e r i a are not packed c l o s e to the blood space which 
contains the m i t o c h o n d r i a l product of sulphide o x i d a t i o n , 
t h i o s u l p h a t e . In other r e p o r t s , the i n t e r c a l a r y ( e p i t h e l i a l ) 
c e l l s contain numerous mitochondria (Felbeck, 1983; Gustafson 
and Reid, 1988), so o x i d a t i o n of sulphide by host c e l l s i s 
f e a s i b l e , and removal of t h i o s u l p h a t e from the blood to f u e l 
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the b a c t e r i a (see evidence presented e a r l i e r ) d e f i n i t e l y seems 
to be Occurring. 

Stored g l o b u l a r elemental sulphur may be u t i l i z e d as an 
energy s t o r e by the b a c t e r i a l sjraibionts when environmental 
l e v e l s of reduced sulphur are low ( V e t t e r , 1985). This has 
been observed f o r f r e e - l i v i n g sulphur b a c t e r i a (J0rgensen, 
1982; Nelson et al., 1985). Globular elemental sulphur i s 
deposited by the b a c t e r i a l sjnnbionts and, f o r Solemya reidi, 

incomplete o x i d a t i o n of sulphide due to oxygen l i m i t a t i o n may . 
be a f a c t o r i n i t s accumulation (Anderson et al., 1987). 
Average elemental sulphur s t o r e s i n S. reidi may be 
i n s i g n i f i c a n t , however, to the sulphur and carbon f l u x 
maintained by an a c t i v e clam but might act as a short-term 
store f o r the symbionts (Anderson et al., 1987). 

When o x i d i z i n g reduced sulphur forms, the b a c t e r i a l 
sjnnbionts of Solemya reidi may use n i t r a t e and n i t r i t e , i n 
a d d i t i o n to oxygen, as e l e c t r o n acceptors. Whole animal 
experiments on S. reidi, conducted at low oxygen l e v e l s or at 
sulphide concentrations above 250 pM, demonstrated a l o s s of 
net autotrophy and suggested t h a t the b a c t e r i a l metabolism was 
i n h i b i t e d (Anderson et al., 1987). However, observed 
i n h i b i t i o n at low oxygen l e v e l s may be due to l a c k of an 
a l t e r n a t e e l e c t r o n - a c c e p t o r . Recent research has demonstrated 
that the sjnnbionts of S. reidi ( i s o l a t e d and in vivo) were 
able to u t i l i z e a l t e r n a t e e l e c t r o n acceptors ( n i t r a t e , 
n i t r i t e ) i n the o x i d a t i o n of reduced sulphur compounds (Wilmot 
and V e t t e r , 1992; B. Javor, pers. comm.). Wilmot and V e t t e r 
(1992) noted t h a t t h i o s u l p h a t e accumulation i n the blood was 
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the r e s u l t of aerobic sulphide o x i d a t i o n by the animals but 
that the i n t a c t symbiosis e x h i b i t e d n i t r a t e and n i t r i t e 
r e s p i r a t i o n under anoxic, and n i t r a t e r e s p i r a t i o n under o x i c , 
c o n d i t i o n s . Sulphide (150 pM) and t h i o s u l p h a t e (250 pM) may 
be u t i l i z e d by i s o l a t e d symbionts, i f the b a c t e r i a are 
maintained a n o x i c a l l y or under low oxygen c o n d i t i o n s , i n the 
presence of an a l t e r n a t e e l e c t r o n acceptor (Wilmot and V e t t e r , 
1992). 

1.7.2.2. Family Lucinidae 
In l u c i n i d h a b i t a t s , sulphide i s the most l i k e l y reduced 

sulphur form present i n the i n t e r s t i t i a l water. Even i n the 
low-sulphide h a b i t a t s described f o r some l u c i n i d s , sulphide i s 
a v a i l a b l e through l o c a t i o n of i s o l a t e d pockets of sulphide 
(Cary et al,, 1989) or through o x i d a t i o n of sediment-bound 
sulphides by v e n t i l a t i o n (Dando and O'Hara, 1990; Southward 
and Southward, 1990). Mechanisms f o r o x i d a t i o n of sulphide to 
t h i o s u l p h a t e , s i m i l a r to those described f o r Solemya reidi, 

may be present i n the l u c i n i d b i v a l v e s . Accumulation of 
t h i o s u l p h a t e i n the blood of Lucinoma aequizonata, incubated 
i n the presence of 30 pM sulphide (Cary et al., 1989), 
suggests the host p a r t i a l l y o x i d i z e s sulphide to t h i o s u l p h a t e . 
In l u c i n i d h a b i t a t s s t u d i e d to date, t h i o s u l p h a t e was present 
i n only very low l e v e l s i n the i n t e r s t i t i a l water (Dando et 

al., 1986a; Cary et al., 1989) so adequate uptake from the 
environment i s u n l i k e l y . "Sulphide oxidase" a c t i v i t y , 
discussed at length e a r l i e r i n the t e x t , i n d i c a t e d sulphide 
o x i d a t i o n i n the p e r i p h e r a l t i s s u e l a y e r s of the f o o t , g i l l 
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and mantle of some species (Cary et al., 1989; Southward and 
Southward, 1990). In L. aequxzonata, i t has been suggested, 
that the foot seeks pockets of sulphide which, based on 
"sulphide oxidase" a c t i v i t y i n foo t t i s s u e s , may be o x i d i z e d 
to t h i o s u l p h a t e and transported i n the blood (Cary et al.,, 

1989). Whether enzjrmatic or non-enzymatic, i t i s p o s s i b l e that 
t h i s process may y i e l d t h i o s u l p h a t e which could be made 
a v a i l a b l e to the symbionts. There i s c u r r e n t l y no d i r e c t 
evidence f o r the products of these processes, however. 
Although host o x i d a t i o n i s a t t r i b u t e d to "sulphide oxidase" 
a c t i v i t y (Cary et al., 1989), i t seems probable t h a t sulphide 
may a l s o be o x i d i z e d by host c e l l mitochondria and that t h i s 
process produces the t h i o s u l p h a t e accumulation found i n the 
blood. Host c e l l m i t o c h o n d r i a l o x i d a t i o n has been 
demonstrated f o r S. reidi and seems a p p l i c a b l e , although has 
yet to be demonstrated, f o r the l u c i n i d s . This process not 
only d e t o x i f i e s sulphide e n t e r i n g the mantle c a v i t y , but the 
non-toxic and s o l u b l e product, t h i o s u l p h a t e , could be 
transported i n the blood. The l u c i n i d mantle i s h i g h l y 
v a s c u l a r i z e d , so tran s p o r t of t h i o s u l p h a t e i n the blood would 
be f a c i l i t a t e d . In l u c i n i d b i v a l v e s , the b a s a l p o r t i o n of the 
ba c t e r i o c y t e s are i n contact w i t h the c t e n i d i a l blood sinus 
(Dando et al., 1986a; Reid and Brand, 1986; D i s t e l and 
Felbeck, 1987; Southward, 1987). Thiosulphate c a r r i e d i n the 
blood would, presumably, be t r a n s f e r r e d to the b a c t e r i o c y t e s 
using an a c t i v e t r a n s p o r t system. I t has been suggested that 
t h i o s u l p h a t e i n the blood of L. aequizonata i s u t i l i z e d by 
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b a c t e r i a f o r metabolic energy and f o r the production of 
i n t r a c e l l u l a r g l o b u l a r elemental, sulphur (Gary et al., 1989). 

The c i l i a t e d c e l l s and the i n t e r c a l a r y c e l l s of the 
l u c i n i d g i l l a re, l i k e those of Solemya reidi, mitochondria-
r i c h , suggesting that m i t o c h o n d r i a l o x i d a t i o n of sulphide by 
these c e l l s would be a v i a b l e method of sulphide 
d e t o x i f i c a t i o n . Thiosulphate produced i n t h i s way would be 
transported across the c e l l s to the b a c t e r i a , presumably using 
an a c t i v e t r a n s p o r t mechanism s i m i l a r to th a t suggested f o r 
t r a n s f e r from the blood. M i t o c h o n d r i a l o x i d a t i o n of sulphide 
i n the i n t e r c a l a r y c e l l s or b a c t e r i o c y t e s may be the primary 
method used by Parvilucina tenuisculpta, where the "bellows 
a c t i o n " of the p o s t e r i o r i n h a l a n t opening would b r i n g 
s u l p h i d e - r i c h water d i r e c t l y i n t o contact w i t h the inner sides 
of the g i l l l a m e l l a e , avoiding the surface c i l i a t e d c e l l s 
(Reid and Brand, 1986). Host c e l l m i t o c h o n d r i a l o x i d a t i o n of 
sulphide may e x p l a i n the arrangement of the i n t e r c a l a r y c e l l s , 
which contain numerous mitochondria ( F i s h e r and Hand, 1984; 
Dando et al., 1985; Giere, 1985; Southward, 1986), i n r e l a t i o n 
to the b a c t e r i o c y t e s {Reid, 1990). The mantle g i l l s , present 
i n many l u c i n i d s and considered to serve a r e s p i r a t o r y 
f u n c t i o n ( A l l e n , 1958), have yet to be examined f o r a r o l e i n 
sulphide uptake or f o r d e t o x i f i c a t i o n mechanisms, although the 
l a t t e r has been suggested by Reid and Brand (1986). 

The l u c i n i d s do not have a c i r c u l a t i n g s u l p h i d e - b i n d i n g 
p r o t e i n and i t has yet to be determined i f sulphide i s 
d i r e c t l y u t i l i z e d by the b a c t e r i a l symbionts. Low l e v e l s of 
sulphide were found i n the blood of Lucinoma aequizonata 
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exposed to elevated e x t e r n a l l e v e l s of sulphide. Rather than 
suggesting a t r a n s p o r t mechanism, however, t h i s i s probably a 
r e s u l t of e x t e r n a l sulphide l e v e l s elevated above the 
o x i d i z i n g c a p a c i t y of host t i s s u e s (Gary et al., 1989). 
The presence of sulphide-rbinding cytoplasmic hemoglobin i n the 
g i l l t i s s u e s of Lucina pectinata (Kraus and Wittenberg, 1990) 
i s i n d i c a t i v e , however, that sulphide enters the g i l l c e l l s 
and that not a l l of the sulphide d i f f u s i n g i n t o the c e l l s i s 
immediately o x i d i z e d to thiosulphate.. This hemoglobin, as 
suggested f o r Solemya reidi, may a c t as a sulphide s t o r e when 
environmental sulphide l e v e l s are low and i t may a l s o serve to 
tra n s p o r t the sulphide across the i n t e r c a l a r y c e l l s and w i t h i n 
the b a c t e r i o c y t e to the symbionts. The b a c t e r i a tend to be 
loc a t e d towards the e x t e r i o r p a r t of the bacteriocyte,. near 
the b a c t e r i o c y t e channels and the i n h a l a n t water flow and, 
th e r e f o r e , near the sulphide source. In those l u c i n i d species 
where the surface of the b a c t e r i o c y t e s are not covered by 
extensions of i n t e r c a l a r y c e l l s (Giere, 1985), much more 
sulphide would be l i k e l y to reach the b a c t e r i a . 

The b a c t e r i a l symbionts of the l u c i n i d s , t h e o r e t i c a l l y , 
have access to th i o s u l p h a t e (from the blood and p o s s i b l y 
across the i n t e r c a l a r y c e l l s ) and sulphide (across the g i l l 
and bound to hemoglobin i n some s p e c i e s ) . D i r e c t evidence f o r 
which form of sulphur i s u t i l i z e d or p r e f e r r e d by the 
ssnnbionts i s c u r r e n t l y l a c k i n g , however. As discussed f o r 
Solemya reidi, r e s u l t s of experiments determining sulphur 
forms used by the i n t a c t symbiosis or i s o l a t e d c t e n i d i a can be 
ambiguous i n terms of d e f i n i n g the sulphur forms u t i l i z e d by 
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the symbionts. Carbon f i x a t i o n i n whole g i l l s of Myrtea 

spinifera was sti m u l a t e d by 20-30 pM f r e e sulphide (Dando et 
al., 1985) but t h i s may have been due to the sjnnbionts 
o x i d i z i n g sulphide or t h i o s u l p h a t e , s i n c e the l a t t e r i s the 
o x i d a t i o n product of the host c e l l mitochondria i n the g i l l s 
(or other o x i d a t i o n processes). Crude e x t r a c t s of g i l l t i s s u e s 
of Lucinoma borealis pho.sphorylated ADP on the a d d i t i o n of 
s u l p h i t e or sulphide (100 pM) but there was no s i g n i f i c a n t ATP 
production when sodium t h i o s u l p h a t e (up to 1 mM) was used 
(Dando et al., 1986a). The ATP measured was a t t r i b u t e d to 
b a c t e r i a l metabolism but unless the e x t r a c t i s completely f r e e 
of pigment granules or host c e l l mitochondria, the p o s s i b i l i t y 
that sulphide was o x i d i z e d to t h i o s u l p h a t e p r i o r to b a c t e r i a l 
o x i d a t i o n , cannot be e l i m i n a t e d . The apparent i n a b i l i t y of L. 
borealis symbionts to u t i l i z e t h i o s u l p h a t e (up to 1 mM) (Dando 
et al., 1986a) i s unique among the l u c i n i d s (Cary et al., 

1989; Hentschel et al., 1993) and' solemyids (Powell and 
Somero, 1986; Anderson et al., 1987; Wilmot and V e t t e r , 1992). 
In i s o l a t e d g i l l t i s s u e s of s t a r v e d and fed L. borealis, 100 
pM sulphide enhanced bicarbonate f i x a t i o n and without 
sulphide, the f i x a t i o n r a t e was i d e n t i c a l to that found i n the 
g i l l of an aposymbiotic b i v a l v e (Dando et al., 1986a). The 
sjmibionts may be sti m u l a t e d by sulphide d i r e c t l y or by 
thi o s u l p h a t e produced through host c e l l o x i d a t i o n . Although 
sulphide r e s u l t e d i n l e s s s t i m u l a t i o n of CO2 f i x a t i o n i n the 
g i l l s of fed animals, the t o t a l f i x a t i o n r a t e was equal to or 
greater than t h a t by starved g i l l s i n the presence of 
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s u l p h i d e i i n d i c a t i n g that e i t h e r the starved g i l l s were i n 
poorer c o n d i t i o n or the fed g i l l s were u t i l i z i n g an a l t e r n a t e 
energy source, such as SGES. 

The presence of SGES i n the ssnnbiotic b a c t e r i a has been 
demonstrated i n numerous species of l u c i n i d b i v a l v e (Dando et 
al., 1985, 1986a; V e t t e r , 1985; Dando and Southward, 1986; 
Brooks et al., 1987) and appears to be u t i l i z e d as an energy 
stor e i n the absence of e x t e r n a l sulphide ( V e t t e r , 1985). Cary 
et al. (1989) noted an increase i n SGES accumulation i n the 
g i l l s of Lucinoma aequizonata i n response to i n c r e a s i n g 
e x t e r n a l s u l p h i d e l e v e l s i n whole clam i n c u b a t i o n s , despite 
the f a c t t h a t these sulphide l e v e l s were d e l e t e r i o u s to the 
b i v a l v e s . The b i v a l v e s demonstrated decreased growth r a t e s 
and higher m o r t a l i t y , suggesting the sulphide r e g u l a t o r y 
mechanisms of the host were overloaded. In l i g h t of the 
randomness and t r a n s i t o r y nature of sulphide i n the h a b i t a t of 
L. aequizonata, Gary et al. (1989) suggest the b a c t e r i a l 
symbionts use SGES reserves when t h i o s u l p h a t e i n the blood i s 
depleted and sulphide i s not a v a i l a b l e . 

S i m i l a r to Solemya reidi, l u c i n i d b i v a l v e s may be able to 
o x i d i z e reduced sulphur forms by u t i l i z i n g e l e c t r o n acceptors 
other than oxygen. The s t r u c t u r e of the l u c i n i d g i l l suggests 
that the surface c i l i a t e d c e l l s scavenge oxygen, so tha t the 
water passing through the b a c t e r i o c y t e channels has had a 
large p o r t i o n of the oxygen removed ( F i s h e r and Hand, 1984; 
D i s t e l and Felbeck, 1987). In a d d i t i o n , the g i l l s c o n t ain 
hemoglobin w i t h a high oxygen a f f i n i t y (Dando et al., 1985; 
Kraus and Wittenberg, 1990) which may keep p a r t i a l pressures 
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of oxygen low (Dando et al., 1985). Low l e v e l s of oxygen i n 
the v i c i n i t y of the b a c t e r i o c y t e s would be b e n e f i c i a l to 
chemoautotrophy ( C h o l l e t , 1977; Dando et a l . , 1985), as 
discussed e a r l i e r . These observations, combined w i t h data on 
the low l e v e l s of oxygen i n some l u c i n i d h a b i t a t s , suggest the 
use of an a l t e r n a t e e l e c t r o n acceptor by the b a c t e r i a . 
Although low i n oxygen (<20 pM), the environment of Lucinoma 

aequizonata had 30 pM n i t r a t e present i n the sediment-surface 
seawater, suggesting n i t r a t e as an a l t e r n a t e e l e c t r o n acceptor 
f o r the symbionts (Cary et al., 1989). Hentschel et al. 

(1993) was unable to demonstrate oxygen consumption i n the 
symbionts of L. aequizonata but determined the presence of 
r e s p i r a t o r y n i t r a t e reductase. N i t r a t e reductase i s oxygen-
s e n s i t i v e and the low oxygen h a b i t a t , s t r u c t u r e of the g i l l 
and oxygen-binding hemoglobin would serve to p r o t e c t the 
enzyme from oxygen poisoning. Both i s o l a t e d g i l l s and i s o l a t e d 
b a c t e r i a were shown to reduce n i t r a t e to n i t r i t e i n the 
presence of 100 pM t h i o s u l p h a t e , at high r a t e s a n o x i c a l l y and 
at lower rates under suboxic and o x i c c o n d i t i o n s . These 
experiments were not repeated w i t h sulphide. 
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1.8. RESEARCH OBJECTIVES 
Although shallow-water species of l u c i n i d b i v a l v e s are 

commonly found i n seagrass bed sediments ( A l l e n , 1958), very 
l i t t l e data are a v a i l a b l e on t h i s h a b i t a t i n regard to 
resources a v a i l a b l e f o r s u l p h u r - o x i d i z i n g sjnnbioses. In 
Bermuda, Codakia orbiculata i s found only i n shallow-water 
Thalassia testudinum sediments, where i t i s the most common 
i n f a u n a l species (P. Barnes, pers. obs.). The a v a i l a b i l i t y of 
reduced sulphur forms, n u t r i e n t s and l e v e l s of other v a r i a b l e s 
which may be c r i t i c a l to s u l p h u r - o x i d i z i n g symbioses needs to 
be examined. Knowledge of h a b i t a t l e v e l s of reduced sulphur 
and a l t e r n a t e e l e c t r o n acceptors, such as n i t r a t e , are 
c r i t i c a l to the i n t e r p r e t a t i o n of experimental data on 
r e s p i r a t i o n and sulphur metabolism i n these organisms. In 
a d d i t i o n , v a r i a b i l i t y w i t h i n the Thalassia testudinum sediment 
h a b i t a t i n Bermuda may present the l u c i n i d s w i t h 
p h y s i o l o g i c a l l y c h a l l e n g i n g c o n d i t i o n s which need to be 
explored. Research presented i n Chapter 2 of t h i s 
d i s s e r t a t i o n defines h a b i t a t c h a r a c t e r i s t i c s of the l u c i n i d 
b i y a l v e C. orbiculata and examines both s p a t i a l and temporal 
heterogeneity of c r i t i c a l v a r i a b l e s w i t h i n the h a b i t a t . 
Results of t i s s u e analyses on C. orbiculata c o l l e c t e d from the 
h a b i t a t ( g l o b u l a r elemental sulphur content i n the g i l l s , 
t h i o s u l p h a t e and sulphide i n mantle f l u i d ) are r e l a t e d to 
h a b i t a t c o n d i t i o n s . 

The p r e f e r r e d form of reduced sulphur u t i l i z e d by the 
i n t a c t symbioses and by the b a c t e r i a l sjnnbionts i n l u c i n i d 
b i v a l v e s i s , as evidenced i n t h i s review, unknown. Hypotheses 
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regarding d e t o x i f i c a t i o n methods, sulphide t r a n s f e r and forms 
of sulphur u t i l i z e d are based l a r g e l y on c i r c u m s t a n t i a l 
evidence and by inference from other, more w e l l - s t u d i e d , 
b a c t e r i a - b i v a l v e symbioses. Research presented i n Chapter 3 of 
t h i s d i s s e r t a t i o n was designed to address the f o l l o w i n g 
questions on sulphide and t h i o s u l p h a t e metabolism i n Codakia 

orbiculata: 1) Can the i n t a c t sjnnbiosis s u r v i v e , using 
elemental sulphur s t o r e s , i n the absence of an e x t e r n a l source 
of reduced sulphur? 2) Can the i n t a c t s j m b i o s i s and the 
i s o l a t e d b a c t e r i a l sjnnbionts u t i l i z e both t h i o s u l p h a t e and 
sulphide?; 3) Can the i s o l a t e d b a c t e r i a l symbionts use n i t r a t e 
and n i t r i t e as e l e c t r o n acceptors; 4) Can the b a c t e r i a l 
symbionts use n i t r a t e and n i t r i t e as e l e c t r o n acceptors i n 
v i v o w i t h the host under both o x i c and anoxic conditions? 
In Chapter 4, the r e s u l t s of the p h y s i o l o g i c a l s t u d i e s are 
summarized and discussed i n l i g h t of h a b i t a t c h a r a c t e r i s t i c s 
to provide i n s i g h t i n t o the f u n c t i o n i n g of these sulphur-
o x i d i z i n g sjnnbioses in situ. 
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CHAPTER 2 

HABITAT CHARACTERISTICS OF THE LUCINID BIVALVE, 
CODAKIA ORBICULATA 
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2.1. INTRODUCTION 
B a c t e r i a - b i v a l v e symbioses dependent on forms of reduced 

sulphur are found i n a wide v a r i e t y of h a b i t a t s i n most oceans 
(Reid, 1980; Felbeck et al., 1981; Cavanaugh, 1983; P a u l l et 

al., 198A; Brooks et al., 1987). L u c i n i d b i v a l v e s have been 
found i n h a b i t a t s ranging from deep-sea hydrocarbon seeps to 
shallow-water sewage o u t f a l l s , mangrove sediments and seagrass 
bed sediments ( F i s h e r and Hand, 198A; Schweimanns and Felbeck, 
1985; Herry et al., 1989). These h a b i t a t s are oft e n s u l p h i d e -
r i c h as a r e s u l t of geothermally- or b i o l o g i c a l l y - p r o d u c e d 
sulphide. 

L u c i n i d s are found a l s o i n sediments where d i s s o l v e d 
sulphide l e v e l s i n i n t e r s t i t i a l waters are low or undetectable 
( A l l e n , 1958; Dando et al., 1985; Cary et al., 1989). Myrtea 

spinifera, Lucinoma borealis, Loripes lucinalis and Lucinoma 

aequizonata have been reported from sediments where d i s s o l v e d 
sulphide concentrations i n the i n t e r s t i t i a l waters were <1 pM 
and l e v e l s of other reduced sulphur forms, such as 
t h i o s u l p h a t e , were <ld pM (Dando et al., 1985, 1986a; Cary e t 
al., 1989; Dando and O'Hara, 1990). The g i l l t i s s u e s of these 
b i v a l v e s were found to contain elemental sulphur, however, 
suggesting t h a t the endosymbiotic b a c t e r i a had access to some 
form(s) of reduced sulphur (Dando et al., 1985). I t has been 
suggested that i r o n sulphides i n the sediment bordering the 
the b i v a l v e s ' i n h a l a n t tubes become o x i d i z e d and that p a r t i a l 
o x i d a t i o n products may be a v a i l a b l e as energy sources f o r the 
endosjonbiotic b a c t e r i a (Dando et al.,- 1985; Dando et al., 
1986a). I t has been demonstrated, i n the l a b o r a t o r y , t h a t 
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oxygen pumped through a microporous tube embedded i n h a b i t a t 
sediment of L. lucinalis r e s u l t s i n the production of both 
t h i o s u l p h a t e and sulphide, probably through chemical and 
b a c t e r i a l l y - m e d i a t e d r e a c t i o n s (Dando and D'Hara, 1990; 
Southward and Southward, 1990; Barnes, unpubl. data). In 
a d d i t i o n , i t has been hypothesized that some l u c i n i d s found i n 
low sulphide sediments may access i s o l a t e d pockets of sulphide 
(Schweimanns and Felbeck, 1985; Cary et al., 1989). One 
species may not be l i m i t e d to one type of h a b i t a t : L. 

lucinalis has been found i n both high-sulphide reducing 
sediments near a sewage o u t f a l l i n France and i n s u l p h i d e - f r e e 
sandy sediments i n P o r t l a n d Harbour, U.K. (Herry et al., 1989; 
P. Barnes,, pers. obs.). 

In most l u c i n i d h a b i t a t s , even when d i s s o l v e d sulphide 
l e v e l s are low, oxygen l e v e l s i n the i n t e r s t i t i a l water are . 
very low (Dando et al., 1986b; Cary et al., 1989). L u c i n i d s 
r e q u i r e oxygen f o r r e s p i r a t i o n and f o r host sulphide 
d e t o x i f i c a t i o n , as w e l l as sulphide o x i d a t i o n by the b a c t e r i a l 
endosymbionts. The b i v a l v e s are able to access oxygen i n 
sediment-surface seawater by way of a mucus-lined i n h a l a n t 
tube constructed using the vermiform t i p of the foot ( A l l e n , 
1958). The depth to which they burrow v a r i e s g r e a t l y and 
appears to be r e l a t e d to clam s i z e (due to the length of the 
foo t and exhalant siphon) ( A l l e n , 1953) and type of substrate 
(P. Barries, pers. obs.). I t has been suggested that the 
seagrass bed dw e l l e r , Lucina floridana, does not construct 
i n h a l a n t tubes which are long enough to access oxygen i n 
sediment-surface seawater but t y p i c a l l y i s found c l o s e to 
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seagrass roots ( F i s h e r and Hand, 1984). Oxygen, produced 
p h o t o s y n t h e t i c a l l y , i s released from the roots of some marine 
angiosperms (Armstrong, 1978) and i t has been hypothesized 
that the b i v a l v e s may o b t a i n oxygen through t h i s route ( F i s h e r 
and Hand, 1984). 

In environments where both i n t e r s t i t i a l water and 
sediment-surface seawater are low i n oxygen, n i t r a t e may be 
u t i l i z e d by the b a c t e r i a l symbionts as an a l t e r n a t e e l e c t r o n 
acceptor (Gary et al., 1989). N i t r a t e r e s p i r a t i o n occurs i n 
many f r e e - l i v i n g , f a c u l t a t i v e l y anaerobic b a c t e r i a (Knowles, 
1982; Stewart, 1988; T i e d j e , 1988) and the endosymbiotic 
b a c t e r i a of Lucinoma aequizonata (Hentschel et al., 1993). 
Codakia orhiculata b a c t e r i a l symbionts are capable of both 
n i t r a t e and n i t r i t e r e s p i r a t i o n in vivo (Ghapter 3). The 
obvious advantage of n i t r a t e r e s p i r a t i o n i n b a c t e r i a - b i v a l v e 
symbioses i s the lack of competition f o r oxygen w i t h the host 
clam when e x t e r n a l oxygen l e v e l s are low. I t i s a l s o suggested 
t h a t , even i n high oxygen environments, the endosymbionts may 
be maintained i n low oxygen c o n d i t i o n s in vivo to f a c i l i t a t e 
chemoautotrophic processes (Hand and Somero, 1984; Dando et 
a l . , 1985; D i s t e l and Felbeck, 1987). Hence, n i t r a t e may be an 
important e l e c t r o n acceptor even when oxygen i s hot l i m i t i n g . 
N i t r a t e l e v e l s i n the h a b i t a t i n t e r s t i t i a l water of L. 

aequizonata were 30 pM at the sediment surface and 10 pM at 25 
cm sediment depth (Gary et al.., 1989). N i t r a t e a v a i l a b i l i t y i n 
other l u c i n i d h a b i t a t s i s unknown. 

I n v e s t i g a t i o n of the environments i n which b a c t e r i a -
b i v a l v e symbioses are found i s v i t a l i n determination of the 
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energy sources a v a i l a b l e to the i n t a c t symbioses in situ. 

Accurate, h a b i t a t data on a v a i l a b i l i t y of e l e c t r o n acceptors 
other than oxygen, i n conjunction w i t h l a b o r a t o r y r e s p i r a t i o n 
experiments, are required to determine the p o t e n t i a l f o r 
anaerobic r e s p i r a t i o n i n the sj^nbioses in situ. The range of 
h a b i t a t s i n which l u c i n i d s are found i m p l i e s a v a r i e t y of 
s t r a t e g i e s f o r o b t a i n i n g and u t i l i z i n g reduced sulphur and of 
d e t o x i f i c a t i o n mechanisms. With the exception of the European 
studie s on low sulphide l u c i n i d h a b i t a t s {Dando et al., 1985; 
Dando and Southward, 1986; Dando et al., 1986a, 1986b), 
comprehensive i n f o r m a t i o n on h a b i t a t c o n d i t i o n s i s scarce i n 
the l i t e r a t u r e . Marine sediments are h i g h l y v a r i a b l e and both 
s p a t i a l and temporal heterogeneity of energy sources and 
e l e c t r o n acceptors, c r i t i c a l to the symbioses, must be 
considered. I t must be noted that l e v e l s of reduced sulphur 
species, and other environmental v a r i a b l e s , measured i n 
l u c i n i d h a b i t a t s o f t e n represent only average l e v e l s i n the 
v i c i n i t y of the animals; measuring d i s s o l v e d sulphide i n the 
immediate v i c i n i t y of the animal or i n the i n h a l a n t tube i s 
p r o b l e m a t i c a l . Behavioural and p h y s i o l o g i c a l adaptations, as 
discussed i n Ghapter 1, may modify c o n d i t i o n s i n .the animal's 
immediate e x t e r n a l environment and i n t e r n a l environment, 
r e s p e c t i v e l y . Mantle f l u i d t h i o l l e v e l s may be the best 
i n d i c a t o r of c o n d i t i o n s to which the organism i s exposed. 

In Bermuda, specimens of Codakia orbiculata are found i n 
high d e n s i t i e s only i n Thalassia testudinum bed sediments. 
Seagrass beds r e c e i v e l a r g e amounts of self-generated p l a n t 
m a t e r i a l and are known to s t a b i l i z e sediments, reduce seawater 
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movements, and trap d e t r i t u s and organic debris from outside 
the bed (Fenchel, 1970; Jackson, 1972). As a r e s u l t of 
anaerobic m i c r o b i a l breakdown of the organic m a t e r i a l , 
d i s s o l v e d sulphide accumulates i n the i n t e r s t i t i a l water 
( F i s h e r and Hand, 198A). Research i n t o carbonate sediment 
chemistry of t r o p i c a l and s u b t r o p i c a l seagrass beds has 
focused on n u t r i e n t chemistry and the e f f e c t s of anoxia and 
high sulphide on seagrass growth (Larkura e£ al., 1989; P u l i c h , 
1989; Fourqurean e£ al., 1992) but these sediments have yet to 
be comprehensively examined as h a b i t a t f o r chemoautrophic 
sjmbioses. 

The purpose of t h i s study was to describe the l u c i n i d 
seagrass bed h a b i t a t i n Bermuda. S p e c i a l a t t e n t i o n was given 
to q u a n t i f y i n g p o t e n t i a l energy, sources ( d i s s o l v e d s u l p h i d e , 
t h i o s u l p h a t e , elemental sulphur and a c i d - v o l a t i l e sulphide 
(FeS)) and e l e c t r o n acceptors (oxygen, n i t r a t e and n i t r i t e ) 
a v a i l a b l e f o r the chemoautotrophic sjmibioses. Oxygen l e v e l s 
were measured i n the sediment-surface water and the l e v e l of 
oxygenation of sediments was i n f e r r e d from chemical redox 
sequences. Environmental v a r i a b l e s considered p e r t i n e n t to 
general sediment chemistry (eg: percent organic content) were 
a l s o measured. Clam d i s t r i b u t i o n , d e n s i t y , g i l l elemental 
sulphur accumulation ( i n d i c a t i v e of a source of reduced 
sulphur) ( V e t t e r , 1985; Chapter 3 ) , and mantle f l u i d t h i o l s 
were measured and r e l a t e d to environmental v a r i a b l e s . 

In a d d i t i o n to measuring these v a r i a b l e s over a range of 
sediment depths, data were c o l l e c t e d s easonally. Seagrass 
growth r a t e s were a l s o measured s e a s o n a l l y . Bermuda's inshore 
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seawater temperature v a r i e s t y p i c a l l y from 16.5°C i n winter to 
30.5°C i n summer (Morris et al., 1977) and r e s u l t i n g seasonal 
f l u c t u a t i o n s i n Thalassia testudinum p r o d u c t i v i t y , i f 
s u b s t a n t i a l , would a f f e c t both organic input and oxygen 
rel e a s e from the seagrass roots i n t o the sediments (Howes et 
al., 1981; Smith, R.D. et al., 1984). Because the l u c i n i d 
seagrass sediment h a b i t a t i n Bermuda i s i n t e r t i d a l (seawater 
depths ranging from 0.1 to 1.2 m), environmental v a r i a b l e s 
were a l s o measured at t i d a l extremes to determine any 
e f f e c t ( s ) . Codakia orbiculata was not found outside the 
seagrass sediments. Data were c o l l e c t e d from outside the 
seagrass bed i n an e f f o r t to determine, by comparison w i t h 
data from i n s i d e the bed, i f s p e c i f i c v a r i a b l e s a f f e c t the 
d i s t r i b u t i o n of the b i v a l v e . Hence, the c h a r a c t e r i z a t i o n of 
the h a b i t a t was d i v i d e d i n t o 3 separate s t u d i e s : seasonal, 
t i d a l and comparative. Because standing pool data on sulphur 
species provide only l i m i t e d i n s i g h t i n t o the processes 
o c c u r r i n g , sulphate reduction rates were measured on sediment 
samples from cores c o l l e c t e d i n October 1991. These analyses 
are a l s o presented as a separate study. 

The r e s u l t s of the environmental s t u d i e s are combined to 
produce a d e t a i l e d d e s c r i p t i o n of the Codakia orbiculata 

h a b i t a t . H a bitat c h a r a c t e r i s t i c s are r e l a t e d to the physiology 
of s u l p h u r - o x i d i z i n g symbioses. 
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2.2. MATERIALS AND METHODS 
The f o l l o w i n g t e x t describes the study s i t e , the general 

s t a t i s t i c a l analyses u t i l i z e d and the determination of the 
general sampling design, i n a d d i t i o n , the s p e c i f i c sampling 
designs and methods f o r the c o l l e c t i o n , .processing and 
a n a l y s i s of samples f o r each of the 4 s t u d i e s (seasonal, 
t i d a l , comparative and sulphate reduction) are described 
separately. The data formats and s p e c i f i c s t a t i s t i c a l 
analyses employed on the data sets r e s u l t i n g from each study 
are a l s o presented. 

2.2.1. S i t e D e s c r i p t i o n 
The c r i t e r i a used f o r s e l e c t i o n of a s u i t a b l e study s i t e 

i n Bermuda (32.33°N, 64.70°W) were a c c e s s i b i l i t y and the 
presence of a dense, r e s i d e n t p o p u l a t i o n of Codakia 

orbiculata. This species i s found i n high d e n s i t i e s i n 
shallow-water Thalassia testudinum hed sediments. In a d d i t i o n 
to being r e p r e s e n t a t i v e of t h i s most common type of h a b i t a t , 
the s i t e needed to be "robust" enough, i n regard to b i v a l v e 
d e n s i t y , to withstand the long-term sampling inherent i n the 
h a b i t a t study plus the r e g u l a r c o l l e c t i o n of l a r g e numbers of 
specimens f o r p h y s i o l o g i c a l experiments. 

The s e l e c t e d study s i t e was B a i l e y ' s Bay ( F i g . 6). A 
large Thalassia testudinum bed occupies the shallow regions of 
the Bay. This bay i s on Bermuda's north shore but i s o f f e r e d 
some p r o t e c t i o n from the n o r t h e r l y winter storms by an i s l a n d 
l o c a t e d at the head of the bay. This s i t e i s only 10 min by 
road from the l a b o r a t o r y . The depth of seawater over the grass 
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Figure 6. Map of Bermuda showing B a i l e y ' s Bay study s i t e . 
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bed ranged from 1.2 to 0.1 m at high and low t i d e s , 
r e s p e c t i v e l y . 

2.2.2. S t a t i s t i c a l Analyses 
A l l s t a t i s t i c a l analyses used throughout these s t u d i e s 

f o l l o w Zar (197A); the s t a t i s t i c a l package used f o r data 
analyses throughout these s t u d i e s was Systat 5.1. S t a t i s t i c a l 
analyses used were l i n e a r r egressions {DF=n-l), 1-way and 2-
way analyses of variance (ANOVAs) (DF=n^l and DF=n^2, 
r e s p e c t i v e l y ) . ANOVAs were followed by Tukey's post-hoc 

p a i r w i s e comparisons to determine the s p e c i f i c l o c a t i o n of 
s t a t i s t i c a l l y s i g n i f i c a n t d i f f e r e n c e s . Throughout the t e x t , 
a l l r e s u l t s are reported as s t a t i s t i c a l l y s i g n i f i c a n t where 
p<0.05 and r e s u l t s were considered to demonstrate no 
s t a t i s t i c a l l y s i g n i f i c a n t d i f f e r e n c e where p>0.05. The sample 
s i z e (n) f o r each data set i s reported on f i g u r e s and t a b l e s . 
Where l i n e a r r egressions demonstrated a slope s i g n i f i c a n t l y 
d i f f e r e n t from zero, the p r o b a b i l i t y (p) and the c o e f f i c i e n t 
of determination ( r ^ ) are reported. 

2.2.3. General Sampling Design 
P r i o r to i n i t i a t i n g t h i s study, p r e l i m i n a r y data were 

c o l l e c t e d to determine i f Codakia orbiculata were found 
throughout the seagrass bed. A l a r g e aluminum core tube (200 
mm diameter) was used at 10 l o c a t i o n s throughout the bed. The 
core penetrated 15 cm but was not sectioned by depth. The 
e n t i r e core was sieved through a 1-mm mesh screen and the 
t o t a l number of C. orbiculata per core were counted. The 
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number of these b i v a l v e s per core ranged from 9 to 15. The C. 
orbiculata mean d e n s i t y f o r the 10 cores was 391.72/m2 + 

75.14. Because a l l cores contained at l e a s t 9 C, orbiculata 

and because of the r e l a t i v e l y low vari a n c e around the mean 
dens i t y (+ 1 s.d.), i t i s suggested that the b i v a l v e s were 
d i s t r i b u t e d , r e l a t i v e l y u niformly, throughout the bed. 

Dis s o l v e d sulphide i n i n t e r s t i t i a l water can be d i f f i c u l t 
to measure a c c u r a t e l y because sulphide spontaneously o x i d i z e s 
i n the presence of oxygen, with a maximum r e a c t i o n r a t e at pH 
8 (Chen and M o r r i s , 1972). P r i o r to the i n i t i a t i o n of t h i s 
study, t h e r e f o r e , the optimal method f o r c o l l e c t i n g 
i n t e r s t i t i a l water f o r l a t e r a n a l y s i s of sulphide was 
i n v e s t i g a t e d . A comparison of sulphide concentration i n 
i n t e r s t i t i a l water obtained using l y s i m e t e r s ("wells" or 
"s i p p e r s " ) ( S h o r t et al., 1985), c e n t r i f u g a t i o n and syringe 
e x t r a c t i o n techniques revealed the l y s i m e t e r s to be the most 
e f f e c t i v e method (Appendix 1). I n t e r s t i t i a l water f o r a l l the 
studies was c o l l e c t e d from the sediments using l y s i m e t e r s . 

A p r e l i m i n a r y study was c a r r i e d out to determine i f the 
seagrass bed sediments were "patchy" i n regard to sediment 
chemistry and to determine an appropriate sampling design f o r 
c o l l e c t i n g i n t e r s t i t i a l water, sediment and b i v a l v e data 
r e p r e s e n t a t i v e of the h a b i t a t . I n t e r s t i t i a l water samples were 
c o l l e c t e d from 5, 10, 20 and 30 cm sediment depths using 
l y s i m e t e r s placed randomly w i t h i n 1 m2 and 0.25 m̂  quadrats. 
The quadrats were placed randomly i n the seagrass bed (using a 
random numbers t a b l e ) and 12 ly s i m e t e r s (3 f o r each depth) 
were i n s e r t e d i n t o the sediments w i t h i n the quadrat. 
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Lysimeters were f l u s h e d , and f i l l e d , w i t h degassed, 0.2 ym-
f i l t e r e d Sargasso (Sea) seawater (.FSS¥) p r i o r to i n s e r t i o n . 
Lysimeters were allowed to e q u i l i b r a t e f o r 24 h p r i o r to 
sample c o l l e c t i o n and, as a r e s u l t . Only one set of samples (3 
r e p l i c a t e s from each depth) could be c o l l e c t e d per 24 h. A 
t o t a l of three sets of samples was c o l l e c t e d from each s i z e 
quadrat. A l l samples were c o l l e c t e d at mid-tide, a f t e r the 
high t i d e . A f t e r sample c o l l e c t i o n , the l y s i m e t e r s were 
removed, r i n s e d , f i l l e d w i t h degassed FSSW and i n s e r t e d i n t o 
the next randomly-placed quadrat f o r 24-h e q u i l i b r a t i o n p r i o r 
to sample c o l l e c t i o n . D i s s o l v e d s u l p h i d e , n i t r a t e and n i t r i t e 
were measured i n i n t e r s t i t i a l water samples. These v a r i a b l e s 
were s e l e c t e d as s e n s i t i v e i n d i c a t o r s of h o r i z o n t a l 
v a r i a b i l i t y w i t h i n the bed. D e t a i l e d methods f o r c o l l e c t i o n , 
processing and analyses of the samples are presented i n the 
methods f o r the seasonal study l a t e r i n t h i s t e x t . 

The data was analyzed using two 2-way analyses of 
variance, followed by Tukey's post-Aoc p a i r w i s e comparisons. 
I n i t i a l l y , the data set was f a c t o r e d by quadrat s i z e and 
sediment depth and r e s u l t s revealed no s i g n i f i c a n t d i f f e r e n c e s 
(p>0.05) i n n i t r a t e , n i t r i t e or sulphide concentrations i n 
samples c o l l e c t e d from the 2 quadrat s i z e s ^ at each sediment 
depth. These r e s u l t s suggest t h a t any "patchiness" i n the 
seagrass bed sediments was e i t h e r on a smaller s c a l e than 
could be determined by p l a c i n g l y s i m e t e r s w i t h i n a 0.25 m̂  
quadrat (the l y s i m e t e r s were placed at the minimum distance 
apart, f o r accurate sampling, i n the 0.25 m̂  quadrat) or on a 
l a r g e r s c a l e than 1 m̂ . 
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Secondly, the data set was f a c t o r e d by quadrat and 
sediment depth and r e s u l t s revealed no s i g n i f i c a n t d i f f e r e n c e s 
(p>0.05) between n i t r a t e , n i t r i t e or sulphide concentrations 
i n samples c o l l e c t e d from a l l quadrats, f o r a given sediment 
depth. Hence, data f o r 3 i n t e r s t i t i a l water v a r i a b l e s 
c o l l e c t e d from 6 randomly-sampled l o c a t i o n s w i t h i n the bed 
were not s i g n i f i c a n t l y d i f f e r e n t . Because the 1 m2 (n=3) and 
the 0.25 m2 (n=3) quadrats were placed randomly i n d i f f e r e n t 
l o c a t i o n s throughout the seagrass bed, these r e s u l t s can be 
i n t e r p r e t e d to suggest that the s u l p h i d e , n i t r a t e and n i t r i t e 
l e v e l s measured i n 1 m̂  quadrat are r e p r e s e n t a t i v e of those 
found elsewhere i n the seagrass bed h a b i t a t . Although each 
r e p l i c a t e f o r each quadrat s i z e was c o l l e c t e d on a d i f f e r e n t 
day, r e s u l t s of s t a t i s t i c a l analyses performed on the seasonal 
data set (see l a t e r i n t e x t ) revealed no short-term ( d a i l y ) 
v a r i a t i o n i n these v a r i a b l e s . These p r e l i m i n a r y t e s t s d i d not 
take i n t o account changes i n patchiness due to seasonal or 
t i d a l e f f e c t s but time, equipment and budget c o n s t r a i n t s d i d 
not a l l o w c o l l e c t i o n of s i m i l a r data i n the seasonal and t i d a l 
s t u d i e s . 

A l l f u t u r e samples were taken w i t h i n 1 m̂  quadrats and 
r e s u l t s were considered r e p r e s e n t a t i v e of sediment chemistry 
w i t h i n the seagrass bed h a b i t a t . C o l l e c t i n g samples w i t h i n a 
quadrat was p r e f e r a b l e to s c a t t e r i n g the l y s i m e t e r s throughout 
the e n t i r e bed because i n d i v i d u a l l y s i m e t e r s proved most 
d i f f i c u l t to r e l o c a t e among the seagrasses, even w i t h mapping 
and t r i a n g u l a t i o n . In a d d i t i o n , f l a g s used as markers 
continuously disappeared from the sampling area and could not 
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be r e l i e d upon f o r r e l o c a t i o n . Hence, r e l o c a t i n g 12 
l y s i m e t e r s , c l o s e l y p o s i t i o n e d , proved e a s i e r than r e l o c a t i n g 
w i d e l y - s c a t t e r e d l y s i m e t e r s . 

2.2.4. Seasonal Study 
2.2.4.1. Sampling Design 

The seasonal c y c l e of growth and senescence i n seagrasses 
can i n f l u e n c e the sediment chemistry due to changes i n 
sediment oxygenation and organic input {Moriarty and Boon, 
1989). Determination of seasonal growth rates i n Thalassia 

testudinum i n Bermuda had not been determined p r e v i o u s l y and, 
t h e r e f o r e , the e f f e c t s of growth r a t e on sediment chemistry 
were unknown. To determine seasonal v a r i a t i o n , environmental 
data were c o l l e c t e d i n March, June^ August and October 1991. 
Seagrass growth rates were measured f o r each sampling episode 
and a l s o f o r August, September and October 1990. 

A l l samples were c o l l e c t e d at mid-tide, a f t e r the high 
t i d e . To c o l l e c t i n t e r s t i t i a l water samples, a 1 m̂  quadrat 
was placed randomly i n the seagrass bed and 12 l y s i m e t e r s were 
placed randomly w i t h i n the quadrat. Three l y s i m e t e r s c o l l e c t e d 
from each of 5, 10, 20 and 30 cm depths. Because the i n i t i a l 
p rocessing and,, i n some cases, the p r e s e r v a t i o n of b i v a l v e , 
i n t e r s t i t i a l water and sediment samples r e q u i r e d 24 h (see 
methods d e t a i l e d below), only 1 set of samples could be 
c o l l e c t e d per day, even a f t e r the i n i t i a l 24-h e q u i l i b r a t i o n 
p e r i o d of the l y s i m e t e r s . 

To ob t a i n r e p l i c a t e data r e p r e s e n t a t i v e of a given month, 
samples were c o l l e c t e d on 3 consecutive days i n each sampling 
month. This data set was subjected to p r e l i m i n a r y s t a t i s t i c a l 
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analyses to determine i f day-to-day v a r i a t i o n was s i g n i f i c a n t . 
The i n t e r s t i t i a l water and sediment data f o r the 3 days were 
d i v i d e d i n t o subsets by depth and then each subset of data was 
subjected to. a 1-way a n a l y s i s of variance f a c t o r e d by day. 
Tukey's post-hoc p a i r w i s e comparisons were used f o r 
comparisons between days f o r each depth and there proved to be 
no s i g n i f i c a n t d i f f e r e n c e (p>0,05) between any 2 days compared 
i n 91.7% of the p a i r s , f o r a l l v a r i a b l e s . Hence, the sediment 
chemistry v a r i a b l e s measured i n t h i s study appeared to 
demonstrate short-term ( d a i l y ) s t a b i l i t y i n r e l a t i o n to 
s p a t i a l heterogeneity. Data from a l l l y s i m e t e r s and cores at 
each depth were pooled f o r the 3 day p e r i o d (n=9, except where 
noted). 

2.2.4.2. Sample C o l l e c t i o n 
2.2.4.2.1. I n t e r s t i t i a l and Overlying Water 

I n t e r s t i t i a l water samples were c o l l e c t e d , using 
l y s i m e t e r s , f o r a n a l y s i s of d i s s o l v e d s u l p h i d e , t h i o s u l p h a t e , 
n i t r a t e , n i t r i t e , ammonia and d i s s o l v e d i r o n . I n t e r s t i t i a l 
water pH was measured on the ammonia and i r o n samples p r i o r to 
processing. Twelve l y s i m e t e r s were used, 3 c o l l e c t e d 
i n t e r s t i t i a l water from each sediment depth (5, 10, 20 or 30 
cm) on each day. Sampling was c a r r i e d out f o r 3 days. 
Lysimeters were f l u s h e d , and f i l l e d , w i t h degassed, 0.2 pm-
f i l t e r e d FSSW p r i o r to i n s e r t i o n and were allowed to 
e q u i l i b r a t e f o r 24 h p r i o r to i n i t i a t i o n of sample c o l l e c t i o n . 
Immediately upon a r r i v a l at the sampling s i t e , ah acid-washed 
60-ml syringe was attached to the sampling tube of each 
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l y s i m e t e r . The cap was removed from the syringe t i p and the 
syringe was immediately, screwed onto the end of the l y s i m e t e r 
tube to avoid any contamination from surrounding seawater. The 
stopcock on the l y s i m e t e r tube was opened to al l o w 
i n t e r s t i t i a l water to be sucked i n t o the syr i n g e . Before 
c o l l e c t i o n of the f i r s t samples, 15 ml of sample was c o l l e c t e d 
i n the syringe and discarded. This i s the volume of the 
ly s i m e t e r c o l l e c t i n g chamber which was f i l l e d w i t h degassed, 
FSSW p r i o r to i n s e r t i o n . The syringe was re-attached and when 
the volume of i n t e r s t i t i a l water reached 60 ml, the l y s i m e t e r 
stopcock was cl o s e d and the syringe was removed, immediately 
capped and placed i n an argon-flushed, a i r - t i g h t container f o r 
tra n s p o r t back to the l a b o r a t o r y . 

During each sampling episode, the oxygen concentration i n 
the o v e r l y i n g water was measured using a p o r t a b l e YSI 
d i s s o l v e d oxygen meter. Model 58 w i t h a polarographic 
e l e c t r o d e equipped w i t h s t i r r e r . The accuracy of t h i s method 
was +0.3% oxygen. The s a l i n i t y of the o v e r l y i n g water was 
measured using a po r t a b l e YSI Model 33 w i t h a YSI 3300 s e r i e s 
c o n d u c t i v i t y / temperature probe. The accuracy of t h i s method 
was + 0.3% of the reading on the meter. Temperatures of the 

o v e r l y i n g water were measured + 0.1°C, as were sediment and 

a i r temperatures. 

2,2.4.2.2. Sediment Cores 
Sediment samples f o r a n a l y s i s of a c i d - v o l a t i l e sulphides 

(AVS), elemental sulphur, percent water and percent organic 
content were c o l l e c t e d using hand-held p l e x i g l a s s cores. 
Sediment cores were c o l l e c t e d i n the v i c i n i t y of the 1 m̂  area 
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that contained the l y s i m e t e r s . Three sediment cores were 
c o l l e c t e d each day f o r 3 days. The cores measured 7.5 cm 
i n s i d e diameter and 30.0 cm length and the average length of 
sediment core obtained was 15 cm. Although the p e n e t r a t i n g 
edge of the core was b e v e l l e d , the cores were very d i f f i c u l t 
to push through the rhizosphere. To overcome t h i s problem, a 
device s i m i l a r i n design to a p i l e - d r i v e r was b u i l t to f o r c e 
the cores i n t o the sediments. The core was pushed i n t o the 
sediment a few cm and a wooden "platform" attached to a long 
pole f i t t e d to the top of the core. Keeping the core and 
wooden pole v e r t i c a l , a heavy s t e e l pipe was s l i p p e d over the 
pole and l i f t e d repeatedly and dropped onto the p l a t f o r m , so 
that the weight of the s t e e l pipe pushed the core i n t o the 
sediments. When the core had reached maximum p e n e t r a t i o n , the 
top of the core was f i t t e d w i t h a PVC cap. Caps were taped to 
the core tube to reduce the p o s s i b i l i t y of l e a k s . The core was 
then loosened and l i f t e d from the sediment and the bottom of 
the core was capped as soon as p o s s i b l e . The bottom cap was 
als o taped to the core tube. A l l cores were kept v e r t i c a l i n a 
bucket f o r t r a n s p o r t to the l a b o r a t o r y . 

2. 2.A.2.3. B i v a l v e s 
B i v a l v e s were c o l l e c t e d from the sediment cores sampled 

for a n a l y s i s of sediment v a r i a b l e s , as described above. 

2. 2.A.2.A. Seagrass Growth Rate 
The growth rates of Thalassia testudinum p l a n t s were 

measured-as p a r t of the seasonal sampling study f o l l o w i n g the 
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procedure of Powell et al. (1989). Three days p r i o r to f i e l d 
sampling, 4 PVC r i n g s (15 cm diameter x 5 cm high) were 
i n s e r t e d i n t o the seagrass bed so that apprdximately 2 cm 
protruded above the sediment surface. A r u l e r was placed 
across the r i n g , seagrass blades of one p l a n t were stacked 
together and a needle was i n s e r t e d through a l l the blades at 
the l e v e l of the r u l e r . This was repeated f o r each p l a n t 
w i t h i n the r i n g . Four days a f t e r f i e l d sampling, seagrass 
p l a n t s .from three of the four r i n g s were harvested. Each 
p l a n t w i t h i n the r i n g was cut at the l e v e l of the r u l e r placed 
across the r i n g . The blades from each p l a n t were placed i n an 
i n d i v i d u a l Whirlpak p l a s t i c bag and p l a n t s from each r i n g were 
kept separate. 

2.2.4.3. Laboratory Processing 

2.2.4.3.1. I n t e r s t i t i a l Water 
Immediately upon r e t u r n to the l a b o r a t o r y , the argon-

flushed container w i t h the syringes was placed i n an argon-
f i l l e d glove bag i n the l a b o r a t o r y . Although only the 
sulphide and i r o n samples r e q u i r e d an oxygen-free environment 
f o r p r o c e s s i n g , i t was found to be most e f f i c i e n t to f i l t e r 
and subdivide the 60-ml i n t e r s t i t i a l water samples at one 
time. The sample from each of the s y r i n g e s was e j e c t e d through 
a 0.2-pm Nuclepore membrane f i l t e r ( i n a Gelman syringe f i l t e r 
holder) i n t o acid-washed s c i n t i l l a t i o n v i a l s from which exact 
volumes f o r analyses were measured using F i n n p i p e t t e s . The 60-
ml sample was d i v i d e d as f o l l o w s : 5 r e p l i c a t e samples each of 
1 ml were p i p e t t e d i n t o i n d i v i d u a l p r e - l a b e l l e d s c i h t i l l a t i o n 

112 



v i a l s , each c o n t a i n i n g 20 \il of 2 M z i n c acetate dihydrate 
( ( G H 3 C O 2 ) 2 Z n . 2 H 2 0) (ZnAc). The ZnAc p r e c i p i t a t e d the sulphide 
as ZnS f o r l a t e r a n a l y s i s of sulphide using the c o l o u r i m e t r i c 
technique of C l i n e (1969). The ZnAc present i n each v i a l was 
s u f f i c i e n t to preserve sulphide concentrations up to 40 mM, 
sulph i d e , f a r i n excess of expected sediment i n t e r s t i t i a l 
water maxima ( F i s h e r and Hand, 1984). In a d d i t i o n , 5 r e p l i c a t e 
samples each of 100 p i f o r a n a l y s i s of t h i o s u l p h a t e and 
sulphide were p i p e t t e d i n t o p r e - l a b e l l e d Eppendorf tubes 
c o n t a i n i n g 100 p i degassed HEPES b u f f e r s o l u t i o n (200 mM HEPES 
b u f f e r (4-(2-hydroxyethyl)-l-piperazinemethanesulphonic acid) 
w i t h 5 mM EDTA (e t h y l e n e d i a m i n e t e t r a a c e t i c a c i d , 99.5%), pH 8) 
fo r l a t e r a n a l y s i s using the "HPLC-bimane" technique (Newton 
and Fahey, 1987; V e t t e r et al., 1989). The HEPES b u f f e r 
s o l u t i o n ensured that the r e a c t i o n occurred at optimum pH. 
From the remaining volume of i n t e r s t i t i a l water, 5 r e p l i c a t e 5 
ml samples f o r ammonia a n a l y s i s were p i p e t t e d i n t o 10 ml 
disposable, polypropylene t e s t tubes w i t h snap-top caps. In 
a d d i t i o n , 2 r e p l i c a t e 5-ml samples f o r n i t r a t e and n i t r i t e 
analyses and a 5-ml sample f o r a n a l y s i s of i r o n and manganese 
were p i p e t t e d i n t o 5-ml acid-washed polyethylene v i a l s . The 
n i t r a t e / n i t r i t e samples were placed immediately i n t o the 
f r e e z e r f o r storage at -4°C u n t i l a n a l y s i s . The remaining 
samples r e q u i r e d e i t h e r immediate a n a l y s i s , or processing 
p r i o r to storage, as o u t l i n e d i n the a n a l y t i c a l methods 
s e c t i o n . 
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2.2.4.3.2. Sediment Cores 
The cores were kept v e r t i c a l i n the l a b o r a t o r y and 

processed a f t e r the i n t e r s t i t i a l water samples had been 
s t a b i l i z e d . Cores were extruded i n t o an argon glove bag 
f i t t e d w i t h a p l e x i g l a s s sheet below the glove bag and another 
i n s i d e the glove bag. These sheets provided a s t a b l e , 
h o r i z o n t a l working surface w i t h i n the bag. A hole was bored 
through both p l e x i g l a s s sheets and a hole made i n the glove 
bag through which a PVC r i n g was f i t t e d . The PVC r i n g had an 
i n t e r n a l diameter equal to the e x t e r n a l diameter of the: core 
tubes and was kept i n place by a threaded c o l l a r which screwed 
i n t o threads on the outside of the r i n g , e f f e c t i v e l y anchoring 
the p l e x i g l a s s sheets together w i t h the glove bag between. The 
i n s i d e of the PVC r i n g had an 0-ring s e a l . A PVC plunger 
f i t t e d w i t h an 0-ring s e a l was f i t t e d i n t o the bottom of the 
core immediately a f t e r the bottom cap was removed. The core 
and plunger were then f i t t e d i n t o a car jac k apparatus. As the 
top of the core approached the glove bag p l a t f o r m , the top 
core cap was removed q u i c k l y to avoid oxygen contamination. 
The core was jacked up so that the top of the core tube was 
pushed against the p l e x i g l a s s p l a t f o r m and the 0-ring i n the 
PVC r i n g formed an e f f e c t i v e s e a l against the outside b a r r e l 
of the core tube. Hence, the i n s i d e of the core and the glove 
bag were i s o l a t e d from the e x t e r n a l environment. As the 
plunger was forced up the core tube, sediment was extruded 
i n t o the glove bag. A s l i d i n g door, made of t h i n , b e v e l l e d 
p l e x i g l a s s , was f i t t e d i n t o grooves on e i t h e r side of the core 
opening i n s i d e the glove bag and was s l i d i n t o place to s l i c e 
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o f f a s e c t i o n of sediment core. This do6r a l s o e f f e c t i v e l y -
sealed the glove bag when no core was i n pla c e . 

The cores were q u i c k l y sectioned i n t o 0-2 cm, 2-A em, 4-6 
cm, 6-9 cm and 9-11 cm; longer cores were sectioned i n t o 11-15 
cm and >15 cm subsections. Using a 5-ml syringe w i t h the 
needle attachment end s l i c e d o f f , 3 ml of sediment were 
removed from each sediment s e c t i o n and e j e c t e d i n t o a c i d -
washed p l a s t i c s c i n t i l l a t i o n v i a l s f o r weighing, freeze dr y i n g 
and then a n a l y s i s of a c i d - v o l a t i l e sulphide (FeS) and 
elemental sulphur. From the remaining sediment i n each core 
subsection, 2 samples of 5-10 g each were placed i n pre-
weighed, acid-washed gla s s P e t r i dishes f o r l a t e r a n a l y s i s of 
percent water and percent organic content. Where sediment 
w i t h i n a core subsection was composed of l i g h t and dark 
s e c t i o n s , samples of both colours were taken f o r l a t e r 
a n a l y s i s of percent water, percent orga n i c s , AVS and elemental 
sulphur. 

2.2.4.3.3. B i v a l v e s 
B i v a l v e s found i n the sediment chemistry cores were 

i d e n t i f i e d to species (Abbot, 1974). Codakia orbiculata found 
at each sediment depth were counted f o r l a t e r c a l c u l a t i o n of 
v e r t i c a l d i s t r i b u t i o n and de n s i t y . C. orbiculata were 
maintained i n ambient sediment u n t i l l a t e r processing f o r 
t i s s u e analyses. 
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2.2.4.3.4. Seagrass Growth Rate 
A f t e r r e t u r n i n g to the l a b o r a t o r y , seagrass blades were 

r e f r i g e r a t e d u n t i l a f t e r a l l i n t e r s t i t i a l water, sediment and 
b i v a l v e samples had been s t a b i l i z e d or analyzed. 

2.2.4.4. A n a l y t i c a l Methods 
2.2.4.4.1. I n t e r s t i t i a l Water 
( i ) . D i s s o l v e d Sulphide A n a l y s i s Using a C o l o u r i m e t r i c Assay. 

Di s s o l v e d sulphide i n i n t e r s t i t i a l water was analyzed 
using the c o l o u r i m e t r i c assay of C l i n e (1969). This method i s 
a p p l i c a b l e to sample concentrations of 1-1000 pM sulphide and 
uses a reagent c o n t a i n i n g N,N-dimethyl-p-phenylenediamine 
sulphate ( r e f e r r e d to as "diamine" throughout t h i s t e x t ) . This 
method gives a p r e c i s i o n of +2% at the 95% confidence l e v e l 
and accuracy was estimated at +2% at the 95% confidence l e v e l 

( C l i n e , 1969). This technique r e q u i r e s a range of reagent 
concentrations and sample d i l u t i o n s p r i o r to reading the 
absorbance, dependant on the concentration of sulphide i n the 
sample (250-1000 pM, 40-250 pM, 3-40 pM and 1-3 pM). Sulphide 
i n the 5 r e p l i c a t e 1-ml samples had been preserved as ZnS. 5 
r e p l i c a t e samples were required because 1-2 samples were 
needed to determine which reagent concentration was 
appropriate. The remaining samples were then analyzed using 
the c o r r e c t strength reagent. The technique was modified f o r 
small volumes (80 p i volume of the appropriate diamine reagent 
was added to the 1-ml sample). A f t e r complete colour 
development (20 min), the samples were d i l u t e d as r e q u i r e d 
using M i l l i Q p u r i f i e d d i s t i l l e d water (MQwater), A l l sample 
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absprbance.s were measured on a M i l t o n Roy Spec21 
spectrophotometer at 670 nm. 

Standards and blanks were prepared using FSSW which was 
f i r s t oxygenated f o r 20 min to remove any p o s s i b l e t r a c e of 
sulphide and was then degassed w i t h argon f o r 20 min. 
Standards were prepared using sodium sulphide nonahydrate 
( N a 2 S . 9 H 2 0) washed f r e e of o x i d a t i o n products and d r i e d w i t h a 
c e l l u l o s e t i s s u e p r i o r to weighing. A minimum of 5 standard 
concentrations was prepared w i t h i n each reagent range. 
Sulphide concentrations of unknown samples were determined by 
comparison w i t h the appropriate standard curve. The r e p l i c a t e 
samples per l y s i m e t e r (3-A) were averaged, r e s u l t i n g i n one 
datum p o i n t per l y s i m e t e r i n the f i n a l data set. 

( i i ) . Thiosulphate and Sulphide A n a l y s i s Using HPLC and 
Fluorometry. 

The f o l l o w i n g procedure f o r a n a l y s i s of t h i o s u l p h a t e and 
sulphide i n i n t e r s t i t i a l water i s from Newton and Fahey 
(1987), as modified by V e t t e r et al. (1989). This method i s 
h i g h l y r e p r o d u c i b l e f o r reduced sulphur compounds ranging from 
high nannomolar to tens of m i l l i m o l a r i n concentration (Vetter 
et al., 1989). P r i o r t o removing the 5 r e p l i c a t e samples f o r 
th i o s u l p h a t e and sulphide analyses (100 p i i n t e r s t i t i a l water 
plus 100 p i degassed HEPES b u f f e r s o l u t i o n ) from the glove 
bag, 10 p i of 10 mM monobromobimane ( r e f e r r e d to as "bimane" 
throughout the t e x t ) were added to each of the 1.5-ml 
Eppendorf tubes. The tubes were then removed from the glove 
bag and placed i n the dark f o r 15 min f o r d e r i v a t i z a t i o n . 
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Once the r e a c t i o n was complete, 100 p i a c e t o n i t r i l e was added 
to each tube and the samples heated to 60°G f o r ,10 min to 
p r e c i p i t a t e any p r o t e i n s present. Following p r o t e i n 
p r e c i p i t a t i o n , 300 p i of 25 mM methane sulphonic a c i d was 
added to each tube to d i l u t e the a c e t o n i t r i l e . Samples were 
then c e n t r i f u g e d f o r 1 min at 14,000 rpm to p e l l e t any p r o t e i n 
present and stored frozen (-A°C) u n t i l a n a l y s i s . Samples 
remained s t a b l e f o r s e v e r a l months i f stored i n the f r e e z e r 
but s i g n i f i c a n t amounts of t h i o l s were l o s t from samples 
repeatedly thawed and re f r o z e n (P. Barnes, pers. obs.). 

Bimane reacted w i t h the t h i o l group to produce c o v a l e n t l y 
bonded f l u o r e s c e n t adducts which could be separated on an 
A l t e x G-18 reversed-phase column using an i n c r e a s i n g 
hydrophobic gradient of methanol and water. The adducts were 
detected using a broad e x c i t a t i o n f i l t e r of 305-395 nm and a 
narrow band emission f i l t e r centered at 480 nm. A l l analyses 
were performed at Scripps I n s t i t u t i o n of Oceanography (San 
Diego, C a l i f o r n i a ) using a Waters WISP automatic i n j e c t o r , a 
G i l s o n high-performance l i q u i d chromatograph and a G i l s o n 
fluorometer. Reagent blanks and p y r i d i n e d i s u l p h i d e (PDS) 
co n t r o l s were a l s o run f o r each i n t e r s t i t i a l water sample. 
The l a t t e r were prepared i d e n t i c a l l y to the unknown samples 
except t h a t 10 p i PDS was added p r i o r to the a d d i t i o n of 
bimane. PDS forms a s t a b l e d e r i v a t i v e w i t h t h i o l s and 
p r o h i b i t s t h e i r b i n d i n g w i t h the bimane. 

The sulphide and t h i o s u l p h a t e concentrations i n the 5 
r e p l i c a t e s were averaged, r e s u l t i n g i n one datum p o i n t per 
ly s i m e t e r i n the f i n a l data s e t . 
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( i i i ) . Ammonia 
The 5 r e p l i c a t e i n t e r s t i t i a l water samples from each 

l y s i m e t e r were removed from the argon glove bag f o r f u r t h e r 
processing. The c o l o u r i m e t r i c assay f o r ammonia i n seawater 
( S t r i c k l a n d and Parsons, 1977) i s very s e n s i t i v e to the 
presence of sulphide. B r i e f l y , to remove sulphide p r i o r to 
a n a l y s i s , the samples were a c i d i f i e d to reduce a l l sulphide 
present to H2S and then degassed to remove H2S. Samples were 
then b u f f e r e d to ojptimiim pH f o r the r e a c t i o n (Dennison et al., 
1987). This method has a p r e c i s i o n ranging from +0.10 - +0.15 
pM, depending on the number of r e p l i c a t e s , and can be used to 
detect ammonia i n concentrations ranging from 0.1-10 pM 
(samples w i t h ammonia concentrations >10 pM were d i l u t e d p,rior 
to reading e x t i n c t i o n ) . 

The pH of 1 r e p l i c a t e sample from each sediment depth (5, 
10, 20 and 30 cm) was measured and lowered to approximately pH 
2 using 1.2 N HGl. The HGl was added i n 10 p i increments; 80-
100 p i t o t a l volume was u s u a l l y r e q u i r e d to a c i d i f y a 5-ml 
sample. At pH 2, a l l the ammonia should be present as 
ammonium, which does not disappear through de-gassing. 
Sulphide at t h i s pH, i n c o n t r a s t , should be present mostly as 
H2S which can be removed from the sample by degassing w i t h 
argon f o r 20 min. A f t e r de-gassing, 0.5 M sodium bicarbonate 
(NaHCOa) was added to b r i n g the pH up to n e u t r a l ; 
approximately 350 p i was req u i r e d f o r a 5 ml sample. Fol l o w i n g 
t h i s l a s t b u f f e r i n g step, the a n a l y s i s followed the procedure 
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i n S t r i c k l a n d and Parsons (1977) except modified f o r 5-ml, 
rather than 50-ml, volumes. 

The f o l l o w i n g steps were c a r r i e d out i n the fumehood due 
to the use of phenol. The 10-ml t e s t tubes were uncapped 
immediately p r i o r to adding each reagent and capped 
immediately a f t e r the a d d i t i o n to avoid atmospheric 
contamination. 200 p i of phenol reagent (20 g.of c r y s t a l l i n e 
a n a l y t i c a l reagent grade phenol i n 200 ml of 95% v/v e t h y l 
a l c o h o l ) were added to each sample. A f t e r shaking, 200 p i of 
n i t r o p r u s s i d e reagent (1.0 g of Na2Fe(CN)5N0.2H20 i n 200 ml 
MQwater) was added to each sample. This was followed by the 
a d d i t i o n of 500 p i of o x i d i z i n g s o l u t i o n , c o n s i s t i n g of 100 ml 
of a l k a l i n e reagent (100 g sodium c i t r a t e and 5 g sodium 
hydroxide ( a n a l y t i c a l reagent grade) i n 500 ml MQwater) and 25 
ml of sodium h y p o c h l o r i t e s o l u t i o n (commercial Chlorox 
bleach). F u l l colour development takes 1 h and the colour i s -
s t a b l e f o r 24 h; a f t e r 12 h at 22°G, the absorbance of the 
samples was read at 640 nm on a M i l t o n Roy Spec21 
spectrophotometer. 

Reagent blanks were prepared e x a c t l y as described above 
fo r samples, i n c l u d i n g the a c i d i f i c a t i o n , degassing and r e -
b u f f e r i n g steps, except 5 ml of FSSW was used i n place of the 
i n t e r s t i t i a l water. The standard ammonia s o l u t i o n was prepared 
by d i s s o l v i n g 0.100 g of a n a l y t i c a l reagent q u a l i t y ammonium 
sulphate i n 1000 ml of MQwater (1 ml = 1.5 pg-atN). 1 ml of 
chloroform was added and the s o l u t i o n was stored s h e l t e r e d 
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from strong l i g h t . 1.00 ml of t h i s s o l u t i o n was made up to 500 
ml w i t h FSSW (low n u t r i e n t ) so that the r e s u l t i n g 
concentration was 3.0 pM. Standards were a c i d i f i e d , degassed 
and b u f f e r e d f o l l o w i n g the procedure described f o r 
i n t e r s t i t i a l water samples and some standards were prepared 
without these steps. A d d i t i o n of reagents and absorbance 
measurements f o r standards t r e a t e d i n both ways followed t h a t 
o u t l i n e d f o r the i n t e r s t i t i a l water samples. A n a l y s i s of the 
r e s u l t s revealed no s i g n i f i c a n t d i f f e r e n c e between standards 
prepared w i t h or without the m o d i f i c a t i o n s f o r the removal of 
sulphide (ANOVA; p<0.05). The F f a c t o r (F) = 3.0/(Standard 
absorbance - Blank absorbance). The concentration of ammonia 
i n the unknown samples was, t h e r e f o r e , c a l c u l a t e d i n pM as F x 
Absorbance. Concentrations were then adjusted f o r sample 
d i l u t i o n , where necessary. 

The 5 r e p l i c a t e ammonia samples from each l y s i m e t e r were 
averaged, r e s u l t i n g i n one datum p o i n t per l y s i m e t e r i n the 
f i n a l data s e t . 

( i v ) . N i t r a t e 
A n a l y s i s of n i t r a t e i n i n t e r s t i t i a l water from B a i l e y ' s 

Bay using the c o l o u r i m e t r i c method of S t r i c k l a n d and Parsons 
(1977) proved to be problema:tical. Because of the small 
volume of i n t e r s t i t i a l water a v a i l a b l e f o r a n a l y s i s , 
t r a d i t i o n a l cadmium columns designed for seawater samples were 
too l a r g e . In a d d i t i o n , although much smaller glass columns 
were blown and assembled, sulphide i n the i n t e r s t i t i a l water 
samples bound to the cadmium and poisoned the column. Sulphide 
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could be removed from the i n t e r s t i t i a l water samples by the 
a d d i t i o n of z i n c acetate f o r p r e c i p i t a t i o n as z i n c sulphide. 
However, t h i s i n i t i a l removal of sulph i d e , combined w i t h 
u t i l i z a t i o n of the small cadmium columns, made n i t r a t e 
a n a l y s i s e s p e c i a l l y time consuming and a l t e r n a t e a n a l y t i c a l 
methods were i n v e s t i g a t e d . I t was determined that the 
chemiluminescent method f o r d e t e c t i o n of combined n i t r a t e and 
n i t r i t e i n seawater (Garside, 1982) as modified by Yoshizumi 
et al. (1985) was not a f f e c t e d by the presence of sulphide i n 
concentrations up to 1 mM (Barnes and L i p s h u l t z , unpubl. 
data). This method u t i l i z e s a NOx chemiluminescent analyzer to 
determine n i t r a t e and n i t r i t e i n s o l u t i o n . N i t r a t e and n i t r i t e 
are reduced to n i t r i c oxide i n a phosphoric a c i d , ferrous 
ammonium sulphate and ammonium molybdate s o l u t i o n . 
I n t e r s t i t i a l water samples can be i n j e c t e d d i r e c t l y i n t o t h i s 
a c i d i c s o l u t i o n , maintained at 90-100°C, and the r e s u l t i n g 
n i t r i c oxide i s detected by a NOx chemiluminescent analyzer. 
Standards w i t h and without sulphide were t e s t e d . I n t e r s t i t i a l 
water samples t r e a t e d w i t h z i n c acetate to remove the sulphide 
and those which had not been t r e a t e d y i e l d e d i d e n t i c a l r e s u l t s 
f o r n i t r a t e plus n i t r i t e . A l s o , t h i s technique required only 
small sample volumes-; an i n j e c t i o n volume of 100-200 p i was 
u s u a l l y adequate to measure the n i t r a t e plus n i t r i t e 
c oncentration ( i n j e c t i o n volume was increased i f necessary). 
The minimum d e t e c t i o n l i m i t f o r t h i s technique was 5 ng of 
n i t r a t e plus n i t r i t e per i n j e c t i o n volume. 

Ghemiluminescent d e t e c t i o n can be used a l s o to determine 
the i n d i v i d u a l n i t r a t e and n i t r i t e concentrations i n seawater. 
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A f t e r a d d i t i o n of sulphanilamide (prepared as described i n 
S t r i c k l a n d and Parsons, 1977) to remove n i t r i t e from s o l u t i o n , 
the sample can be run to determine the n i t r a t e concentration; 
the n i t r i t e c oncentration can be determined by s u b s t r a c t i o n . 
The a d d i t i o n of sulphanilamide to the s u l p h i d e - r i c h 
i n t e r s t i t i a l water, however, y i e l d e d v a r i a b l e r e s u l t s and 
inadequate time was a v a i l a b l e to solve t h i s problem. Instead, 
n i t r i t e samples were analyzed using the c o l o u r i m e t r i c assay 
( S t r i c k l a n d and Parsons, 1977) a f t e r removal of sulphide using 
z i n c acetate (see next s e c t i o n ) . The r e s u l t i n g n i t r i t e data 
were substracted from the combined n i t r a t e and n i t r i t e 
concentrations obtained using the chemiluminescence technique 
to o b t a i n n i t r a t e concentrations. 

A l l f rozen water samples f o r n i t r a t e plus n i t r i t e 
a n a l y s i s were thawed at room temperature (22°C) and then 
vortexed immediately p r i o r to i n j e c t i o n i n t o the r e a c t i o n 
f l a s k . Three i n j e c t i o n s were performed f o r each sample to 
determine the p r e c i s i o n of the technique. I n j e c t i o n r e p l i c a t e s 
demonstrated i n s i g n i f i c a n t (<2%) v a r i a t i o n . . Reagent blanks and 
standards were prepared using FSSW. A 100 pM, working standard 
s o l u t i o n was prepared d a i l y from a 10 mM potassium n i t r a t e 
( K N O 3 ; reagent grade). A standard curve was generated by 
changing the i n j e c t i o n volume from 100 to 2000 p i . Hence, the 
r e s u l t i n g peaks represented absolutes f o r n i t r a t e p l u s n i t r i t e 
ranging from 0.2 nmol to 4 nmol. Since i n j e c t i o n volumes of 
the i n t e r s t i t i a l water samples v a r i e d i n order to o b t a i n a 
s u f f i c i e n t l y l a r g e peak, c a l c u l a t i o n of absolutes and then 
conversion to concentration based on i n j e c t i o n volume proved 
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optimal. The f i n a l data set of n i t r a t e concentrations (pM) 
contained one datum p o i n t f o r each l y s i m e t e r . 

( v ) . N i t r i t e 
Sulphide i n t e r f e r e s w i t h c o l o u r i m e t r i c n i t r i t e a n a l y s i s 

( S t r i c k l a n d and Parsons, 1977) and was removed p r i o r to 
a n a l y s i s by p r e c i p i t a t i o n as z i n c sulphide (by the a d d i t i o n of 
z i n c a c e t a t e ) . This method was t e s t e d by comparing n i t r i t e 
standards (1 and 2 pM) with and without spikes of 100 to 1000 
pM s u l p h i d e . ANOVA demonstrated no s i g n i f i c a n t d i f f e r e n c e 
between the 2 treatments (p<0.05) (data not shown). The 
d e t e c t i o n range f o r the c o l o u r i m e t r i c n i t r i t e assay i s 0.01-
2.5 jiM, w i t h p r e c i s i o n ranging from +,0.023 to +0.032 depending 

on the number of r e p l i c a t e s ( S t r i c k l a n d and Parson, 1977). 
The 5-ml i n t e r s t i t i a l water samples frozen f o r n i t r i t e 

a n a l y s i s were thawed at room temperature (22°C) and vortexed 
p r i o r to subsampling f o r a n a l y s i s . Three 1-ml subsamples were 
p i p e t t e d from each i n t e r s t i t i a i water sample and the p r e c i s i o n 
of the technique was t e s t e d and found to be comparable w i t h 
that of S t r i c k l a n d and Parsons (1977). Samples were p i p e t t e d 
i n t o 1.5-ml Eppendorf tubes each c o n t a i n i n g 10 p i 2 M ZnAc. 
Follo w i n g the a d d i t i o n of 10 p i 2 N sodium hydroxide (NaOH), 
to increase the f l o c c u l a t i o n and to help p r e c i p i t a t i o n , the 
tubes were c e n t r i f u g e d f o r 1 min at 13,000 rpm on an Eppendorf 
M i c r o c e n t r i f u g e 5415. The supernatant (800 p i ) was t r a n s f e r r e d 
to another 1.5-ml Eppendorf tube and a f t e r t h i s p o i n t , the 
method f o l l o w s t h a t of S t r i c k l a n d and Parsons (1977) w i t h 
m o d i f i c a t i o n s f o r small volumes. The n i t r i t e i n seawater 
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reacted w i t h sulphanilamide i r i an a c i d s o l u t i o n . The r e s u l t i n g 
diazo compound reacts w i t h N-(1-naphthyl)-ethylenediamine and 
forms a h i g h l y coloured azo dye, the e x t i n c t i o n of which i s 
measured using a spectrophotometer. 160 p i of sulphanilamide 
s o l u t i o n (5 g sulphanilamide (4 - ( H 2 N)G6H4S O 2 N H 2) i n 50 ml of 
concentrated h y d r o c h l o r i c a c i d (HCl) and 450 ml of MQwater) 
were added and, a f t e r 5 min, 160 p i of N-(1-naphthyl)-
ethylenediamine d i h y d r o c h l o r i d e (Ci0H?NHCH2CH2NH2.2HG1) (0.5 g 
i n 500 ml MQwater). A f t e r a l l o w i n g 1-2 h f o r f u l l c olour 
development, the absorbance of each sample was measured at 543 
nm on a M i l t o n Roy Spec21 spectrophotometer. 

N i t r i t e concentrations were determined by comparison w i t h 
a standard curve. Standards ranging from 1-5 pM n i t r i t e were 
prepared from 5 mM stock s o l u t i o n prepared using anhydrous 
a n a l y t i c a l reagent grade sodium n i t r i t e ( N a N 0 2 ) . Standards and 
reagent blanks (MQwater) were processed as described above f o r 
i n t e r s t i t i a l water samples. The f i n a l data set had one 
n i t r i t e c oncentration (pM) datum p o i n t per l y s i m e t e r . 

( v i ) . Iron and Manganese 
In i n t e r s t i t i a l waters, the d i s s o l v e d i r o n may be mostly 

F e 2 + , i n c o n t r a s t to the mostly Fe^+ i n seawater (Boulegue et 
a l . , 1982). The 5-ml i n t e r s t i t i a l water samples f o r d i s s o l v e d 
i r o n and manganese analyses were a c i d i f i e d to a i d p r e s e r v a t i o n 
p r i o r to f r e e z i n g ( J i c k e l l s and Knap, 1984). A c i d i f i c a t i o n 
reduces o x i d a t i o n of the sample; at n e u t r a l pH, i r o n o x i d i z e s 
r a p i d l y (Troup et al., 1974). The pH of one sample from each 
sediment depth (5, 10, 20 and 30 cm) was measured and 1.2 N 

125 



HCl added u n t i l pH 2. A l l samples were a c i d i f i e d i n the argon 
glove bag. Samples were stored at -4°C f o r up to 12 months 
p r i o r to- a n a l y s i s . 

A f t e r thawing at room temperature (22°C), a l l samples 
were vortexed p r i o r to a n a l y s i s . Analyses were c a r r i e d out at 
the Plymouth Marine Laboratory by graphite furnace atomic 
absorption spectrophotometry (AAS) using a Varian SpectrAA 
300/AOO. Working c o n d i t i o n s f o r i r o n were 248.3 nm wavelength 
and a 0.2 nm s l i t width, w i t h an optimum working range of 60-
15,000 ppb {Varian, 1988). Working c o n d i t i o n s f o r manganese 
were 279.5 nm wavelength and a 0.2 nm s l i t width, w i t h an 
optimum working range of 52-20,000 ppb {Varian, 1988). The 
i n j e c t i o n volume f o r each sample was 10 p i and t r i p l i c a t e 
i n j e c t i o n s were run f o r each sample to c a l c u l a t e percentage 
•precision. A percentage p r e c i s i o n <20% was considered 
acceptable. 

Stock standard had been prepared by d i s s o l v i n g 1.0 g of 
i r o n metal {or manganese) i n 20 ml 1:1 HCl and then d i l u t e d to 
1 l i t r e f i n a l volume { f i n a l c oncentration = 1000 ppm Fe {or 
Mn)). Iron and manganese concentrations i n i n t e r s t i t i a l water 
samples were c a l c u l a t e d from a standard curve using standards 
ranging from 0.5 to 10 ppm {G. Burt, pers. comm.). Standard 
a d d i t i o n s were a l s o run on random samples. FSSW blanks were 
run every 10-20 samples. The f i n a l data set had one Fe^* 
concentration {ppb) datum p o i n t per l y s i m e t e r . Manganese 
l e v e l s proved below d e t e c t i o n l i m i t {samples were of 
inadequate volume to pre-concentrate) and are not discussed 
f u r t h e r . 
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2.2.4.4.2. Sediments 
( i ) . Elemental Sulphur 

The f r e e z e - d r i e d sediment samples f o r a n a l y s i s of 
elemental sulphur were stored i n a d e s i c c a t o r i n the f r e e z e r 
u n t i l a n a l y s i s . Each f r e e z e - d r i e d sample was homogenized w i t h 
a mortar and p e s t l e and 2 g of sediment was weighed i n t o an 
acid-washed s c i n t i l l a t i o n v i a l . 5 ml of HPLC grade hexane or 
heptane {no d i f f e r e n c e noted i n e x t r a c t i o n e f f i c i e n c y of 
elemental sulphur {S. Niven, pers. comm.)) were added to the 
v i a l . The v i a l cap was l i n e d w i t h a T e f l o n / s i l c o n s e a l and 
a f t e r capping, the v i a l was vortexed to ensure adequate mixing 
and then placed on a r o l l e r f o r 12 h (overnight) to e x t r a c t 
the elemental sulphur. A f t e r c e n t r i f u g i n g at 4500 rpm f o r 10 
min, 2 ml of supernatant was removed i n t o a 2-ml b o r o s i l i c a t e 
glass HPLC v i a l w i t h polypropylene screw-top cap w i t h 
sili c o n e / P T F E s e a l . Since the supernatant was considered 
uniform, only one supernatant subsample was analyzed f o r each 
sediment sample. HPLC a n a l y s i s followed the procedure 
described by Lauren and Watkinson (1985) and used a Hamilton 
PRP-1 10 pm p a r t i c l e (polymeric reverse p h a s e - p l a s t i c beads) 
150 X 4.1 mm column and methanol/chloroform (80-70:30) eluent 
at 1 ml/min flow r a t e . An a u t o i n j e c t o r was used, set to a 40-
p l i n j e c t i o n volume and 12-min c y c l e time. Solvent was 
d e l i v e r e d w i t h a Kontron 420 HPLC pump and elemental sulphur 
peaks were detected w i t h a programmeable absorbance detector 
at 254 nm wavelength (flow c e l l 9 p i and 6 mm path l e n g t h ) . 
This method could detect 2-4 ng of elemental sulphur i n 1 
i n j e c t i o n . 
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A standard curve was generated from peak heights of 
standards prepared using a n a l y t i c a l grade elemental sulphur 
e x t r a c t e d i n heptane. Repeated i n j e c t i o n s of a standard 
s o l u t i o n revealed a p r e c i s i o n of +3% and comparison of 

r e p l i c a t e standards against the standard curve suggest the 
technique i s accurate w i t h i n +5%. Elemental sulphur 

concentrations i n the unknowns, expressed as pg-atoms S/1, 
xv̂ ere converted to absolutes (pg-atoms S) i n the 5.0 ml 
e x t r a c t i o n volume and then to pgS/mgdw (sediment). The f i n a l 
data set contained one elemental sulphur datum p o i n t f o r each 
sediment sample and t h e r e f o r e , one datum p o i n t f o r each core 
subsection (except where 2 samples were taken as 
r e p r e s e n t a t i v e of d i f f e r e n t sediment c o l o u r s ) . 

The above procedure was repeated on the sediments 
remaining a f t e r a n a l y s i s f o r AVS (see below) to determine AVS 
dr i v e n to elemental sulphur due to a c i d i f i c a t i o n (S. O'Hara, 
pers. comm.). 

( i i ) . A c i d - v o l a t i l e Sulphide (AVS) (or ferrous s u l p h i d e , FeS) 
This procedure f o l l o w s that of Morse and Cornwell (1987). 

AVS was d r i v e n out of the sediment through a c i d i f i c a t i o n , as 
sulphide gas, and i n t o z i n c acetate t r a p s . The sulphide was 
then analyzed using the c o l o u r i m e t r i c procedure of G l i n e 
(1969), w i t h p r e c i s i o n and d e t e c t i o n l i m i t s as l i s t e d above 
f o r c o l o u r i m e t r i c a n a l y s i s of sulphide i n i n t e r s t i t i a l water. 
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A f t e r e x t r a c t i o n of elemental sulphur, the sediments f o r 
AVS a n a l y s i s were allowed to dry (heptane was evaporated), and 
were capped and stored u n t i l a n a l y s i s . Two sulphide traps were 
set up i n s e r i e s f o r each sample. Traps c o n s i s t e d of 
s c i n t i l l a t i o n v i a l s c o n t a i n i n g 5 ml of 5% degassed z i n c 
acetate. A l l s c i n t i l l a t i o n v i a l caps were l i n e d w i t h 
t e f l o n / s i l i c o n septa through which holes were made f o r the 
tubing i n t o and out of the v i a l . The sample v i a l was connected 
to the traps v i a Tef l o n tubing and bubbled w i t h argon f o r 5 
min. 5.6 N HCl was added drop-wise from a syringe attached to 
the the argon l i n e u n t i l foaming stopped. The sample was then 
gassed w i t h argon f o r 2-3 h. White p r e c i p i t a t e (ZnS) formed 
i n the f i r s t tr,ap and, r a r e l y , i n the second z i n c acetate 
tra p . Both traps were analyzed, however, to ensure accurate 
measurement of a l l ZnS. A f t e r t r a p p i n g , samples were s t a b l e 
f o r s e v e r a l days. The z i n c acetate traps were analyzed 
c o l o u r i m e t r i c a l l y using C l i n e ' s (1969) procedure as o u t l i n e d 
f o r a n a l y s i s of d i s s o l v e d sulphide. 

Standards, ranging from 50 to 1000 pM sulphide, were used 
to generate a standard curve as described f o r c o l o u r i m e t r i c 
a n a l y s i s of d i s s o l v e d sulphide ( C l i n e , 1969), w i t h the 
f o l l o w i n g m o d i f i c a t i o n . Standards were prepared i n 5 ml 5% 
degassed z i n c acetate to mimic sample c o n d i t i o n s . 5% degassed 
z i n c acetate was run as a blank. In a d d i t i o n , a s e r i e s of 
standards was run through the AVS trap system to determine 
%recovery f o l l o w i n g a c i d i f i c a t i o n . 30 standards were run at 
concentrations ranging from 100 to 1000 pM, averaging 94.3% 
recovery. 
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The r e s u l t i n g concentration data (pM) were converted to 
absolutes (ymoles) and combined f o r the two t r a p s . Data were 
then converted to pmoles/gdw (sediment). The f i n a l data set 
contained one AVS datum p o i n t per sediment sample. Hence, 
there was one AVS datum p o i n t per core subsection, except 
where 2 sediment samples were taken as r e p r e s e n t a t i v e of 
d i f f e r e n t sediment colour. 

Any sediment remaining a f t e r a c i d i f i c a t i o n was r e -
ext r a c t e d i n heptane and re-analyzed f o r elemental sulphur 
(see procedure o u t l i n e d e a r l i e r ) . These values were then 
combined w i t h AVS l e v e l s obtained from a c i d i f i c a t i o n . 

( i i i ) . Percent Organic Content 
The wet sediment sample f o r percent organics was weighed 

and then oven d r i e d at 60°C to constant weight. The weight of 
the dry sediment was substracted from the wet weight to 
determine water content and data were converted to percent 
water (by weight). The dry sediment was then homogenized 
using an acid-washed mortar and p e s t l e and a sub-sample (1-2 
g) of the homogenized sediment weighed (+_ 1 mg) i n t o an a c i d -
washed c r u c i b l e that had been pre-muffled a t 600°C f o r 12 h i n 
a Lindberg Model 51748 furnace. The samples were ashed at 
600°C u n t i l constant weight (10-12 h ) , removed from the muffle 
furnace and stored i n a d e s i c c a t o r u n t i l c o o l . Samples were 
re-weighed (+ 1 mg) and the l o s s i n weight, expressed as a 
percentage of the t o t a l sample weight, represents percent 
organic content. 
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2.2.A.4.3. B i v a l v e s 
B i v a l v e s removed from sediment cores were maintained i n 

ambient sediment u n t i l a n a l y s i s . The estimated maximum time 
between removal from the sediment core to d i s s e c t i o n was 60 
min. 

( i ) Mantle F l u i d Sulphide and Thiosulphate 
Codakia orbiculata were placed i n t o a l a r g e p l a s t i c 

weighing boat i n the argon-flushed glove bag. The b i v a l v e s 
were q u i c k l y b l o t t e d dry w i t h a c e l l u l o s e t i s s u e and g e n t l y 
p r i z e d open with a s c a l p e l . The f o l l o w i n g procedure was 
modified from Newton and Fahey (1987) and V e t t e r et al. 

(1989). Detection l i m i t s and p r e c i s i o n of t h i s technique were 
as l i s t e d f o r i n t e r s t i t i a l water analyses of sulphide and 
t h i o s u l p h a t e . 

Mantle f l u i d to be analyzed f o r sulphide and t h i o s u l p h a t e 
was p i p e t t e d immediately i n 5-pl a l i q u o t s i n t o a 1.5-ml 
Eppendorf tube c o n t a i n i n g 100 p i degassed HEPES b u f f e r 
s o l u t i o n (pH 8). The HEPES b u f f e r s o l u t i o n ensured that the 
r e a c t i o n occurred at optimum pH. Ten p i of 10 raM 
monobromobimane ( r e f e r r e d to as "bimane" throughout the t e x t ) 
was added and the tube placed i n the dark f o r 15 min. Once 
the r e a c t i o n was complete, 100 p i a c e t o n i t r i l e was added and 
the sample heated to 60°G f o r 10 min to p r e c i p i t a t e the 
p r o t e i n . Following p r o t e i n p r e c i p i t a t i o n , 300 p i of 25 mM 
methane sulphonic a c i d was added to d i l u t e the a c e t o n i t r i l e . 
Samples were then c e n t r i f u g e d f o r 1 min at lAQOO rpm to p e l l e t 
the p r o t e i n and stored frozen (-A°C) u n t i l a n a l y s i s . Bimane 



reacts w i t h the t h i o l group to produce c o v a l e n t l y bonded 
f l u o r e s c e n t adducts which are separated on an A l t e x C-18 
reversed-phase column using an i n c r e a s i n g hydrophobic gradient 
of methanol and water. The adducts are detected using a broad 
e x c i t a t i o n f i l t e r of 305-395 nm and a narrow band emission 
f i l t e r centered at 480 nm. A l l analyses were performed at 
Scripps I n s t i t u t i o n of Oceanography using a Waters WISP 
automatic i n j e c t o r , a G i l s o n high-performance l i q u i d 
chromatograph and a G i l s o n fluorometer. Reagent blanks and 
p y r i d i n e d i s u l p h i d e (PDS) c o n t r o l s , where volume was 
s u f f i c i e n t , were run a l s o . The l a t t e r were prepared 
i d e n t i c a l l y to the unknown samples except t h a t 10 p i PDS was 
added p r i o r to the a d d i t i o n of bimane. PDS forms a s t a b l e 
d e r i v a t i v e w i t h t h i o l s and p r o h i b i t s t h e i r b i n d i n g w i t h the 
bimane. A f t e r sampling of mantle f l u i d , b i v a l v e s were removed 
from the gloye bag. 

( i i ) ; G i l l Tissue Elemental Sulphur 
Codakia orbiculata were removed from the argon glove bag 

a f t e r removal of mantle f l u i d . G i l l s were removed c a r e f u l l y , 
to avoid contamination w i t h other t i s s u e s , under m a g n i f i c a t i o n 
of a Wild M8 d i s s e c t i n g microscope. For each b i v a l v e , one g i l l 
was prepared f o r elemental sulphur a n a l y s i s and the other f o r 
e i t h e r p r o t e i n content or enumeration of b a c t e r i a l symbionts. 
The wet weight of each g i l l was recorded. G i l l s f o r p r o t e i n or 
elemental sulphur a n a l y s i s were f r e e z e - d r i e d , re-weighed and 
stored frozen u n t i l a n a l y s i s . A comparison of p r e s e r v a t i o n 
methods f o r g i l l s p r i o r to e x t r a c t i o n of s t o r e d g l o b u l a r 
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elemental sulphur (SGES) using hexane or heptane revealed 
f r e e z e - d r y i n g and f r e e z i n g to be the most e f f e c t i v e 
p r e s e r v a t i o n method (Chapter 3 ) . G i l l s used f o r b a c t e r i a l 
counts were preserved i n L i l l i e ' s b u f f ered (pH 7.4) f o r m a l i n 
(100 ml 40% formaldehyde, 900 ml MQwater, 4 g sodium phosphate 
monohydrate, 6.5 g disodium phosphate). 

Freeze-dried g i l l s f o r elemental sulphur a n a l y s i s were 
placed i n t o 2-ml b o r o s i l i c a t e g l a s s HPLC v i a l s w i t h 
polypropylene screw-top caps w i t h s i l i c o n e / P T F E seals 
c o n t a i n i n g 0.5 ml HPLC grade hexane or heptane. There was no 
d i f f e r e n c e i n the e x t r a c t i o n e f f i c i e n c y of hexane or heptane 
fo r SGES (S. Niven, pers. comm.). G i l l s were broken i n t o small 
fragments i n the solvent u s i n g a PTFE micro-probe. V i a l s were 
placed oh a shaker t a b l e and e x t r a c t e d f o r 12 h (o v e r n i g h t ) . 
Following e x t r a c t i o n , v i a l s were c e n t r i f u g e d at 5000 rpm 
using an lEC C l i n i c a l c e n t r i f u g e to p e l l e t the t i s s u e 
fragments and 0.5 ml of solvent was removed i n t o a second HPLC 
glass sampling v i a l . HPLC a n a l y s i s followed the procedure 
described by Lauren and Watkinson (1985) w i t h solvent 
g r a d i e n t , equipment, d e t e c t i o n l i m i t s and p r e c i s i o n as l i s t e d 
above f o r elemental sulphur a n a l y s i s i n sediments. 

A standard curve was generated from peak heights of 
standards prepared using a n a l y t i c a l grade elemental sulphur 
e x t r a c t e d i n heptane. SGES concentrations i n the unknowns, 
expressed as pg-atoms S/1, were converted to absolutes (pg-
atoms S) i n the 1.0 ml e x t r a c t i o n volume and then to pg-atoms 
S/gww ( g i l l t i s s u e ) . 
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( i i i ) . G i l l P r o t e i n 
One from each p a i r of f r e e z e - d r i e d g i l l s was stored 

frozen p r i o r to p r o t e i n a n a l y s i s . P r o t e i n content i n f r e e z e -
d r i e d g i l l s was determined w i t h the BCA p r o t e i n assay ( P i e r c e , 
Rockford, IL 61105, USA, 1989). Using the room temperature 
p r o t o c o l , the a p p l i c a b l e p r o t e i n range was 20-1200 pg/ml w i t h 
a t y p i c a l s e n s i t i v t y of 0.010 Absorbance U n i t s per pg. 

The homogenization s o l u t i o n used followed V e t t e r (1990). 
Each g i l l was homogenized i n 1.0 ml 100 mM T r i s - H G l , pH 7.4 
with 1% T r i t o n X-100 of MQwater using a low clearance hand 
homogenizer (Dounce). lOO-^pl r e p l i c a t e s of the sample were 
p i p e t t e d i n t o l a b e l l e d t e s t tubes, to which 2.0 ml of "working 
reagent" (50 p a r t s reagent "A" (1000 ml of base reagent 
co n t a i n i n g sodium carbonate, sodium bicarbonate, BCA d e t e c t i o n 
reagent and sodium t a r t r a t e i n 0. 2N NaOH)- and 1 p a r t reagent 
"B" (25 ml of 4% copper sulphate s o l u t i o n ) ) was added. A f t e r 
v o r t e x i n g f o r 10 sec, the tubes were incubated at room 
temperature (22°C) f o r 2 h. The e x t i n c t i o n was measured at 
562 nm against a MQwater reagent blank, P r o t e i n concentrations 
were determined from a standard curve generated using 
standards ranging from 200 to 1200 pg/ml prepared by d i l u t i n g 
stock 2 mg/ml BSA standard (bovine serum albumih) i n MQwater. 

( i v ) . Enumeration of B a c t e r i a l Endosymbionts 
Immediately a f t e r d i s s e c t i o n , g i l l s f o r l a t e r enumeration 

of symbionts were preserved i n L i l l i e ' s b u f f e r e d f o r m a l i n (pH 
7.4). G i l l s were homogenized and c e n t r i f u g e d i n L i l l i e ' s 
b uffered f o r m a l i n and the f i n a l b a c t e r i a l p e l l e t was 
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resuspended i n a DAPI (4' 6-diainidino-2-phenylindole) s o l u t i o n 
w i t h a f i n a l c oncentration of 0.01 pg/ml. Procedures f o r 
pre p a r a t i o n of DAPI stock s o l u t i o n , s l i d e s and examination of 
s l i d e s using e p i f l u o r e s c e n t microscopy were i d e n t i c a l to those 
described by P o r t e r and Feig (1980). These methods are 
a p p l i c a b l e to both f r e s h and formalin-preserved m a t e r i a l 
(Porter and F e i g , 1980). S l i d e s were examined using an Olympus 
BH-2 e p i f l u o r e s c e n t microscope but the c l a r i t y with which 
symbionts could be discerned and counted v a r i e d s i g n i f i c a n t l y . 
Due to time c o n s t r a i n t s , i t was not p o s s i b l e to diagnose or 
solve the problem i n order to i n c l u d e the data as p a r t of t h i s 
study. Samples have been stored f o r re-examination at a l a t e r 
date. 

( v ) . Thiosulphate and Sulphide i n B i v a l v e Blood 
Blood can be obtained from la r g e b i v a l v e specimens by 

sc o r i n g the mantle t i s s u e w i t h a s c a l p e l and c o l l e c t i n g the 
blood i n m i c r o c a p i l l a r y tubes, a f t e r b l o t t i n g the mantle 
c a v i t y dry (R. V e t t e r , pers. comm.). Codakia orbiculata 

specimens (<10 mm s h e l l length) were too small f o r t h i s 
procedure. The mantle t i s s u e was extremely f r a g i l e and s m a l l ; 
the wet weight of mantle t i s s u e was commonly <5 mg. Although 
an a l t e r n a t i v e method to o b t a i n blood samples was attempted, 
r e s u l t s of r e p l i c a t e samples were d i s a p p o i n t i n g and these 
analyses were not continued. The a l t e r n a t i v e method attempted 
was as f o l l o w s . A f t e r opening the v a l v e s , the body of the 
b i v a l v e was removed, l e a v i n g only the t h i n mantle t i s s u e 
covering the I n s i d e of the s h e l l s . The mantle t i s s u e was 
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b l o t t e d dry, removed from the s h e l l and weighed q u i c k l y . The 
t i s s u e was then placed i n t o a Dounce g l a s s t i s s u e homogenizer 
co n t a i n i n g 100 p i of degassed HEPES b u f f e r s o l u t i o n and 10 p i 
of 10 mM bimane. The t i s s u e was homogenized i n t h i s s o l u t i o n 
and then the homogenate t r a n s f e r r e d to a 1.5-ml Eppendorf 
tube. A f t e r c e n t r i f u g a t i o n f o r 3 min at 10,000 g, the 
supernatant was removed to another 1.5-ml Eppendorf tube. 
Processing then followed the same procedure described above 
f o r a n a l y s i s of mantle f l u i d sulphide and t h i o s u l p h a t e . 
Detection l i m i t s and p r e c i s i o n were the same as described f o r 
a n a l y s i s of sulphide and t h i o s u l p h a t e i n i n t e r s t i t i a l waters. 

Because the volume of blood e x t r a c t e d could not be 
determined, the r e s u l t i n g data were expressed as absolutes per 
m i l l i g r a m wet weight mantle t i s s u e . Hence, these data could 
not be used f o r comparison w i t h the l i t e r a t u r e but were, 
i n s t e a d , intended f o r i n t e r n a l comparison w i t h i n t h i s study 
only. However, t h i s technique was f i r s t t e s t e d on 5 b i v a l v e s 
w i t h the mantle t i s s u e l i n i n g one valve used as one sample and 
the mantle t i s s u e from the other v a l v e used as a r e p l i c a t e 
sample. Comparison of the blood t h i o l l e v e l s from the two 
valves revealed s i g n i f i c a n t v a r i a t i o n and t h i s technique was 
not u t i l i z e d f u r t h e r . 

2.2.4.4.4. Seagrass Growth Rate 
The Thalassia testudinum blades were examined and the 

dista n c e s , i n mm, between the cut edge and the hole made by 
the needle were measured to determine growth. Growth f o r each 
blade was l a t e r converted to d a i l y growth r a t e . 

136 



2.2.4.5. Data Fonnat and S t a t i s t i c a l A n a l y s i s 
For each month, the i n t e r s t i t i a l water and sediment 

v a r i a b l e data were compared against sediment depth using 
l i n e a r r e g r e s s i o n analyses. The c o e f f i c i e n t of determination 
( r 2 ) i s reported where the slope was s i g n i f i c a n t l y d i f f e r e n t 
from zero (p<0.05). The e n t i r e seasonal data set f o r each 
v a r i a b l e was subjected to a 2-way a n a l y s i s of varia n c e , 
f a c t o r e d by month and sediment depth, followed by Tukey's 
post-hoc p a i r - w i s e comparisons to determine s t a t i s t i c a l l y 
s i g n i f i c a n t d i f f e r e n c e s between sediment depths f o r a given 
month and between months f o r a given sediment depth (p<0.05). 
The l a t t e r , i n combination w i t h observations on the graphs, 
was used to detect seasonal change f o r each v a r i a b l e . Seagrass 
growth r a t e s , o v e r l y i n g water parameters, a i r and sediment 
temperatures were t e s t e d f o r s i g n i f i c a n t seasonal d i f f e r e n c e s 
using a s e r i e s of 1-way ANOVAs followed by Tukey's post-hoc 

p a i r - w i s e comparisons (p<0.05). 

B i v a l v e d i s t r i b u t i o n proved to be c l e a r l y d e p t h - l i m i t e d 
(2-6 cm) and was not subjected to a n a l y s i s against sediment 
depth. B i v a l v e d e n s i t y and t i s s u e data were t e s t e d f o r 
s i g n i f i c a n t seasonal d i f f e r e n c e s using 1-way analyses of 
variance followed by Tukey's post-hoc pair-wise comparisons 
(p<0.05). Tissue data were compared wi t h both sediment and 
i n t e r s t i t i a l water data by comparison w i t h the graphed 
environmental data f o r each month. 
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2.2.5, T i d a l c y c l e study 
2.2.5.1. Sampling Design 

To determine i f environmental v a r i a b l e s w i t h i n the T. 

testudinum bed sediment h a b i t a t v a r i e d w i t h the t i d a l c y c l e , 
i n t e r s t i t i a l water and sediment samples were c o l l e c t e d and 
analyzed from low and high t i d e s , over a 72-h p e r i o d i n March 
1991. A t o t a l of 3 low t i d e s and 3 high t i d e s were sampled. 
Note t h a t the sampling program f o r the p r e l i m i n a r y sampling-
design study, the seasonal study, and the comparison of 
seagrass bed sediments w i t h those outside the bed were c a r r i e d 
out at mid-tide, a f t e r the high t i d e . 

A 1 m2 quadrat was placed randomly w i t h i n the bed and the 
12 l y s i m e t e r s i n s e r t e d randomly w i t h i n the quadrat. A f t e r an 
i n i t i a l 24-h e q u i l i b r a t i o n p e r i o d , i n t e r s t i t i a l water samples 
were c o l l e c t e d . Sediment v a r i a b l e s were measured on 3 cores 
taken at each of 3 low and high t i d e s . T i d a l heights at the 
sampling times were, c o n s e c u t i v e l y , 0.1 m, 1.1 m, 0.2 m, 1.2 
m,, 0.1 m and 1.1 m. 

2.2.5.2. Sample C o l l e c t i o n 
I n t e r s t i t i a l water samples and sediment cores were 

c o l l e c t e d , f o r a n a l y s i s of v a r i a b l e s , as described f o r the 
seasonal study. 

2.2-5.3. Sample Processing 
I n t e r s t i t i a l water, sediment and b i v a l v e samples were 

processed as described f o r the seasonal study. 
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2.2.5.4. A n a l y t i c a l Techniques 
A l l a n a l y t i c a l techniques f o r i n t e r s t i t i a l water, 

sediment and b i v a l v e samples were as described f o r the 
seasonal study. B i v a l v e blood samples were not taken f o r the 
t i d a l study, however. 

2.2.5.5. Data Format and S t a t i s t i c a l A n a l y s i s 
I n t e r s t i t i a l water and sediment data were regressed 

against depth f o r each t i d a l height to determine slopes 
s i g n i f i c a n t l y d i f f e r e n t from 0 (p<0.05). The c o e f f i c i e n t of 
determination {r^) i s reported where the slope was 
s i g n i f i c a n t l y d i f f e r e n t from zero (p<0.05). Data f o r each 
v a r i a b l e were analyzed using a 2-way ANOVA f a c t o r e d by depth 
and t i d a l h e i g h t , f o l l o w e d by Tukey's post-hoc p a i r w i s e 
comparisons to determine s i g n i f i c a n t d i f f e r e n c e s between 
depths f o r each v a r i a b l e at each t i d a l height and between 
t i d a l heights at a given depth {p<0.05). A s e r i e s of 1-way 
ANOVAs were used to t e s t f o r s i g n i f i c a n t t i d a l d i f f e r e n c e s i n 
the o v e r l y i n g water v a r i a b l e s and sediment temperature 
(p<0.05). B i v a l v e d e n s i t y was t e s t e d to determine s i g n i f i c a n t 
d i f f e r e n c e s between t i d a l heights using a 1-way ANOVA, 
fa c t o r e d by t i d a l height, followed by Tukey's post-hoc p a i r -
wise comparisons (p<0.05). The t i s s u e data set was too small 
f o r s t a t i s t i c a l a n a l y s i s but b i v a l v e d i s t r i b u t i o n and t i s s u e 
analyses data were compared between t i d a l heights and compared 
with graphed data f o r sediment and i n t e r s t i t i a l water 
v a r i a b l e s . Graphed data were compared w i t h that f o r the March 
1991 seasonal sampling ( m i d - t i d e ) . 
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2.2.6. Comparison of sediment chemistry i n s i d e and out s i d e the 
seagrass bed. 
2.2.6.1. Sampling Design 

The sediment chemistry i n s i d e the seagrass bed was 
compared wi t h that outside the perimeter of the bed i n August 
1991. Sediments outside the bed were sampled f o r 3 days 
f o l l o w i n g the normal seasonal sampling w i t h i n the bed. 
Sampling design followed that described f o r the seasonal 
study. A l l sediment, i n t e r s t i t i a l water and b i v a l v e v a r i a b l e s 
were measured outside the bed f o r comparison w i t h the August 
1991 data from i n s i d e the bed. 

2.2.6.2. Sample C o l l e c t i o n 
Sample c o l l e c t i o n f o r i n s i d e the seagrass bed was 

described as p a r t of the seasonal study. Sample c o l l e c t i o n 
outside the seagrass bed followed the same procedures as 
described f o r the seasonal study. 

2.2.6.3. Sample Processing 
A l l samples were processed as described f o r the seasonal 

study. 

2.2.6.4. A n a l y t i c a l techniques 
A l l a n a l y t i c a l techniques were the same as those 

described f o r the seasonal study. 
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2-2.6.5. Data Format and S t a t i s t i c a l A n a l y s i s 
I n t e r s t i t i a l water and sediment data were regressed 

against depth f o r each, l o c a t i o n to determine slopes 
s i g n i f i c a n t l y d i f f e r e n t from 0 (p<0.05). The c o e f f i c i e n t of 
determination ( r ^ ) i s reported where the slope was 
s i g n i f i c a n t l y d i f f e r e n t from zero (p<0.05). For each v a r i a b l e , 
a 2-way ANOVA f a c t o r e d by depth and l o c a t i o n , followed by 
Tukey's post-hoc p a i r - w i s e comparisons, was used to determine 
s i g n i f i c a n t d i f f e r e n c e s between i n s i d e and outside the 
seagrass h a b i t a t at a given depth and between depths f o r each 
l o c a t i o n (p<0.05). 
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1.2.1. Sulphate Reduction Rates 
2.2.7.1. Sampling Design 

Sulphate r e d u c t i o n rates were measured as a f u n c t i o n of 
sediment depth i n the 3 sediment cores c o l l e c t e d w i t h i n the 
seagrass bed i n October 1991. 

2.2.7.2. Sample C o l l e c t i o n 
Sediment samples f o r measuring sulphate reduction r a t e s 

were taken from the 3 sediment cores c o l l e c t e d as p a r t of the 
October 1991 seasonal study. I n t e r s t i t i a l water samples f o r 
sulphate a n a l y s i s were c o l l e c t e d using l y s i m e t e r s and syringe 
e x t r a c t i o n from the sediment cores. 

2.2.7.3. Sample Processing 
2.2.7.3.1. Sulphate 

I n t e r s t i t i a l water samples f o r sulphate a n a l y s i s were 
f i l t e r e d through a 0.2-pm Nuclepore f i l t e r . Three r e p l i c a t e 1-
ml samples were p i p e t t e d i n t o acid-washed s c i n t i l l a t i o n v i a l s 
c o n t a i n i n g 20 p i of 2 N z i n c acetate to p r e c i p i t a t e sulphide. 
These samples were stored r e f r i g e r a t e d f o r a maximum of 2 
weeks p r i o r to a n a l y s i s of sulphate. 

2.2.7.3.2. Sulphate Reduction 
Sediment samples f o r the sulphate r e d u c t i o n experiments 

were removed, i n the argon glove bag, from each core 
subsection. k ml of sediment from each core subsection was 
packed i n t o modified 5-ml disposable.syringes w i t h the needle 
attachment cut o f f and f i t t e d w i t h a rubber septum. The 
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l a t t e r f i t t e d snugly and prevented gas exchange. Syringes were 
l a b e l l e d w i t h core number and sediment depth and were kept 
under argon u n t i l a l l samples were processed. Samples were 
removed from the glove bag and transported to the r a d i a t i o n 
l a b o r a t o r y fume hood. A d d i t i o n a l 4-ml samples were taken from 
each core subsection to measure i n t e r s t i t i a l water volume so 
that sulphate concentrations could be converted to nmoles f o r 
c a l c u l a t i o n of sulphate r e d u c t i o n r a t e s . 

2.2.7.4. A n a l y t i c a l Techniques 
2.2.7.4.1. Sulphate 

Sulphate l e v e l s i n the i n t e r s t i t i a l water samples were 
measured according to Howarth (1978). Samples were f i l t e r e d 
{0.2-pm membrane f i l t e r ) p r i o r to a n a l y s i s to remove the z i n c 
sulphide p r e c i p i t a t e . Sulphate standards were prepared using 
s e r i a l d i l u t i o n s of Copehagen Standard Seawater. Sulphate 
concentration of the standard was c a l c u l a t e d as 2.777 g/1 
(24°C) assuming a s u l p h a t e - c h l o r i d e r a t i o o,f 0.1400 (Morris 
and R i l e y , 1966) and a d e n s i t y of 1.024 kg/1 ( P i c k a r d , 1963). 
A standard curve was prepared from the s e r i a l d i l u t i o n s and 
the volumes of t i t r a t e added (r2=0.9930). Standards used 
ranged from 28.93 mM to 0 mM (100% to 0% s u l p h a t e ) . Using the 
generated standard curve, accuracy l e v e l s averaged +0.49 mM. 
P r e c i s i o n was c a l c u l a t e d at +0.1 mM. 

To convert sulphate concentrations to absolutes i n the 
volume of sediment used i n the sulphate r e d u c t i o n experiments, 
the volume of i n t e r s t i t i a l water i n a 4-ml sediment sample was 
c a l c u l a t e d from the d i f f e r e n c e between the wet and dry weights 
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of the sample, converted to volume. The l a t t e r conversion was 
based on the mean weights of 10 x 1 ml samples of i n t e r s t i t i a l 
water. 

2.2.7.4.2. Sulphate Reduction 
The sulphate reduction experiment p r o t o c o l most c l o s e l y 

f o l l o w s that of Hines and Lyons (1982). Stock s o l u t i o n of 
Na2 3 5S04 (1 mCi/ml) was d i l u t e d w i t h autoclaved, degassed FSSW 
to 3 pCi of l a b e l contained i n 25 p i of s o l u t i o n . A 25-pl 
Hamilton syringe was used to i n j e c t 25 p i of l a b e l i n t o each 
syringe. The l a b e l was eje c t e d s l o w l y as the needle was 
withdrawn to d i s t r i b u t e the l a b e l evenly. The incubated 
syringes were maintained f o r 24 h under black p l a s t i c i n the 
r a d i a t i o n l a b o r a t o r y fume hood. A f t e r 24 h, samples were 
placed i n z i p l o c k bags and then i n t o a seawater i c e s l u r r y to 
b r i n g the temperature down q u i c k l y and to stop the r e a c t i o n . 
Syringes were then stored i n the f r e e z e r at -4°C f o r 24 h. 

In the r a d i a t i o n l a b o r a t o r y fume hood, frozen samples 
were e j e c t e d from the syringes i n t o r e a c t i o n b o t t l e s 
c o n t a i n i n g 25 ml of deoxygenated MQwater, forming a s l u r r y . 
The r e a c t i o n b o t t l e s were attached to the AVS reduction system 
as described i n the seasonal study methods. Argon gas was run 
through the sediment s l u r r y and f r e e sulphide was trapped i n 
two traps connected i n s e r i e s , each c o n t a i n i n g 5 ml of 10% 
z i n c acetate. A f t e r 1 h, the z i n c acetate traps were removed, 
capped and replaced. 6 N HGl (16 ml) was added drop-wise to 
each of the samples and argon gas was run through the system 
f o r 2 h. Traps were removed and capped. The trapped sulphide 
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( i n c l u d i n g s^S^-) and AVS ( i n c l u d i n g Fe^^S) formed a white 
z i n c sulphide p r e c i p i t a t e . Zinc acetate was chosen f o r the 
traps because z i n c sulphide- has a minimum quenching e f f e c t 
(J0rgensen, 1978). The remaining sediment s l u r r y was 
c e n t r i f u g e d at 5000 rpm using an lEC C l i n i c a l c e n t r i f u g e and a 
5 ml a l i q u o t of supernatant was removed f o r counting ^ s s o ^ ^ - . 

5 ml of Aquasol s c i n t i l l a t i o n c o c k t a i l was added to each of 
the z i n c acetate traps and to the i n t e r s t i t i a l water 
(supernatant) sample. Samples were counted using a Packard 
Tri-Carb 4530 s c i n t i l l a t i o n counter. 

D i l u t i o n s of the stock nai^^SO/, to 0.1 pCi/50 p i (0.002 
p C i / p l ) were prepared f o r quench curves. Zinc acetate quench 
samples were prepared w i t h a range of ZnS p r e c i p i t a t e . 
Because the ^^SOi,^- remaining i n the samples a f t e r c o n c l u s i o n 
of the experiment had been measured i n sediment i n t e r s t i t i a l 
waters e x t r a c t e d by c e n t r i f u g a t i o n (which had already been 
d i l u t e d w i t h oxygen-fee MQwater (see above)), a d d i t i o n a l 
quench s o l u t i o n s included i n t e r s t i t i a l water e x t r a c t e d by 
c e n t r i f u g a t i o n , MQwater and f i l t e r e d , s t e r i l i z e d FSSW. 

Sulphate reduction r a t e i n the sediments was c a l c u l a t e d 
using the f o l l o w i n g formula: 
Rate (nmoles ml-i d-i) 

(dpm 3 5 S 2 - or dpm Fe^^S) (nmoles S O 4 2 - ) (1.05) 

(ml sample v o l . ) (dpm 3 5 3 0 4 2 - ) ( 1 d incubation) 
where 1.06 i s the 3 5 3 f r a c t i o n a t i o n f a c t o r (Hines and Lyons, 
1982). 
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2.2.7.5.. Data Format and S t a t i s t i c a l A n a l y s i s 
The f i n a l data set f o r the sulphate r e d u c t i o n experiments 

contained 3 r e d u c t i o n rates f o r each sediment depth range. The 
rates f o r each sediment depth were averaged and p l o t t e d (+1 
s.d.) aga i n s t sediment depth f o r comparison w i t h the October 
1991 sediment and i n t e r s t i t i a l water data. 
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2.3. RESULTS 
2.3.1. Seasonal Study 

Data c o l l e c t e d i n t h i s study provide a d e t a i l e d 
d e s c r i p t i o n of the Codakia orbiculata seagrass h a b i t a t f o r 
each month, i n c l u d i n g trends across sediment depth. The data 
were examined to determine i f C. orbiculata depth d i s t r i b u t i o n 
and d e n s i t y were c l e a r l y r e l a t e d to h a b i t a t v a r i a b l e s . In 
a d d d i t i o n , i f the h a b i t a t was subject to seasonal changes-, the 
data were examined to determine whether there were ass o c i a t e d 
changes i n C. orbiculata d e n s i t y or t i s s u e parameters which 
were i n d i c a t i v e of p h y s i o l o g i c a l c o n d i t i o n . Because cores 
usually' d i d not penetrate below 15 cm, sediment v a r i a b l e s were 
re p r e s e n t a t i v e of the rhizosphere, which had a maximum 
pen e t r a t i o n of 20 cm sediment depth. The l y s i m e t e r s , however, 
c o l l e c t e d i n t e r s t i t i a l water from 5, 10, 20 and 30 cm sediment 
depth, w i t h the 30 cm sample r e p r e s e n t a t i v e of conditions 
below the rhizosphere. 

The data f o r temperature ( a i r , sediment and seawater), 
s a l i n i t y and d i s s o l v e d oxygen i n the seawater above the 
seagrass bed sediments are summarized i n Table 5. While 
s a l i n i t y and oxygen demonstrated no s i g n i f i c a n t seasonal 
d i f f e r e n c e s (p>0.05), seawater and sediment temperatures were 
s i g n i f i c a n t l y higher i n August 1991 than the other months and 
June 1991 seawater temperature was s i g n i f i c a n t l y higher than 
March and October 1991 (p<0.05). 

Ammonia l e v e l s i n B a i l e y ' s Bay seagrass sediments ranged 
from 5.18 + 2.92 pM to 30.63 + 12.88 pM throughout the study 
( F i g . 7a). Ammonia concentrations demonstrated a s i g n i f i c a n t 
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Table 5,. Seasonal v a r i a t i o n i n temperature, s a l i n i t y and 
d i s s o l v e d oxygen i n the o v e r l y i n g seawater, plus sediment and 
a i r temperatures. Data are presented as means + 1 s.d.. n=3. 

Date Sediment A i r Overlying Overlying Overlying 
(1991) Temp. 

(°C) 
Temp. Water 

Temp. 
(°G) 

Water 
S a l i n i t y 
(%. ) 

Water 
Oxygen 
(%) 

March 20,3 + 
0.6 

21.3 + 
0.3 

34.00+ 
0.00 

118.87+ 
4.34 

June 25.7 + 
0.8 

27.3 + 
6.5 

26.7 + 
1.4 

33.27+ 
0.64 

124.83+ 
21.16 

August 29.3 + 
0.4 

33.0 + 
4.5 

,29.9+ 
0.7 

34.00+ 
0.00 

102.33+ 
2.52 

October 22.5 + 
3.0 

22.3 + 
2.5 

23.2+ 
1.3 

33.93+ 
0.31 

101.33+ 
2.08 

148 



—I 1 1 1——I — r -
0 10 20 30 40 50 60 70 

Ammonia (yM) 
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 

Nitrite OJM) 

(0) 
-i 

10 12 14 16 18 20 
Nitrate P) 

(e) 

10 30 

2 ̂ ^S\\\\\S3-
(d) 

— r -
300 

— r -
400 

loo" 600 
Dissolved suipiiide (pM) 

40 20 

Tiiiosuiphate diM) Dissoived Iron (ppb) 

Rgure 7. Interstitiai water constituents in Bailey's Bay Thalassia testudinum 

sediments as a function of sediment depthi for i\/1arch, June, August and October 

1991. (a) Ammonia {\iM), (b) Nitrite (nlVl), (c) Nitrate diM), (d) Dissolved sulphide 

(p,M), (6) Thiosulpiiate (iiM), (f) Dissolved iron (ppb). Data are plotted as means 

± 1 s.d.; 6 < n < 9, except where noted. 

M Mar-91 

M Jun-91 

• Aug-91 

• Ocl-91 

149 



l i n e a r r e l a t i o n s h i p of decrease w i t h i n c r e a s i n g sediment depth 
f o r each month {p<0.05; = 0.1A5-0.A53). Only i n March and 
October, however, were the ammonia l e v e l s at 5 cm sediment 
depth s i g n i f i c a n t l y higher than those at greater depths (20 
and 30 cm sediment depth)(p<0.05). The variance around the 
means (as evidenced by the standard d e v i a t i o n s ) were much 
l a r g e r i n the shallower sediment depths, where concentrations 
were gr e a t e r , suggesting greater heterogeneity. No s i g n i f i c a n t 
seasonal d i f f e r e n c e s were found, at any of the sediment 
depths, f o r ammonia (p>0.05). 

N i t r i t e l e v e l s i n i n t e r s t i t i a l water were low, 
c o n s i s t e n t l y l e s s than 1 jiM ( F i g . 7b). U n l i k e the ammonia 
concentrations, n i t r i t e l e v e l s were c o n s i s t e n t across sediment 
depth (p>0.05). N i t r a t e concentrations i n B a i l e y ' s Bay 
sediment i n t e r s t i t i a l water were higher than n i t r i t e , ranging 
from 0.38 + 0.23 pM to 5.76 + 11.17 pM. The n i t r a t e data, 

s i m i l a r to the ammonia concentrations, were h i g h l y v a r i a b l e at 
a given depth, as i l l u s t r a t e d by the comparatively l a r g e 
standard d e v i a t i o n s i n Figure 7c. S i m i l a r to n i t r i t e , n i t r a t e 
concentrations demonstrated no s i g n i f i c a n t l i n e a r r e l a t i o n s h i p 
w ith sediment depth (p>0.05) and no s i g n i f i c a n t d i f f e r e n c e s 
between sediment depths, f o r any of the months (p>0.05). 
N i t r i t e l e v e l s demonstrated no s i g n i f i c a n t seasonal trends 
(p>0.05). Although the mean n i t r a t e l e v e l s i n June were 
c o n s i s t e n t l y lower than n i t r a t e l e v e l s i n other months, 
analyses revealed no s t a t i s t i c a l l y s i g n i f i c a n t seasonal 
d i f f e r e n c e s at any given sediment depth (p>0.05). 
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Mean concentrations of d i s s o l v e d sulphide i n i n t e r s t i t i a l 
water ranged from 11.04 + 11.A8 pM to 394.27 + 131.22 pM. Mean 
sulphide l e v e l s f o r a l l months, as demonstrated i n Figure 7d, 
were lowest at 30 cm sediment depth but analyses revealed that 
only i n October was the 30 cm sulphide concentration 
s i g n i f i c a n t l y lower than those at shallower depths (5 and 10 
cm)(p<0.05). When mean sulphide l e v e l s at a given depth were 
compared between months, the August concentrations were 
s i g n i f i c a n t l y higher than the March and June l e v e l s f o r a l l 
sediment depths, but s i g n i f i c a n t l y higher than the October 
l e v e l s only at 20 cm sediment depth (p<0.05). I n t e r s t i t i a l 
d i s s o l v e d sulphide concentrations at 5 cm sediment depth i n 
October were s i g n i f i c a n t l y higher than those i n March and June 
{p<0.05). 

The t h i o s u l p h a t e i n t e r s t i t i a l water concentrations ranged 
from 0.0.6 + 0.19 pM to 32.27 + 8.82 pM ( F i g . 7e) . 

Thiosulphate demonstrated a s i g n i f i c a n t l i n e a r r e l a t i o n s h i p 
w i t h sediment depth i n June 1991 (p=0.0001; r2=0.380), 
decreasing w i t h i n c r e a s i n g sediment depth. Thiosulphate 
concentrations i n March, June and October 1991 were minimal at 
30 cm sediment depth but not s t a t i s t i c a l l y lower than 
concentrations at other sediment depths (p>0.05). S i m i l a r to 
the sulphide data, t h i o s u l p h a t e l e v e l s i n August were 
s t a t i s t i c a l l y higher, at a l l sediment depths, than those from 
the other months (p<0.05). March and June t h i o s u l p h a t e l e v e l s 
at 5 cm were s i g n i f i c a n t l y higher than those at 5 cm i n 
October (p<0.05). 
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D i s s o l v e d i r o n concentrations i n B a i l e y ' s Bay 
i n t e r s t i t i a l water were extremely low, w i t h means ranging from 
22.01 + 13.4 ppb to 95.22 + 79.58 ppb ( F i g . 7 f ) . The d i s s o l v e d 
i r o n concentrations i n i n t e r s t i t i a l water were c o n s i s t e n t w i t h 
sediiaent depth f o r a l l months (p>0.05). D i s s o l v e d i r o n 
demonstrated no s i g n i f i c a n t seasonal trends a t any of the 
sediment depths (p>0.05). 

The percent water content (by weight) of the seagrass bed 
sediments ranged from 36.0 + 3.61% to 53.81 + 3.03% ( F i g . 
8a). Water content demonstrated no s i g n i f i c a n t l i n e a r 
r e l a t i o n s h i p w i t h sediment depth (p>0.05) and no s i g n i f i c a n t 
d i f f e r e n c e s between sediment depths (p>0.05). There proved to 
be no seasonal trend i n water content at any of the sediment 
depths (p>0.05). The organic content i n sediment core 
subsections ranged from 4.52 + 0.55% to 11.09 + 5.36% ( F i g . 

8b). Percent organic content of the sediments d i d not change 
s i g n i f i c a n t l y w i t h sediment depth f o r any of the months 
(p>0.05) and demonstrated no s i g n i f i c a n t seasonal change a t 
any of the sediment depths (p>0.05). There was no s i g n i f i c a n t 
d i f f e r e n c e i n percent water or percent organic content between 
l i g h t and dark coloured sediment samples c o l l e c t e d throughout 
t h i s study (p>0.05). 

A c i d - v o l a t i l e sulphide (AVS) l e v e l s i n B a i l e y ' s Bay 
seagrass sediments ranged from 0.16 + 0.09 pmoles/gdw to 0.96 

+ 0.40 pmoles/gdw ( F i g . 8c). AVS demonstrated no s i g n i f i c a n t 
r e l a t i o n s h i p w i t h sediment depth (p>0.05) and analyses 
revealed no s i g n i f i c a n t d i f f e r e n c e s i n AVS between sediment 
depths f o r any of the months (p>0.05). In a d d i t i o n , there was 
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no s i g n i f i c a n t seasonal change i n AVS l e v e l s at any of the 
sediment depths (p>0.05). Mean elemental sulphur content i n 
the seagrass bed sediments ranged from 0,05 + 0.02 pgS/mgdw to 
0.33 + 0.45 pgS/mgdw ( F i g . 8d). The August elemental sulphur 
data demonstrated a s i g n i f i c a n t l i n e a r r e l a t i o n s h i p w i t h 
sediment depth, decreasing w i t h i n c r e a s i n g sediment depth 
(p=0.001; r2 = 0.329). A s i m i l a r trend was observed f o r other 
months, although was not s t a t i s t i c a l l y s i g n i f i c a n t (p>0.05). 
Although elemental sulphur appeared to be lower i n the deeper 
core subsections, these d i f f e r e n c e s could not be proven to be 
s t a t i s t i c a l l y s i g n i f i c a n t w i t h t h i s data set (p>0.05). 
Elemental sulphur demonstrated no s i g n i f i c a n t seasonal change 
at any of the sediment depths (p>0.05). There was no 
s i g n i f i c a n t d i f f e r e n c e i n AVS or elemental sulphur content 
between sediments of d i f f e r e n t colour c o l l e c t e d throughout 
t h i s study (p>0.05). 

The seagrass growth r a t e reached a maximum of 3.78 + 2.00 
mm/day i n June 1991, while minimum growth r a t e was recorded i n 
October 1991 (1.37 +1.03 mm/day)(Fig. 9). Seagrass growth 

rates i n March and June 1991 were s t a t i s t i c a l l y higher than 
those i n October 1990, August 1991 and October 1991 (p>0.05). 
Hence, lower growth rates were recorded at times when 
i n t e r s t i t i a l water sulphide l e v e l s were at a maximum (August 
and October 1991). I n t e r s t i t i a l water t h i o s u l p h a t e 
concentrations, seawater temperature and sediment temperature 
i n B a i l e y ' s Bay a l s o reached a maximum i n August. 

Because Codakia orblculata were only found i n the 2-4 and 
4-6 sediment depths, no analyses were performed on b i v a l v e 
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FigutB 9; Thalassia testudinum growth rate (mm/day) for October 

1990 and March, June, August and October 1991. Data are plotted 

as means ± 1 s.d.; n > 100. 
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(note: " b i v a l v e " i s used interchangeably w i t h "C. orbiculata" 

throughout t h i s t e x t since C, orbiculata was the only species 
studied) d i s t r i b u t i o n , d e n s i t y or t i s s u e data as a f u n c t i o n of 
sediment depth. C. orbiculata d e n s i t y ranged from 303.05 + 
117.37 per ra2 i n June 1991 to 500.03 + 296.35 per m2 i n 
October 1991 ( F i g . 10). Note th a t d e n s i t y determinations were 
s t a r t e d before the sediment chemistry study. As suggested by 
the graph and confirmed by s t a t i s t i c a l a n a l y s i s , there were no 
s i g n i f i c a n t d i f f e r e n c e s i n b i v a l v e d e n s i t y w i t h season 
(p>0.05) . 

The r e s u l t s of Codakia orbiculata t i s s u e analyses are 
summarized i n Table 6. P r o t e i n content i n the g i l l s was 
measured i n March (0.12 + 0.05 mg/mgww) and August (0.15 + 
0.03 mg/mgww). These p r o t e i n l e v e l s were comparable w i t h those 
measured i n g i l l s from b i v a l v e s used i n the " s t a r v a t i o n " 
experiment (Chapter 3 ). Seasonal trends could not be examined 
because of the small sample s i z e but the Chapter 3 experiments 
demonstrated th a t p r o t e i n content i n C. orbiculata g i l l s 
appeared to remain r e l a t i v e l y s t a b l e f o r long periods i n the 
absence of a reduced form of sulphur, Elemental sulphur 
content i n b i v a l v e g i l l s (70.59 + 87.71 to 185.31 + 109.19 pg-
atoms S/gwx-f) was a l s o comparable to that recorded i n the g i l l s 
of f r e s h l y c o l l e c t e d C. orbiculata (Chapter 3 ). Elemental 
sulphur content i n the g i l l s of b i v a l v e s c o l l e c t e d each month 
was h i g h l y v a r i a b l e (as evidenced by the l a r g e standard 
d e v i a t i o n s i n Table 6). G i l l elemental sulphur content d i d not 
change s i g n i f i c a n t l y between sampling months (p>0.05). 
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Table 6. Seasonal v a r i a t i o n i n Codakia orbiculata g i l l t i s s u e 
p r o t e i n and elemental sulphur content, mantle f l u i d sulphide 
and t h i o s u l p h a t e concentrations. Data are presented as means + 
1 s.d.. Sample s i z e (n) i s given below data. 
Date G i l l G i l l Mantle F l u i d Mantle F l u 
(1991) P r o t e i n Elemental Sulphide Thiosulpha 

(mgprotein/ Sulphur (pM) (pM) 
mgww) (pgatomsS/ 

gww) 
March 0.12 + 70.50+ 88.69+ 154.06+ 

0.05 87.71 40.32 174.96 
(13) (7) (10) (10) 

June 91.86+ 52.66+ 255.82+ 
83.13 29.35 198.90 
(7) (6) (6) 

August 0.15 + 189.14+ 267.92+ 375.66+ 
0.03 62.82 105.55 93.99 
(11) (4) (3) (3) 

October 185.31+ 268.88+ 231.26+ 
109.19 195.23 149.07 

(6) (6) (8) 
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Mantle f l u i d sulphide and t h i o s u l p h a t e data are a l s o 
presented i n Table 6. Both sulphide and t h i o s u l p h a t e l e v e l s i n 
mantle f l u i d were comparable w i t h those measured i n f r e s h l y -
c o l l e c t e d b i v a l v e s used i n the s t a r v a t i o n experiments (Chapter 
3). Codakia orbiculata c o l l e c t e d f o r the l a t t e r experiments,-
and those c o l l e c t e d f o r t h i s study, e x h i b i t e d high v a r i a t i o n 
between i n d i v i d u a l s (high variance around the means). There 
were no s i g n i f i c a n t d i f f e r e n c e s i n t h i o s u l p h a t e i n b i v a l v e 
mantle f l u i d s between months (p>0.05). Mantle f l u i d sulphide 
l e v e l s , however, were s i g n i f i c a n t l y higher i n August and 
October 1991 than the other months (p<0.05) and were not 
s t a t i s t i c a l l y d i f f e r e n t from each other (p>0.05). Comparison 
of mantle f l u i d and i n t e r s t i t i a l water t h i o l s revealed that 
sulphide l e v e l s i n the mantle f l u i d f ollowed c l o s e l y those i n 
the i n t e r s t i t i a l water. S t a t i s t i c a l a n a l y s i s revealed no 
s i g n i f i c a n t d i f f e r e n c e between the sulphide levels- i n mantle 
f l u i d and i n i n t e r s t i t i a l water (p>0.05). In c o n t r a s t , 
however, mantle f l u i d t h i o s u l p h a t e l e v e l s were s i g n i f i c a n t l y 
higher than i n t e r s t i t i a l water l e v e l s (p<0.05). The mantle 
f l u i d t h i o s u l p h a t e l e v e l s demonstrated no s i g n i f i c a n t seasonal 
trend (p>0.05). 

In summary, the above r e s u l t s and analyses r e v e a l t h a t 
the Thalassia testudinum sediment chemistry i s r e l a t i v e l y 
s t a b l e w i t h i n the rhizosphere (maximum p e n e t r a t i o n of 20 cm 
sediment depth). The sediment cores d i d not penetrate below 
the rhizosphere but i n t e r s t i t i a l water l e v e l s of sul p h i d e , 
t h i o s u l p h a t e and ammonia concentrations were g e n e r a l l y minimal 
below the rhizosphere (30 cm). This could not always be 
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•demonstrated s t a t i s t i c a l l y , however, p o s s i b l y due to the small 
sample s i z e and high v a r i a n c e . There appeared to be a general 
trend f o r the 0-6 cm elemental sulphur l e v e l s to be higher 
than those at 6-11 cm sediment depths but, again, t h i s could 
not be demonstrated s t a t i s t i c a l l y . The s p a t i a l heterogeneity 
at each sediment depth w i t h these, and other, v a r i a b l e s may 
have masked ( f o r s t a t i s t i c a l purposes) trends across sediment 
depth (Fourqurean et al., 1992). The data f o r these reduced 
chemical species suggest, however, that the seagrass 
rhizosphere was not subject to the c l a s s i c a l redox sequences 
wi t h i n c r e a s i n g sediment depth (Moriarty and Boon, 1989). 

The d e t a i l e d d e s c r i p t i o n of the sediment chemistry of the 
Thalassia testudinum bed sediments can be compared w i t h the 
observed depth d i s t r i b u t i o n p a t t e r n of Codakia orbiculata 

w i t h i n the seagrass sediments. C. orbiculata was found only 
w i t h i n the rhizosphere and the complete absence of b i v a l v e s 
below the rhizosphere may be due to the lower sulphide, 
t h i o s u l p h a t e and/or ammonia l e v e l s at 30 cm sediment depth. 
Because the sediment v a r i a b l e s were r e l a t i v e l y c o n s i s t e n t 
across sediment depths w i t h i n the rhizosphere, there appears 
to be no c o r r e l a t i o n between the observed b i v a l v e d i s t r i b u t i o n 
i n the 2-A and A-6 cm sediment s e c t i o n s and the sediment 
v a r i a b l e s measured i n t h i s study. Table 7 summarizes the 
sediment chemistry i n the 2-6 cm h a b i t a t of the b i v a l v e s , 
i n c l u d i n g the range of i n t e r s t i t i a l water (at 5 cm sediment 
depth) and sediment (mean of 2-A and A-6 cm data) c o n d i t i o n s 
f o r the months sampled. Other f a c t o r s which may a f f e c t C. 

orbiciilata. depth d i s t r i b u t i o n are explored i n the d i s c u s s i o n . 
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Table 7. Seasonal v a r i a t i o n i n i n t e r s t i t i a l water and sediment 
v a r i a b l e s i n Codakia orbiculata h a b i t a t (2-6 cm sediment 
depth). Data are presented as means 1 s.d.. 

(a) I n t e r s t i t i a l water. (6<n<9). 

Date Ammonium N i t r i t e N i t r a t e Sulphide Thiosulphate Iron 
(pM) (pM) (pM) (pM) (pM) (ppb) 

March 30.63+ 0.22 + 3.04 + 31.32+ 3.58 + 32.69+ 
12.88 0.13 5.96 27.60 3.53 15.62 

June 25.12+ 0.12+ 0.47 + 60.59+ 9.45 + 78.67+ 
19.52 0.04 0.27 31.18 2.82 22.61 

August 26.69+; 0.18 + 1.84+ 296.68+ 32.27+ 71.28+ 
28.5A 0.05 2.10 176.08 8.82 52.62 

October 24.95+ 0.09 + 5.45 + 271.62+ 0.66+ 61.33+ 
20.08 0.03 11.71 139.96 0.40 9.24 

(b) Sediments. (6<n<18). 

Date Water Organic A c i d - V o l a t i l e Elemental 
Content Content Sulphide Sulphur 
(%ww) (%ww) (pmoles/gdw) (pgS/mgdw) 

March 45.43+ 7.43 + 0.58 + 0.30 + 
6.95 1.97 0,45 0.11 

June 46.89+ 7.75 + 0.22+ 0.32+ 
3.67 2.99 0.15 0.18 

August 46.72+ 6.68+ 0-.59+ 0.15 + 
4.81 2.78 0.51 0.08 

October 41.98+ 4.86 + 0.61 + 0.16 + 
2.79 0.59 0.41 0.05 
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Despite the seasonal trend f o r i n t e r s t i t i a l water 
sulphide and t h i o s u l p h a t e concentrations, plus o v e r l y i n g 
seawater and sediment temperature, to reach maxima i n August, 
there appeared to be no seasonal trend i n e i t h e r b i v a l v e depth 
d i s t r i b u t i o n or de n s i t y . Elemental sulphur content i n the 
g i l l s d i s p l a y e d no s i g n i f i c a n t seasonal v a r i a t i o n , suggesting 
an adequate and constant supply of exogenous reduced sulphur 
( V e t t e r , .1985; Ghapter 3). Codakia orbiculata mantle f l u i d 
sulphide l e v e l s c l o s e l y followed those of the i n t e r s t i t i a l 
water, w i t h maxima corresponding to the i n t e r s t i t i a l water 
sulphide peaks and to the temperature maxima i n o v e r l y i n g 
seawater and sediment. P o s s i b l e i n t e r p r e t a t i o n s of mantle 
f l u i d t h i o s u l p h a t e l e v e l s are examined f u r t h e r i n the 
d i s c u s s i o n . 
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2.3.2. T i d a l Cycle Study 
Seawater depths i n the i n t e r t i d a l h a b i t a t of Codakia 

orhiculata range from 0.1 to 1.2 m. I t should be noted that 2 
of the l o w - t i d e and 1 of the h i g h - t i d e sampling episodes were 
c a r r i e d out i n the dark. The p o s s i b i l i t y of d i e l e f f e c t s on 
sediment chemistry, as a r e s u l t of changes i n photosynthetic 
oxygen shunted to the roots (Smith et al., 1988), were 
considered a p o s t e r i o r i . The data f o r each v a r i a b l e were 
test e d s t a t i s t i c a l l y f o r d i e l d i f f e r e n c e s using a 2-way ANOVA 
fact o r e d by l i g h t / d a r k and sediment depth. Results revealed no 
s i g n i f i c a n t d i f f e r e n c e , i n any of the v a r i a b l e s , between l i g h t 
and dark samples (p>0.05). I t was deemed u n l i k e l y , t h e r e f o r e , 
that the d i e l sampling a f f e c t e d the determination of t i d a l 
e f f e c t s using t h i s data s e t . However, the p o s s i b i l i t y of 
i n t e r a c t i v e e f f e c t s between l i g h t / d a r k and low/high t i d e could 
not be determined. 

The sediment and water column temperatures, plus water 
column s a l i n i t y and d i s s o l v e d oxygen l e v e l s (Table 8), d i d not 
vary s i g n i f i c a n t l y at t i d a l extremes (p>0.05). Ammonia, 
n i t r a t e and n i t r i t e l e v e l s at both low- and h i g h - t i d e ( F i g s , 
l l a - c ) were comparable to those recorded at mid^tide i n March 
1991 ( F i g s . 7a-c). Low- and h i g h - t i d e ammonia data, l i k e the 
mid-tide data,, demonstrated s t a t i s t i c a l l y s i g n i f i c a n t l i n e a r 
r e l a t i o n s h i p s w i t h sediment depth, decreasing w i t h i n c r e a s i n g 
depth (p=0.001, r2=0.447 and p=0.0056, r2=0.229 r e s p e c t i v e l y ) . 
Also comparable to the March mid-tide r e s u l t s , ammonia l e v e l s 
i n i n t e r s t i t i a l water at the shallower sediment depths at low 
(5 cm sediment depth) and high (10 cm sediment depth) t i d e s 
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Table 8. T i d a l v a r i a t i o n i n temperature, s a l i n i t y and 
d i s s o l v e d oxygen i n the o v e r l y i n g water, plus sediment 
temperature. Data are presented as means + s.d.. n=3. 

Tide Sediment 
Temp. 
(°C) 

Low Tide 19.1+ 
0.1 

High Tide 19.4+ 
0.5 

Overlying Overlying 
Water Water 
Temp. S a l i n i t y 
(°C) (%. ) 
19.8+ 34.00+ 
1.2 0.00 

19.2+ 34.00+ 
0.3 0.00 

Overlying 
Water 
Oxygen 
(%) 
82.27+ 
14.77 

102.00+ 
11.68 
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Figure 11. Interstitial water constituents in Bailey's Bay Thalassia testudinum _ LDW 
H Tid6 

sediments as a function of low and high tide in March 1991. Data are plotted as 

means +1 s.d.; 6 < n < 9. (a) Ammonia {\iM), (b) Nitrite (jiM), (c) Nitrate (d) 1 TTB 
Dissolved sulphide (jiM), (e) Thiosuiphate (jiM), (f) Dissolved iron (ppb). 
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were s i g n i f i c a n t l y d i f f e r e n t from those at 20 and 30 cm 
sediment depths (p<0.05). At a l l t i d a l h e i g h t s , the variance 
around the mean was much greater i n the shallower sediment 
depths, where concentrations were greater, suggesting greater 
heterogeneity. N i t r i t e and n i t r a t e l e v e l s remained constant 
w i t h i n c r e a s i n g sediment depth at both high and low t i d e s 
{p>0.05). Ammonia and n i t r i t e l e v e l s were not s i g n i f i c a n t l y 
d i f f e r e n t between low and high t i d e s at any of the sediment 
depths (p>0.05). Although mean n i t r a t e concentrations at low 
t i d e were c o n s i s t e n t l y higher than those a t high t i d e , there 
proved to be no s i g n i f i c a n t d i f f e r e n c e at any of the sediment 
depths (p>0.05). 

Mid-tide sulphide l e v e l s ( F i g . 7d) appeared higher than 
those measured at low and high t i d e ( F i g . l i d ) but the 
d i f f e r e n c e s were not s t a t i s t i c a l l y s i g n i f i c a n t (p>0.05). 
I n t e r s t i t i a l water sulphide concentrations at 30 cm sediment 
depth were s i g n i f i c a n t l y lower than those measured at the 10 
cm sediment depth at both high and low t i d e s (p<0.05). A 
s i m i l a r observation made f o r the mid-tide sulphide l e v e l s 
proved to be not s t a t i s t i c a l l y s i g n i f i c a n t (p>0.05). There 
were no s i g n i f i c a n t d i f f e r e n c e s between i n t e r s t i t i a l water 
sulphide concentrations at high and low t i d e , f o r any sediment 
depth (p>0.05). 

Thiosulphate and d i s s o l v e d i r o n concentrations i n 
i n t e r s t i t i a l water at low and high t i d e ( F i g s , l i e and l l f ) 
were comparable to those measured i n mid-tide i n t e r s t i t i a l 
water i n March 1991 ( F i g s . 7e and 7 f ) . Low- and h i g h - t i d e 
t h i o s u l p h a t e and d i s s o l v e d i r o n l e v e l s d i d not demonstrate a 
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l i n e a r r e l a t i o n s h i p w i t h depth (p>0.05). Although the 
t h i o s u l p h a t e concentrations at 30 cm sediment depth were low 
( s i m i l a r to the mid-tide data), s t a t i s t i c a l analyses revealed 
no s i g n i f i c a n t d i f f e r e n c e s between depths at e i t h e r t i d a l 
height (p>0.05). There a l s o proved to be no s i g n i f i c a n t 
d i f f e r e n c e s i n d i s s o l v e d i r o n concentrations between sediment 
depths at e i t h e r low or high t i d e (p>0.05). For both 
t h i o s u l p h a t e and d i s s o l v e d i r o n , there were no s i g n i f i c a n t 
d i f f e r e n c e s between concentrations i n . i n t e r s t i t i a l water 
c o l l e c t e d a t high and low t i d e , at any sediment depth 
(p>0.05). 

The water content and organic content were not measured 
i n t h i s study s i n c e they were deemed u n l i k e l y to demonstrate 
short-term, t i d a l v a r i a t i o n . S i m i l a r t o a l l the i n t e r s t i t i a l 
water v a r i a b l e s , however, AVS and elemental sulphur l e v e l s i n 
the seagrass bed sediments a t low and high t i d e s ( F i g s . 12a 
and 12b) were comparable w i t h those measured a t mid-tide 
(F i g s . 8c and 8d). Analyses revealed t h a t , s i m i l a r to the AVS 
and elemental sulphur data c o l l e c t e d at mid-tide i n March, 
there were no s i g n i f i c a n t l i n e a r r e l a t i o n s h i p s between these 
v a r i a b l e s and depth (p>0.05), nor any s i g n i f i c a n t changes i n 
AVS or elemental sulphur w i t h sediment depth f o r e i t h e r t i d a l 
height (p>0.05). Neither AVS nor elemental sulphur l e v e l s were 
s i g n i f i c a n t l y d i f f e r e n t between high and low t i d e s f o r any of 
the sediment depths (p>0.05). 

B i v a l v e d i s t r i b u t i o n i n the sediments d i d not change w i t h 
t i d a l height and Codakia orbiculata were found only i n the 2-4 
and 4-6 cm sediment depths a t both low and high t i d e s . C. 
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orbiculata d e n s i t i e s , g i l l elemental sulphur and g i l l p r o t e i n 
measured at low and high t i d e s (Table 9) were comparable to 
those measured i n March 1991 (mid-tide) study ( F i g . 10; Table 
6). Mantle f l u i d sulphide and t h i o s u l p h a t e were measured only 
on b i v a l v e s c o l l e c t e d at low t i d e (Table 9) ( h i g h - t i d e mantle 
f l u i d samples were l o s t from the f r e e z e r at Scripps I n s t i t u t e ) 
but, once again, these concentrations were comparable to those 
measured on b i v a l v e s c o l l e c t e d i n March 1991 at mid-tide 
(Table 6). B i v a l v e v a r i a b l e s were not t e s t e d s t a t i s t i c a l l y due 
to the small sample s i z e but the data suggested no obvious 
d i f f e r e n c e s between the r e s u l t s of t i s s u e analyses on b i v a l v e s 
c o l l e c t e d at low- and h i g h - t i d a l heights. 

In summary, there appeared to be no d i f f e r e n c e s i n the 
r e l a t i o n s h i p s between h a b i t a t v a r i a b l e s and sediment depth as 
a r e s u l t of t i d a l height and no d i f f e r e n c e s i n the l e v e l s of 
the v a r i a b l e s between low and high t i d e f o r any sediment 
depth. Hence, the Codakia orbiculata h a b i t a t remained 
r e l a t i v e l y s t a b l e throughout the t i d a l c y c l e , as d i d the 
d i s t r i b u t i o n of the b i v a l v e s w i t h i n the sediment (2-6 cm). 
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Table 9. Codakia orbiculata d e n s i t y , g i l l t i s s u e p r o t e i n and 
elemental sulphur content, mantle f l u i d sulphide and 
th i o s u l p h a t e concentrations as low and high t i d e . Data are 
presented as means 1 s.d.. Sample s i z e (n) i s given beneath 
the data. 
Tide Density 

(#/m2) 
G i l l 

P r o t e i n 
(mgprotein/ 
mgww) 

G i l l 
Elemental 
Sulphur 
(pgatomsS/ 

gww) 

Mantle 
F l u i d 

Sulphide 
(pM) 

Mantle 
F l u i d 

T h i o s u l 
(pM) 

Low Tide 409,1+ 0.12 + 87.39+ 53.05+ 298.72+ 
190.2 
(9) 

0.06 
(5) 

24.76 
(3) 

30.82 
(7) 

205.40 
(7) 

High Tide 304.3+ 
102.7 
(9) 

0.07 + 
0.02 
(3) 

156.60 
(1) 
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2.3.3. Comparison of Sediment Chemistry I n s i d e and Outside the 
Seagrass Bed. 

To determine which of the measured environmental 
v a r i a b l e s , i f any, might be p i v o t a l to e x p l a i n i n g why the 
occurrence of Codakia orbiculata was l i m i t e d to Thalassia 

testudinum sediments, the sediment chemistry i n s i d e the 
seagrass bed h a b i t a t was compared wi t h the sediment chemistry 
beyond the perimeter of the seagrass bed, where b i v a l v e s were 
not found. This study was c a r r i e d out i n August 1991 and 
sediment chemistry data i n s i d e the seagrass bed were c o l l e c t e d 
as p a r t of the seasonal study. The seagrass bed sediments 
have, t h e r e f o r e , been described i n d e t a i l i n the seasonal 
study s e c t i o n and are reported on only as required f o r 
comparative purposes i n the f o l l o w i n g t e x t . The data f o r each 
v a r i a b l e i n the sediments i n s i d e and outside the bed were 
examined f o r trends across sediment depth, to provide a 
d e s c r i p t i o n of each environment, p r i o r to determination of 
l o c a t i o n a l d i f f e r e n c e s . 

The i n t e r s t i t i a l water ammonia concentrations i n s i d e and 
outside the seagrass bed are presented i n Figure 13a. Ammonia 
l e v e l s i n s i d e the bed demonstrated a s i g n i f i c a n t l i n e a r 
r e l a t i o n s h i p w i t h sediment depth (decreasing w i t h i n c r e a s i n g 
sediment depth) ( (p<:0 .05 ; = 0.145-0.453), wh i l e those 
outside the bed d i d not (p>0.05). Despite the obviously lower 
ammonia l e v e l s at 20 and 30 cm sediment depth, analyses 
revealed no s i g n i f i c a n t d i f f e r e n c e between ammonia 
concentrations at any of the sediment depths f o r e i t h e r 
l o c a t i o n (p>0.05). Variances around the mean ammonia l e v e l s 
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Figure 13. Interstitial water constituents in Bailey's Bay sediments inside tlie Thalassia • inside 

testudinum bed and outside the perirnler of the seagrass bed as a function of sediment ^ ^̂ ^̂  

depth in August 1991. Data are plotted as means ± 1 s.d.; 6 < n < 9. (a) Ammonia (jiM), 

(b) Nitrite (c) Nitrate (jiM), (d) Dissolved sulphide (e) Thiosulphate (jiM), (f) 
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were h i g h , suggesting ammonia l e v e l s were h i g h l y v a r i a b l e 
s p a t i a l l y . At each sediment depth, concentrations of ammonia 
were not s i g n i f i c a n t l y d i f f e r e n t i n s i d e and outside the bed 
{p>0.05). 

I n t e r s t i t i a l water n i t r i t e and n i t r a t e l e v e l s i n s i d e and 
outside the seagrass bed are presented i n Figures 13b and c. 
N i t r i t e and n i t r a t e l e v e l s demonstrated no s t a t i s t i c a l l y 
s i g n i f i c a n t l i n e a r r e l a t i o n s h i p w i t h sediment depth e i t h e r 
i n s i d e or outside the seagrass bed {p>0.05) and d i d not change 
s i g n i f i c a n t l y w i t h sediment depth at e i t h e r l o c a t i o n (p>0.05). 
I n t e r s t i t i a l water n i t r i t e concentrations were not 
s i g n i f i c a n t l y d i f f e r e n t between the i n s i d e and the outside of 
the bed at any sediment depth (p>0.05). Mean n i t r a t e 
concentrations outside the bed were obv i o u s l y much higher than 
those i n s i d e the seagrass bed but, due to the enormous 
variance around the mean i n the outside samples, there was no 
s t a t i s t i c a l l y s i g n i f i c a n t d i f f e r e n c e between the n i t r a t e 
l e v e l s at the two l o c a t i o n s , at any sediment depth (p>0.05). 

Sulphide, t h i o s u l p h a t e and d i s s o l v e d i r o n concentrations 
i n i n t e r s t i t i a l water from i n s i d e and outside the Thalassia 

testudinum hed ( F i g s . 13d-f) d i d not demonstrate'a l i n e a r 
r e l a t i o n s h i p w i t h sediment depth (p>0.05). There was a l s o no 
s i g n i f i c a n t d i f f e r e n c e i n i n t e r s t i t i a l water sul p h i d e , 
t h i o s u l p h a t e or d i s s o l v e d i r o n l e v e l s between sediment depths 
at e i t h e r l o c a t i o n (p>0.05). Analyses revealed, however, that 
i n t e r s t i t i a l water sulphide concentrations i n s i d e the seagrass 
bed (means 208.58 - 39A.27 pM) were s t a t i s t i c a l l y higher than 
those outside the bed (means 29.42 - 91.66 pM) at a l l sediment 
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depths (p<0.05) except 30 cm ( F i g . 13d). The i n t e r s t i t i a l 
water t h i o s u l p h a t e concentrations i n s i d e the bed (means 
ranging from 25.97 - 32.27 pM) were an order of magnitude, and 
s i g n i f i c a n t l y , higher (p<0.05) than those outside the seagrass 
bed (1.6.7 pM to 3.88 pM) ( F i g . 13e). Iron concentrations were 
not s i g n i f i c a n t l y d i f f e r e n t (p>0.05) between i n s i d e and 
outside the bed at any depth ( F i g . 1 3 f ) . 

Sediment water contentj organic content and AVS data are 
shown i n Figures 14a-c. S t a t i s t i c a l analyses of the data 
revealed r e s u l t s s i m i l a r to those obtained, i n the seasonal 
study, w i t h no s i g n i f i c a n t l i n e a r r e l a t i o n s h i p w i t h sediment 
depth f o r any of the v a r i a b l e s (p>0.05). In a d d i t i o n , there 
was no s i g n i f i c a n t d i f f e r e n c e between the sediment water 
content, organic content nor AVS at any of the depths at 
e i t h e r l o c a t i o n (p>0.05). Water content and AVS were 
r e l a t i v e l y constant between l o c a t i o n s f o r each sediment depth 
and s t a t i s t i c a l analyses revealed no s i g n i f i c a n t d i f f e r e n c e s 
(p>0.05). Although the organic content i n sediments i n s i d e the 
seagrass bed was higher than t h a t outside the bed f o r most 
depths, s t a t i s t i c a l a n a l y s i s revealed t h i s d i f f e r e n c e was not 
s t a t i s t i c a l l y s i g n i f i c a n t (p>0.05). The variances around the 
mean organic content were l a r g e r f o r sediments w i t h i n the 
seagrass bed than f o r those outside the bed, most l i k e l y a 
r e s u l t of the l a r g e rhizomal and root m a t e r i a l i n the seagrass 
sediments. 

Elemental sulphur content i n the sediments, both w i t h i n 
and outside the seagrass bed ( F i g . l A d ) , demonstrated a 
s i g n i f i c a n t l i n e a r r e l a t i o n s h i p w i t h sediment depth (p=0.0011. 
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Rgure 14. Sediment constituents in Bailey's Bay sediments.inslde tlie Thalassia H 

testudinum bed and outside the perimeter of the seagrass bed as a function of S 
depth in August 1991. Data are piotted as means ± 1 s.d.; 3 < n < 9. (a) Water 
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r2=0.329 and p=0.001, r2=0.459 r e s p e c t i v e l y ) . There was no 
s i g n i f i c a n t d i f f e r e n c e i n elemental sulphur content between 
depths at e i t h e r l o c a t i o n (p>0.05) and no s i g n i f i c a n t 
d i f f e r e n c e between l o c a t i o n s , at any sediment depth (p>0.05). 

In summary, although the m a j o r i t y of the environmental 
v a r i a b l e s measured demonstrated no s t a t i s t i c a l l y s i g n i f i c a n t 
d i f f e r e n c e between the seagrass bed h a b i t a t sediments of 
Codakia orbiculata and those outside the perimeter of the 
h a b i t a t , there were notable exceptions. Thiosulphate was 
s t a t i s t i c a l y higher i n seagrass bed sediment i n t e r s t i t i a l 
water, at a l l depths, than i n i n t e r s t i t i a l water c o l l e c t e d 
outside the bed. This was a l s o true f o r d i s s o l v e d sulphide at 
a l l depths except 30 cm; the l a t t e r depth was below the 
maximum p e n e t r a t i o n of the rhizosphere w i t h i n the seagrass 
bed. In c o n t r a s t , mean n i t r a t e l e v e l s were higher i n 
i n t e r s t i t i a l water c o l l e c t e d o utside the perimeter of the bed, 
although enormous heterogeneity i n n i t r a t e l e v e l s at each 
depth outside the bed meant t h i s could not be demonstrated 
s t a t i s t i c a l l y . These r e s u l t s combine to suggest that the 
sediments outside the seagrass bed were l e s s reducing than 
those i n the Thalassia testudinum sediments. 

2.3.4. Sulphate Reduction Rates 
Results of the sulphate r e d u c t i o n experiments suggested 

that only a very small q u a n t i t y of the reduced 3 5 3 0 4 2 - vras 
recovered p r i o r to a c i d i f i c a t i o n . This was s u r p r i s i n g i n l i g h t 
of the low d i s s o l v e d i r o n l e v e l s i n the sediments, the 
r e l a t i v e l y low concentrations of a c i d - v o l a t i l e sulphides and 
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the high concentrations of d i s s o l v e d sulphides (Lyons et al., 

1980; Thorstensen and Mackenzie, 1974; t h i s study). Hihes and 
Lyons (1982) a l s o found only a small q u a n t i t y of reduced 

v7as recovered p r i o r to a c i d i f i c a t i o n i n Bermuda 
carbonate sediments and suggested that f l u s h i n g w i t h n i t r o g e n 
gas (or argon i n t h i s study) was i n s u f f i c i e n t to remove a l l of 
the s o l u b l e s u l p h i d e s . Hence, i t seems l i k e l y that the 
measured r a t e of sulphate r e d u c t i o n to a c i d - v o l a t i l e sulphide 
incorporated some sulphate to d i s s o l v e d sulphide r e d u c t i o n . 
For t h i s reason, the sulphate r e d u c t i o n r a t e s were combined 
and rates expressed as r e d u c t i o n to d i s s o l v e d sulphide plus 
AVS. 

Mean sulphate concentrations decreased from 27.2 mM i n 
the o v e r l y i n g seawater to 27 mM i n the top 2 cm i n t e r s t i t i a l 
water, down to 24.1 mM at 9-11 cm sediment depth. Sulphate 
reduction r a t e s i n T. testudinum bed sediments measured i n 
October 1991 ( F i g . 15) are expressed as the mean of rates 
measured on three sediment cores, w i t h the exception of the 9-
11 cm sediment depth because only one core penetrated below 9 
cm. The mean sulphate r e d u c t i o n rates demonstrated a general 
trend to decrease w i t h i n c r e a s i n g sediment depth (998.46 + 
397.18 to 158.02 nmoles/ml/d) but there was no s t a t i s t i c a l l y 
s i g n i f i c a n t trend nor any s i g n i f i c a n t d i f f e r e n c e s between the 
rates at each sediment depth. Because sulphate r e d u c t i o n to 
p y r i t e was not measured, the sulphate r e d u c t i o n rates 
presented here may be underestimates of true rates 
(Howarth,1979). 
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Figure 15. Sulphate reduction rate (nnriQl/ml/d) to 
dissolved sulphide and acid-volatile sulphide in 
Thalassia testudinum sediments (October 1991). Data 
are plotted as means +1 s.d.; n=3, except where noted. 
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2.4. DISCUSSION 
2.4.1. Sediment Chemistry 

Seagrasses have a marked e f f e c t on the chemical and 
m i c r o b i o l o g i c a l c h a r a c t e r i s t i c s of sediments by t h e i r 
production of d e t r i t u s , t h e i r n u t r i e n t demand and the f l u x of 
oxygen from t h e i r roots (Moriarty and JBoon, 1989). In a d d i t i o n 
to t r a p p i n g e x t e r n a l organic m a t e r i a l w i t h i n the bed due to a 
b a f f e l e f f e c t (Ginsburg and Lowenstam, 1958), seagrass leaves 
add to the organic matter i n the sediment when i n the f i n a l 
stages of decay (Moriarty and Boon, 1989). Because the 
m i c r o b i a l community around the seagrass roots i s very a c t i v e 
m e t a b o l i c a l l y (Foster et al., 1983), decomposition of organic 
matter can be r a p i d and near complete, w i t h l i t t l e or no 
increase i n organic matter i n the sediment. Measurements of 
organic content i n the sediments are o f t e n v a r i a b l e ( M o r i a r t y , 
1980), however, due to the d i f f i c u l t y i n completely excluding 
a l l root and rhizomal m a t e r i a l . Organic content i n the 
B a i l e y ' s Bay seagrass sediments d i d not vary w i t h i n c r e a s i n g 
sediment depth and means were g e n e r a l l y l e s s than 10 %dw. 
These sediment samples excluded a l l rhizomal m a t e r i a l but 
roots were very f i n e and were d i f f i c u l t to exclude completely. 
While organic content i n the shallower sediments probably 
represents r a p i d input and breakdown, organics i n deeper 
sediments may be buried and subject to slower breakdown, 
depending on a v a i l a b i l i t y of e l e c t r o n acceptors (Berner, 
1985). The organic content i n B a i l e y ' s Bay sediments was 
higher than the 0.2-2.0 %dw organic carbon reported f o r a 
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mixed seagrass community i n Moreton Bay, A u s t r a l i a ( M o r i a r t y , 
1980) but samples i n the l a t t e r study excluded a l l r o o t s . 

Sediment pH values i n carbonate sediment i n t e r s t i t i a l 
water are u s u a l l y s l i g h t l y b a s i c . In t h i s study, mean pH 
values ranged from 7.24-7.36, which are comparable to values 
measured i n other stud i e s of seagrass carbonate sediments 
( P a t r i q u i n , 1972; Matson, 1985),. 

Because the lacunae of seagrasses are continuous from 
leaves to r o o t s , oxygen can move through the lacunae and be 
released i n t o the sediment from the roots (Oremland and 
Taylor, 1977; Sand-Jensen et al., 1982; Roberts et al., 1984; 
Smith, R.D. et al., 1984). Hence, an o x i c zone ( u s u a l l y only a 
few mm wide) can occur around the roots w i t h i n anoxic 
sediments. Oxygen d i f f u s i o n from the roots i n t o the sediments 
may be maximum during periods of peak seagrass p r o d u c t i v i t y 
(Howes et al., 1981). Oxygenated "halos" (<1 mm) were observed 
around the Thalassia testudinum roots i n sediments i n B a i l e y ' s 
Bay (P. Barnes, pers. obs.) and i n T. testudinum and Ruppia 

maritima beds i n F l o r i d a ( F i s h e r and Hand, 1984). Because 
oxygen s u p p l i e d to the roots i s p r i n c i p a l l y derived from l e a f 
photosynthesis ( l i z u m i et al., 1980, Sand-Jensen e t al., 1982; 
Smith, R.D. et al., 1984), d i f f u s i o n from the roots at ni g h t 
may be i n h i b i t e d and sediments i n the v i c i n i t y of the roots 
may become anoxic (Smith, R.D.. e t al., 1984). 

Apart from the oxygenated halos observed around the roots 
(estimated <1 mm wide) and a f i n e l a y e r of o x i d i z e d sediment 
observed at the sediment-surface (estimated <2 mm), the 
B a i l e y ' s Bay seagrass sediments were s u l p h i d e - r i c h and anoxic. 
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Redox measurements were not incorporated i n t o t h i s study but 
the Eh of nearby Bermuda T. testudinum sediments ranged from 
-105 to -305 a t 0-15 cm sediment depth (Matson, 1985). 

Because seagrass sediments are predominately anoxic, 
decomposition occurs p r i m a r i l y v i a d i s s i m i l a t o r y sulphate 
reduction (Howarth and Teal, 1979; Howarth and G i b l i n , 1983; 
Mo r i a r t y et al., 1985a). D i s s o l v e d sulphide produced by 
sulphate r e d u c t i o n (J0rgensen, 1982) accumulated i n B a i l e y ' s 
Bay seagrass sediments, p a r t i c u l a r l y w i t h i n the rhizosphere; 
30.63 pM to 394.27 pM was the maximal seasonal and depth 
range. These sulphide l e v e l s are u n l i k e l y to e f f e c t Thalassia 

testudinum growth r a t e ( P u l i c h , 1983) s i n c e the p l a n t s are 
capable of maintaining s u f f i c i e n t oxygen concentrations w i t h i n 
and surrounding roots to avoid hydrogen sulphide t o x i c i t y (at 
l e a s t on a short-term b a s i s ) (Penhale and Wetzel, 1983). 
F i s h e r and Hand (1984) reported sulphide l e v e l s i n F l o r i d a T. 
testudinum and Ruppia maritima beds ranging from a mean of 
1.67 to 2.49 mM. Concentrations i n temperate seagrass bed 
sediments range from 0 to 3.5 mM, u s u a l l y demonstrating 
seasonal trends w i t h the maximum i n the summer (Hines et al., 
1989). The i n t e r s t i t i a l water sulphide maxima i n August and 
high l e v e l s i n October i n B a i l e y ' s Bay seagrass sediments 
suggest peak sulphate reduction r a t e s . Sulphate reduction may 
be enhanced due to an increase i n organic input as a r e s u l t of 
the i n c rease i n seawater temperatures and the r e s u l t i n g d i e -
o f f of macro-algae (McGlathery, 1992). Although the seasonal 
trend observed i n seagrass growth rates i n Bermuda was not 
s t a t i s t i c a l l y s i g n i f i c a n t , the sulphide maxima do c o r r e l a t e 
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w i t h s l i g h t l y lower seagrass growth r a t e s . Lower growth rates 
may be due to temperature s t r e s s (Dennison, 1987). Less oxygen 
i s shunted to the roots during periods of low growth (Howes et 
al., 1981; Sand-Jensen et al., 1982) and the increase i n 
i n t e r s t i t i a l water sulphide, t h e r e f o r e j may be p a r t i a l l y a 
r e s u l t of decreased oxygen r e l e a s e from the roots i n t o the 
sediments. 

The sulphate r e d u c t i o n rates at each sediment depth were 
h i g h l y v a r i a b l e , which may r e f l e c t heterogeneity i n organic 
content or i n the e f f e c t s of the seagrass roots (due to DOM 
and oxygen r e l e a s e , discussed below). Not s u r p r i s i n g l y , t h i s 
heterogeneity i n sulphate r e d u c t i o n i s r e f l e c t e d i n 
v a r i a b i l i t y i n d i s s o l v e d sulphide concentrations at each 
sediment depth. In the B a i l e y ' s Bay seagrass sediments, 
sulphate r e d u c t i o n rates remained high and r e l a t i v e l y constant 
down to 9 cm sediment depth. In October, when sulphate 
r e d u c t i o n rates were measured, d i s s o l v e d sulphide remained 
r e l a t i v e l y constant throughout the rhizosphere but decreased 
at 20 and 30 cm sediment depth. The high sulphate r e d u c t i o n 
rates help to e x p l a i n the accumulation of d i s s o l v e d sulphide 
i n the i n t e r s t i t i a l water despite o x i d a t i o n by d i f f u s i o n to 
the oxygenated sediment-surface seawater (Troelsen and 
J0rgensen, 1982), by b i o t u r b a t i o n e f f e c t s (Hines et al., 1982) 
and by release of oxygen from the seagrass roots (Howes et 
al., 1981). A s i g n i f i c a n t p o s i t i v e c o r r e l a t i o n between 
sulphide concentration and sulphate r e d u c t i o n r a t e was a l s o 
noted f o r shallow carbonate sediments i n A u s t r a l i a (Skyring 
and Chambers, 1976). 
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Sulphate r e d u c t i o n (to sulphide and AVS) rates i n 
B a i l e y ' s Bay sediments were comparable to those measured i n 
another Thalassia testudinum bed i n Bermuda (Hines, 1985) but 
were x2-A higher than those reported f o r Bermuda unvegetated 
carbonate sediments (Hines and Lyons, 1982). Sulphate 
r e d u c t i o n rates have been observed to be enhanced x5 (to 2.5 
pmol/ml/d) by the release of DOM i n the rhizosphere of 
seagrass beds during a c t i v e growth (Hines et al., 1989). A 
c o r r e l a t i o n between root biomass ahd sulphate r e d u c t i o n r a t e s 
was found i n A u s t r a l i a n seagrass sediments, again hypothesized 
due to the supply of fermentable organic compounds (Mo r i a r t y 
et al., 1985a). Hence, sulphate r e d u c t i o n rates i n seagrass 
sediments are v a r i a b l e depending on the d i s t r i b u t i o n of the 
root biomass; f o r example, i n Syringodium isoetifolium 

sediments sulphate r e d u c t i o n was most r a p i d i n the upper 5 cm, 
while the deeper-rooted Enhalus aceroides had r a p i d r a t e s down 
to 30 cm (M o r i a r t y and Boon, 1989). The T. testudinum 

rhizosphere biomass appeared r e l a t i v e l y c o n s i s t e n t down to 15 
cm, at which p o i n t the biomass n o t i c e a b l y decreased u n t i l 
approximately 20 cm, a f t e r which no roots or rhizomes were 
found. Hence, the observed drop i n d i s s o l v e d sulphide l e v e l s 
between 20 and 30 cm sediment depth co i n c i d e d w i t h the maximum 
depth p e n e t r a t i o n of the rhizosphere and was most l i k e l y due 
to the l a c k of root biomass and reduced DOM (Foster et al., 
1983). I t i s u n l i k e l y that l e v e l s of d i s s o l v e d sulphide were 
a f f e c t e d by a change i n the r a t e of formation of i r o n 
sulphides s i n c e there was no change i n d i s s o l v e d i r o n or AVS 
l e v e l s w i t h i n c r e a s i n g sediment depth. Sulphate re d u c t i o n 

182 





rates and d i s s o l v e d sulphide l e v e l s would a l s o be a f f e c t e d by-
decreased sulphate a v a i l a b i l i t y below the rhizosphere. 
Oxidation of sulphide i n the micro-zone around the seagrass 
roots would keep sulphate s u p p l i e d to the subsurface sediments 
i n the rhizosphere (Howarth and Tea l , 1979; Howes et al., 
1981), as would b i o t u r b a t i o n . Codakia orbiculata was the 
dominant macro-infaunal species i n B a i l e y ' s Bay (£500/m2) and 
formed i n l e t tubes up to the oxygenated sediment-surface 
seawater from a maximum depth of 6 cm. Sulphate and oxygen 
(the l a t t e r r e s u l t i n g i n sulphide o x i d a t i o n to sulphate) would 
be s u p p l i e d , t h e r e f o r e , to anoxic sediments (Hines et al., 

1982; Hines and Jones, 1985). Because the sediments remained 
g e n e r a l l y anoxic, any oxygen transported was probably q u i c k l y 
u t i l i z e d . In a d d i t i o n , sulphide l e v e l s below the rhizosphere 
may a l s o be i n f l u e n c e d by decreased a v a i l a b l e organic 
m a t e r i a l . Although the percent organic content d i d not 
decrease s i g n i f i c a n t l y below the rhizosphere, i t must be 
remembered that standing pools are not i n d i c a t i v e of the 
turnover r a t e and organic content i n deeper sediments may 
represent b u r i a l and the absence of s u f f i c i e n t e l e c t r o n 
acceptors (Berner, 1985). 

The above suggestions f o r the lower sulphide l e v e l s below 
the rhizosphere are a l s o a p p l i c a b l e to the lower d i s s o l v e d 
sulphide concentrations i n i n t e r s t i t i a l water i n unvegetated 
sediments adjacent to the seagrass bed. Since n i t r a t e i s 
l i k e l y to be used p r i o r to sulphate as an e l e c t r o n acceptor by 
b a c t e r i a i n marine sediments (Berner, 1970), the higher 
n i t r a t e l e v e l s i n i n t e r s t i t i a l water i n the unvegetated 
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sediments are i n d i c a t i v e of a l e s s - r e d u c i n g environment, 
suggesting l e s s organic i n p u t . S i m i l a r l y , both s i t e s had 
comparable l e v e l s of d i s s o l v e d i r o n and a c i d - v o l a t i l e 
s ulphide, so i t seems u n l i k e l y that lower sulphide l e v e l s 
outside the seagrass beds were a r e s u l t of increased i r o n 
sulphide formation. 

Sulphate r e d u c t i o n r a t e s were only measured i n B a i l e y ' s 
Bay sediments i n October but peak sulphide concentrations i n 
August suggest sulphate r e d u c t i o n rates may a l s o peak at that 
time, as discussed e a r l i e r i n t h i s t e x t . There appeared to be 
no s t a t i s t i c a l l y s i g n i f i c a n t seasonal change i n seagrass 
growth r a t e , suggesting oxygen re l e a s e from the roots to the 
sediments remained constant. 

The sulphate reduction r a t e s reported and discussed above 
do not i n c l u d e reduction to p y r i t e or elemental sulphur. 
Sulphate r e d u c t i o n experiments on c o a s t a l and s a l t marsh 
sediments revealed that the short-term end-products of 
sulphate r e d u c t i o n which are present as p y r i t e vary from 90% 
to <10-15% (Howarth, 1979; Howarth and T e a l , 1979; Howarth and 
G i b l i n , 1983; King et al., 1985). I t i s d i f f i c u l t to p r e d i c t , 
t h e r e f o r e , the extent to which the sulphate r e d u c t i o n r a t e was 
underestimated due to the f a i l u r e to i n c l u d e p y r i t e and 
elemental sulphur. However, i t i s u n l i k e l y that p y r i t e l e v e l s 
were high i n B a i l e y ' s Bay carbonate sediments. P y r i t e i s 
formed by the r e a c t i o n of AVS w i t h elemental sulphur (Berner, 
1970; Goldhaber and Kaplan, 1974; Berner, 1984) or more 
r a p i d l y by p r e c i p i t a t i o n from s o l u t i o n a f t e r the r e a c t i o n of 
ferrous i r o n (from d i s s o l u t i o n of i r o n monosulphides) w i t h 
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p o l y s u l p h i d e s t h a t o r i g i n a t e from elemental sulphur ah 
d i s s o l v e d sulphide ( R i c k a r d , 1975; Boulegue and Michard, 
1979). Although the formation of irOn sulphides i n most marine 
sediments i s l i m i t e d by a v a i l a b l e organic matter f o r b a c t e r i a l 
sulphate r e d u c t i o n , and not by sulphate or i r o n a v a i l a b i l i t y , 
i n carbonate sediments i r o n i s o f t e n a l i m i t i n g f a c t o r 
(Berner, 1985). Carbonate sediments generated by c a l c i f y i n g 
organisms, l i k e those i n Bermuda, are u n l i k e l y to contain much 
i r o n ( P a t r i q u i n , 1972; Entsch et al., 1983) and, i n a d d i t i o n , 
there i s a l a c k of c o n t i n e n t a l d e t r i t a l input of i r o n to the 
carbonate sediments (Lyons et al., 1980; Hines and Lyons, 
1982; Hines et al., 1989). C e r t a i n l y , i n B a i l e y ' s Bay seagrass 
sediments, l e v e l s of sulphate and organic matter, p l u s 
sulphate r e d u c t i o n r a t e s , were high. D i s s o l v e d i r o n 
concentrations were low, however, and ranged from 22-95 ppb. 
Unvegetated carbonate sediments i n Bermuda have p r e v i o u s l y 
been found to contain from 55.85-145.2 ppb (Hines and Lyons, 
1982), which were comparable to those measured outside the 
seagrass bed i n B a i l e y ' s Bay. By comparison, d i s s o l v e d i r o n i n 
terrigenous nearshore environments range from 56-6702 ppb i n 
the top 20 cm sediment (Nedwell and Abram, 1978; Howarth, 
1979; Hines and Jones, 1985). In sediment adjacent to a 
Zostera bed i n England, Dando e t al. (1986a) measured 
d i s s o l v e d i r o n concentrations of approximately 56-335 ppb. Low 
l e v e l s of d i s s o l v e d i r o n i n B a i l e y ' s Bay i n t e r s t i t i a l water, 
i n combination w i t h the high l e v e l s of d i s s o l v e d sulphide, 
suggest a v a i l a b l e i r o n may l i m i t the formation of i r o n 
sulphides. I t has been noted t h a t i n o r g a n i c a l l y r i c h , 
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anaerobic sediments, sulphate r e d u c t i o n can r e s u l t i n almost 
complete t i t r a t i o n of s o l u b l e i r o n , so that d i s s o l v e d sulphide 
e x i s t s i n excess of t h a t p r e c i p i t a t e d as i r o n sulphides 
(Novitsky et al., 1980). 

A c i d - v o l a t i l e sulphide, formed by p r e c i p i t a t i o n of 
d i s s o l v e d i r o n w i t h sulphide, was found i n low l e v e l s i n 
B a i l e y ' s Bay seagrass sediments (0.16 - 0.96 pmol/gdw) i n 
comparison to l e v e l s of up to 25 pmole/gdw reported f o r 
c o a s t a l sediments (J^rgensen, 1977; Hines and Jones, 1985; 
King et al., 1985). AVS may be ephemeral i n sediments as a 
r e s u l t of o x i d a t i o n or p y r i t e formation (Luther et al., 1982) 
but, as discussed above, pyrit.e formation i s u n l i k e l y to be 
s i g n i f i c a n t i n the low i r o n carbonate sediments ( P a t r i q u i n , 
1972) found i n Bermuda. Both AVS and p y r i t e formed i n the T. 

testudinum beds may be o x i d i z e d i f mixed wi t h oxygen released 
by the seagrass rhizomes or introduced through b i o t u r b a t i o n 
(Berner, 196Ab). This " o x i d i z i n g power" of the seagrass roots 
can a l s o encourage b i o t i c a l l y mediated o x i d a t i o n of p y r i t e and 
other reduced sulphur compounds to sulphate and t h i o s u l p h a t e 
(Howarth and T e a l , 1979; Howes et al., 1981; Howarth et al., 

1983). Hence, v a r i a t i o n i n reduced sulphur compounds, may be 
c o r r e l a t e d w i t h seagrass p r o d u c t i v i t y (Luther et al., 1982) 
and d i e l rhythms (Smith, R.D. et al., 198A). 

Thiosulphate concentrations, although low, followed 
g e n e r a l l y s i m i l a r trends to s u l p h i d e : no trend w i t h sediment 
depth, maximum l e v e l s i n August and s i g n i f i c a n t l y higher 
l e v e l s i n the seagrass sediments than i n adjacent bare 
sediments. Thiosulphate l e v e l s i n seagrass i n t e r s t i t i a l water 
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could not be found i n the l i t e r a t u r e f o r comparison, aax 
Bay t h i o s u l p h a t e l e v e l s were comparable, however, to those 
reported f o r sediments at 500 m i n Santa Barbara Basin (Cary 
et al., 1989) but higher than those reported f o r an i n t e r t i d a l 
zone i n the Salcombe estuary i n England (Dando et al., 1986a). 
Although t h i o s u l p h a t e i n the i n t e r s t i t i a l water may be a 
chemical or b a c t e r i a l o x i d a t i o n product qf sulphide (or a 
chemical o x i d a t i o n product of p y r i t e , i f present) (J0rgensen, 
1982; Goldhaber, 1983), i t was not i n v e r s e l y c o r r e l a t e d w i t h 
sulphide i n Thalassia testudinum sediments i n Bermuda. This 
same r e s u l t was found by Howarth e£ al. (1983) i n a temperate 
s a l t marsh. Although t h i o s u l p h a t e i s chemically l e s s r e a c t i v e 
than d i s s o l v e d s u l p h i d e s , i t can be r a p i d l y reduced 
b i o l o g i c a l l y to sulphide by sulphate-reducing b a c t e r i a ( L e G a l l 
and Postgate, 1973) and i t can a l s o be b a c t e r i a l l y o x i d i z e d to 
sulphate (Kuznetsov, 1970). The f a c t that t h i o s u l p h a t e 
concentrations f o l l o w those of sulphide i n the B a i l e y ' s Bay 
i n t e r s t i t i a l water suggests at l e a s t a p a r t i a l l y dynamic 
r e l a t i o n s h i p , w i t h t h i o s u l p h a t e concentration p o s s i b l y 
c o n t r o l l e d by an e q u i l i b r i u m r e l a t i o n s h i p w i t h sulphide. 

Elemental sulphur data f o r seagrass or carbonate 
sediments, f o r comparison w i t h B a i l e y ' s Bay seagrass 
sediments, was u n a v a i l a b l e i n the l i t e r a t u r e . However, 
B a i l e y ' s Bay elemental sulphur l e v e l s (0.05 to 0.5 pgS/mgdw or 
1.A8 - 14.8 pmol/cm3 or 1,480 - 14,800 pmol/dm^) were 
comparable w i t h those reported f o r Danish c o a s t a l marine 
sediments which decreased from 14-4 pmol/cm^ from 1-12 cm 
sediment depth (Howarth and J0rgensen, 1984). In c o n t r a s t j 
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elemental sulphur i n the Salcolmbe Estuary i n England was much 
lower, ranging from 80-4000 pmol/dm^ (Dando et al., 1986a). 

Elemental sulphur p r e c i p i t a t e s i n sediments due to 
b a c t e r i a l processing of sulphides, t h i o s u l p h a t e or both 
(Kuznetsov, 1970) but some of the elemental sulphur measured 
i n the sediments may be accumulated i n the c e l l s of sulp h i d e -
o x i d i z i n g b a c t e r i a . Elemental sulphur can a l s o be produced 
chemically by the r a p i d o x i d a t i o n of sulphide (Whitcomb et 
al., 1989) and by mixed o x i d a t i o n of t h i o s u l p h a t e to elemental 
sulphur and sulphate at the surface of the grass roots (Luther 
et al., 1982). I t i s not s u r p r i s i n g , t h e r e f o r e , that elemental 
sulphur l e v e l s are higher i n the shallower sediments, where 
sulphate r e d u c t i o n r a t e s , sulphide and t h i o s u l p h a t e l e v e l s 
were a l s o higher. The l a c k of negative c o r r e l a t i o n between 
elemental sulphur and sulphide or t h i o s u l p h a t e may be a r e s u l t 
of the dynamic nature of the sediments. There i s a high 
sulphate r e d u c t i o n r a t e , c o n s t a n t l y producing sulphide, and 
thio s u l p h a t e i s c o n t i n u a l l y being formed by the o x i d a t i o n of 
sulphide through oxygen a v a i l a b l e by d i f f u s i o n from the 
sediment s u r f a c e , by b i o t u r b a t i o n or by re l e a s e from seagrass 
roo t s . As a r e s u l t , elemental sulphur p r e c i p i t a t i o n would not 
a f f e c t the standing pool l e v e l s of sulphide or t h i o s u l p h a t e . 

Although elemental sulphur i s a l s o the chemical o x i d a t i o n 
product of ferrous sulphide i n marine sediments (Nelson et 

al., 1977), l e v e l s of d i s s o l v e d i r o n and AVS i n B a i l e y ' s Bay 
seagrass sediments suggest that t h i s process d i d not make a 
s i g n i f i c a n t c o n t r i b u t i o n to elemental sulphur production. 
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Elemental sulphur produced i n B a i l e y ' s Bay sediments may 
a l s o be reduced back to sulphide by h e t r o t r o p h i c b a c t e r i a 
(Pfenning and B i e b l , 1976; Postgate, 1979) or o x i d i z e d by 
b a c t e r i a using oxygen (Suzuki, 1965a), f e r r i c i r o n (Brock and 
Gustafson, 1976) or n i t r a t e (Baalsrud and Baalsrud, 195A; 
Troelsen and J0rgensen, 1982). I t i s u n l i k e l y , i n l i g h t of the 
r e l a t i v e l y low d i s s o l v e d i r o n and AVS l e v e l s , that the l e v e l s 
of elemental sulphur i n the sediments are s i g n i f i c a n t l y 
a f f e c t e d by i t s combination w i t h AVS to form p y r i t e (Berner, 
1985). 

Goncentrations of ammonia i n the i n t e r s t i t i a l water i n 
B a i l e y ' s Bay sediments ranged from means of 4.26 to 30.63 pM 
w i t h i n the rhizosphere. These l e v e l s were comparable to those 
reported f o r Thalassia testudinum i n t e r s t i t i a l water i n the 
West Indies ( P a t r i q u i n , 1972) and F l o r i d a (Fourqurean et al., 

1992) and f o r T. hemprichii i n t e r s t i t i a l water i n A u s t r a l i a 
(Boon, 1986). Ammonia concentrations as high as 1.5 mM have 
been reported f o r Zostera marina sediments i n Alaska ( l i z u m i 
et al., 1982) but can be h i g h l y v a r i a b l e even between c l o s e l y 
s i t u a t e d seagrass beds (Short et al., 1985; Morse et al., 

1987). 

Ammonia concentrations i n B a i l e y ' s Bay seagrass sediments 
were highest i n the shallow sediments, which corresponded to 
the zone of maximum sulphate red u c t i o n . A s i m i l a r 
r e l a t i o n s h i p between ammonia and sulphate re d u c t i o n r e a c t i o n s 
i n Bermuda sediments was noted by Hines and Lyons (1982). 
B a i l e y ' s Bay Thalassia testudinum sediments are l a r g e l y anoxic 
from the sediment surface and so the accumulation of ammonia 
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i n the shallow i n t e r s t i t i a l water i s not s u r p r i s i n g . Some 
d i f f u s i o n i n t o the sediment-surface seawater and o x i d a t i o n by 
n i t r i f y i n g b a c t e r i a may be o c c u r r i n g i n the top few mm 
(Fourqurean et al., 1992). Ammonia i n the i n t e r s t i t i a l water 
i s regenerated by the d i s s i m i l a t o r y r e d u c t i o n of n i t r a t e and 
as a r e s u l t of r a p i d deaminatipn of amino acids i n the 
sediments (Boon et al., 1986b). The l a t t e r may be dominant i n 
seagrass sediments, p a r t i c u l a r l y around the roots and rhizomes 
(J0rgensen et al., 1981a; Smith, G.¥. et al., 1984). The amino 
acids may be derived from decomposing t i s s u e , exudates from 
l i v i n g seagrasses or products rel e a s e d by i n v e r t e b r a t e s (Boon 
and M o r i a r t y , 1989), such as the abundant l u c i n i d b i v a l v e s . 
The absence of these conditions below the rhizosphere would 
e x p l a i n the observed drop i n i n t e r s t i t i a l water ammonia l e v e l s 
i n B a i l e y ' s Bay. Lower ammonia l e v e l s would be expected, 
t h e r e f o r e , i n unvegated sediments but t h i s was not the case i n 
B a i l e y ' s Bay. I t i s d i f f i c u l t to compare ammonia l e v e l s 
i n s i d e and outside the bed without measuring turnover times, 
however. Although comparable w i t h ammonia concentrations 
outside the bed, those i n s i d e the bed undoubtedly r e f l e c t both 
production of ammonia and uptake by the seagrasses. Whether 
i n t e r s t i t i a l ammonia l e v e l s are higher or lower i n seagrass 
sediments than i n adjacent unvegetated sediments depends 
l a r g e l y on the rates of ammonia regeneration r e l a t i v e to those 
of u t i l i z a t i o n (such as n i t r i f i c a t i o n and a s s i m i l a t i o n ) and 
d i f f u s i o n from the sediment (Boon and M o r i a r t y , 1989). 

Along w i t h ammonia production, o x i d a t i o n of ammonia by 
n i t r i f y i n g b a c t e r i a may a l s o be o c c u r r i n g i n o x i d i z e d 
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microniches throughout the rhizosphere sediments as a r e s u l t 
of oxygen t r a n s p o r t through b i o t u r b a t i o n (Hines et al., 1989). 
Oxygen may a l s o be a v a i l a b l e to b a c t e r i a , although i n smaller 
amounts, by r e l e a s e from Thalassia testudinum roots (jHowes et 

al., 1981). This may be why i n t e r s t i t i a l water ammonia l e v e l s 
f r e q u e n t l y demonstrate no uniform trend i n concentration w i t h 
depth w i t h i n the rhizosphere. However, the l a c k of a uniform 
trend can a l s o be p a r t i a l l y a t t r i b u t e d to s p a t i a l 
heterogeneity i n ammonia l e v e l s present at each depth 
{Fourqurean et al., 1992). In T. testudinum beds i n the 
Bahamas, ammonia concentrations were noted to be more v a r i a b l e 
than those i n unvegetated sediments (Morse et al., 1987). 

N i t r a t e concentrations i n B a i l e y ' s Bay Thalassia 

testudinum sediment i n t e r s t i t i a l water were higher than those 
of n i t r i t e and, i n a d d i t i o n , the combined n i t r a t e and n i t r i t e 
concentrations were lower than those of ammonia. These same 
r e s u l t s have been observed f o r other t r o p i c a l seagrass beds 
(Koike and H a t t o r i , 1978a,b; l i z u m i et al., 1980.; Horrigan and 
Gapone, 1985). N i t r a t e plus n i t r i t e concentrations reported i n 
the l a t t e r s t u d i e s and those reported by P a t r i q u i n (1972), f o r 
T. testudinum sediments i n the Caribbean and Boon (1986), f o r 
Thalassia hemprichii sediments i n A u s t r a l i a , were comparable 
to those found i n B a i l e y ' s Bay T. testudinum i n t e r s t i t i a l 
water. N i t r a t e concentrations i n o v e r l y i n g water i n the summer 
ranged from 0.91 pM i n September to 1.60 pM i n June 
(McGlathery, 1992). 

In seagrass beds, the n i t r a t e - r e d u c i n g b a c t e r i a may 
u t i l i z e v i r t u a l l y a l l the n i t r a t e and n i t r i t e produced by 
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n i t r i f y i n g b a c t e r i a {Horrigan and Capone, 1985), r e s u l t i n g i n 
r e l a t i v e l y low, s t a b l e l e v e l s . Accumulation of n i t r a t e , as 
observed i n B a i l e y ' s Bay seagrass sediments, i s suggestive of 
an increase i n n i t r i f i c a t i o n over n i t r a t e r e duction processes. 
Neither n i t r a t e nor n i t r i t e concentrations changed w i t h 
i n c r e a s i n g sediment depth e i t h e r i n s i d e or outside the 
seagrass bed sediments, suggesting no change i n the rates of 
n i t r i f i c a t i o n and n i t r a t e r e d u c t i o n . N i t r i f i c a t i o n has been 
noted to occur deeper i n sediments i n response to the 
oxygenated zones around seagrass roots { l i z u m i et al., 1980; 
Penhale and Wetzel, 1983; Thursby, 1984) and micromolar 
concentrations of n i t r a t e p l u s n i t r i t e are o f t e n detected deep 
i n seagrass bed sediments { P a t r i q u i n , 1972; l i z u m i et al., 

1980; Boon, 1986b). I t i s a l s o p o s s i b l e that some n i t r a t e 
d i f f u s e d downwards from zones of a c t i v e n i t r i f i c a t i o n 
( Moriarty and Boon, 1989). S u r p r i s i n g l y , n i t r a t e and n i t r i t e 
l e v e l s at 30 cm sediment depth, below the rhizosphere, were 
comparable to those w i t h i n the rhizosphere and l e v e l s i n 
unvegetated sediments were a l s o comparable to those w i t h i n the 
rhizosphere. This same r e s u l t was recorded i n Thalassia 

testudinum sediments i n the Bahamas ( P a t r i q u i n , 1972). This 
r e s u l t r e q u i r e s f u r t h e r i n v e s t i g a t i o n but does suggest 
n i t r i f i c a t i o n i s o c c u r r i n g outside the rhizosphere. 

I t has been suggested that most n i t r a t e i n seagrass 
sediments i s reduced to ammonia by a d i s s i m i l a t o r y process and 
that l o s s of n i t r a t e through d e n i t r i f i c a t i o n i s only minor 
( l i z u m i et al., 1980; Boon, 1986c), R e s p i r a t o r y r e d u c t i o n of 
n i t r a t e to n i t r i t e may a l s o be widespread i n seagrass 
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sediments (Nedwell, 1975). Nitrogen c y c l i n g i s more complex i n 
seagrass sediments due to a s s i m i l a t o r y uptake by the 
seagrasses, by c o m p e t i t i t i o n by the seagrasses w i t h n i t r i f y i n g 
b a c t e r i a f o r ammonia and by c r e a t i n g o x i c zones aroung t h e i r 
r o o t s . N i t r a t e uptake r a t e by seagrass roots i s lower than 
that of ammonia uptake, however (Short and McRoy, 1984). 

In summary, the Thalassia testudinum sediments i n Bermuda 
were enriched o r g a n i c a l l y and g e n e r a l l y anoxic. Sediment 
chemistry w i t h i n the rhizosphere was r e l a t i v e l y uniform w i t h 
regard to sediment depth, yet heterogeneous s p a t i a l l y . The 
l a t t e r may be a r e s u l t of pockets of organic enrichment or 
oxygenation as a r e s u l t of oxygen r e l e a s e by b i o t u r b a t i o n or, 
to a l e s s e r extent, by the seagrass r o o t s . High sulphate-
reduction rates and n u t r i e n t concentration were most l i k e l y 
i n f l u e n c e d by r e l e a s e of oxygen and DOM from the seagrass 
below-ground biomass i n t o the surrounding sediments. In 
contrast to the r e l a t i v e l y low l e v e l s of a c i d - v o l a t i l e 
sulphides and d i s s o l v e d i r o n , d i s s o l v e d sulphide 
concentrations were high i n i n t e r s t i t i a l water. I t i s 
hypothesized, t h e r e f o r e , that i r o n sulphides were not major 
c o n t r i b u t o r s to the reduced sulphur p o o l . Micromolar l e v e l s of 
n i t r a t e , at s e v e r a l cm sediment depth, may be the r e s u l t of 
n i t r i f i c a t i o n occuring deeper i n the sediments due to the 
release of oxygen from the r o o t s . Ammonia l e v e l s were hi g h , 
probably as a r e s u l t of deamination. Seasonal trends i n 
sediment chemistry were apparent only f o r d i s s o l v e d sulphide 
and t h i o s u l p h a t e ; l e v e l s f o r both peaked i n August. I t i s 
hypothesized t h a t sulphate r e d u c t i o n rates may have been 
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greater i n August than the rates measured i n October, p o s s i b l y 
due to increased organic input as a r e s u l t of macro-algae d i e -
o f f due to the increased seawater and sediment temperatures 
{McGlathery, 1992). This may have occurred i n conjunction 
w i t h decreased oxygenation of sediments by T. testudinum, as a 
r e s u l t of s l i g h t l y lower growth r a t e s {Howes et al., 1981), 
p o s s i b l y due to temperature s t r e s s {Dennison, 1987). 
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2.4.2. Thalassia testudinum Sediments as H a b i t a t f o r 
B a c t e r i a - B i v a l v e Ssmibioses 

L u c i n i d b i v a l v e populations reach very high d e n s i t i e s i n 
seagrass.bed sediments. Codakia orbiculata d e n s i t y i n the 
Thalassia testudinum sediments i n Bermuda ranged from 300 to 
500 /m2, wh i l e the de n s i t y of Lucina floridana i n seagrass bed 
sediments i n F l o r i d a was 83 + 11 /m2 ( F i s h e r and Hand, 1984). 
In comparison, Myrtea spinifera occurred i n d e n s i t i e s of 
<25/m2 i n fjords. (Dando et al., 1985). Lucinoma bor.ealis was 
found i n mean d e n s i t i e s of 6/m2 i n shallow-water but 110/m2 i n 
f j o r d sediments (Dando et al., 1986a). In c o n t r a s t , L. 
borealis reaches d e n s i t i e s of 1500/m2 i n seagrass beds on the 
west coast of B r i t t a n y (Monnat, 1970). I t has f r e q u e n t l y been 
noted, and was observed i n t h i s study, t h a t l u c i n i d s are found 
i n areas where there i s a l a c k of other i n f a u n a l species 
( A l l e n , 1958; Monnat, 1970; Jackson, 1972). 

The sediment chemistry of the B a i l e y ' s Bay seagrass bed 
sediments, described i n the previous s e c t i o n , suggests t h i s 
environment may be optimal f o r supporting chemoautotrophic 
symbioses. Sulphate re d u c t i o n r a t e s , measured i n October, were 
high and d i s s o l v e d sulphide accumulated i n the i n t e r s t i t i a l 
water throughout the year, despite sulphide o x i d a t i o n from 
b i o t u r b a t i o n , from oxygen rele a s e d from the seagrass r o o t s or 
from u t i l i z a t i o n by f r e e - l i v i n g b a c t e r i a or by the symbiosis. 
S i m i l a r l y , d i s s o l v e d sulphide accumulated (1.67 + 0.31 mM) i n 

the F l o r i d a seagrass h a b i t a t of Lucina floridana ( F i s h e r and 
Hand, 1984). 
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- Thiosulphate concentrations i n i n t e r s t i t i a l water i n the 
Codakia orbiculata h a b i t a t were low, as were those reported 
f o r the h a b i t a t s of Lucinoma aequizonata (Gary et al., 1989) 
and Lucindma borealis (Dando et al., 1986a). Thiosulphate i s 
ephemeral i n the environment s i n c e i t i s b a c t e r i a l l y reduced 
to sulphide and o x i d i z e d to sulphate ( L e G a l l and Postgate, 
1973; Kuznetsov, 1970). I t has been demonstrated that n e i t h e r 
Solemya reidi nor L. aequizonata can accumulate t h i o s u l p h a t e 
i n the blood at higher l e v e l s than are found i n the 
environment (Gary et al., 1989; Wilmot and V e t t e r , 1992) and, 
hence, i t appears that although t h i o s u l p h a t e may be an 
important energy source f o r the symbiosis as a r e s u l t of host 
mi t o c h o n d r i a l o x i d a t i o n (Anderson et al., 1987; Gary et al., 

1989; O'Brien and V e t t e r , 1990), i t i s u n l i k e l y to be a 
s i g n i f i c a n t source of exogenous reduced sulphur. I t should be 
noted that u n l i k e mantle f l u i d sulphide concentrations, which 
c l o s e l y f o l l o w e d i n t e r s t i t i a l water concentrations, 
t h i o s u l p h a t e concentrations i n b i v a l v e mantle f l u i d were an 
order of magnitude higher than those i n i n t e r s t i t i a l water. A 
s i m i l a r observation was made f o r L. aequizonata (Cary et al., 

1989) but was not i n t e r p r e t e d . These r e s u l t s are d i f f i c u l t to 
e x p l a i n and deserve f u r t h e r a t t e n t i o n . I t i s suggested, 
however, that i t i s u n l i k e l y t h a t the b i v a l v e i s r e l e a s i n g 
t h i o s u l p h a t e , produced by sulphide o x i d a t i o n , i n t o the mantle 
f l u i d . Thiosulphate i s a charged molecule and does not 
d i f f u s e e a s i l y (Holmes and Donaldson, 1969). Thiosulphate 
production through the o x i d a t i o n of sulphide chemically, or by 
f r e e - l i v i n g s u l p h i d e - o x i d i z i n g b a c t e r i a (J0rgensen, 1982), i n 
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the mantle c a v i t y of the b i v a l v e i s a p o s s i b i l i t y but needs 
f u r t h e r research. 

U n l i k e the Codakia orbiculata and Lucina floridana 

seagrass sediment h a b i t a t s , many l u c i n i d s are found i n 
sediments w i t h b a r e l y detectable l e v e l s of d i s s o l v e d sulphide 
(Dahdo et al.,1985, 1986a; Cary et al., 1989). Elemental 
sulphur accumulation i n the g i l l s (Dando et al., 1986a) or 
elevated sulphide and t h i o s u l p h a t e concentrations i n the blood 
of f r e s h l y c o l l e c t e d specimens (Cary et al., 1989) suggests 
however, that l u c i n i d s found i n sulphide-poor h a b i t a t s have 
access to a reduced sulphur source. These low sulphide 
h a b i t a t s have high l e v e l s of i r o n sulphides i n the sediments. 
AVS l e v e l s w i t h i n the Lucinoma borealis h a b i t a t i n shallow-
water sediments near a Zostera bed i n England (2-14 
mmol/dm3)(Dando et al., 1986a) were an order of magnitude 
higher than those reported f o r the C. orbiculata h a b i t a t , This 
was a l s o true f o r the AVS l e v e l s reported f o r the Solemya 
borealis h a b i t a t , where p y r i t e was a l s o high, ranging from 50 
to almost 200 mmol/dm3 (Conway et al., 1992). AVS l e v e l s 
reported f o r the Lucinoma aequizonata h a b i t a t i n Santa Barbara 
Basin were comparable to those found i n C. orbiculata h a b i t a t , 
<4 pmoles/gdw, while p y r i t e l e v e l s were s u b s t a n t i a l l y higher 
at 5-20 pmoles/gdw (Gary et al., 1989). Although p y r i t e was 
not measured i n the Codakia orbiculata h a b i t a t , the low l e v e l s 
of a v a i l a b l e i r o n suggest i t i s u n l i k e l y to make a s i g n i f i c a n t 
c o n t r i b u t i o n to tlie reduced sulphur p o o l . D i s s o l v e d i r o n 
concentrations i n the h a b i t a t s of L. borealis and L. 
aequizonata (Dando et al., 1986a; (Cary et al., 1989) were 

197 



approximately x3 and xlOO, r e s p e c t i v e l y , those found i n the C. 

orbiculata h a b i t a t i n Bailey's.Bay. In these low sulphide 
environments wiith high l e v e l s of i r o n "sulphides, the pumping ' 
of oxygenated seawater through the b i v a l v e ' s a n t e r i o r i n h a l a n t 
tube ( A l l e n , 1958) and a combination of chemical and m i c r o b i a l 
o x i d a t i o n of i r o n sulphides could form s u i t a b l e products to 
f u e l the symbiosis (Dando et al., 1986a). Thiosulphate and 
sulphide are produced as a r e s u l t of a r t i f i c i a l l y pumping 
oxygenated seawater through sediments high i n i r o n sulphides 
(Dando and O'Hara, 1990; Southward and Southward, 1990; 
Barnes, unpubl.- data). Access to d i s s o l v e d sulphide through 
o x i d a t i o n of sediment-bound sulphides would seem, t h e r e f o r e , 
an adequate means of f u e l l i n g these symbioses i n h a b i t a t s 
where oxygen i s not l i m i t i n g . Although the h a b i t a t of L. 

aequizonata had s u b s t a n t i a l p y r i t e deposits which could be 
accessed i n t h i s way, the oxygen l e v e l s i n the o v e r l y i n g 
seawater i n t h i s h a b i t a t were <20 pM (Gary et al., 1989) and 
so o x i d a t i o n of the sediments seems u n l i k e l y . I t has been 
suggested that the b i v a l v e s must be accessing s h o r t - l i v e d 
pockets of s u l p h i d i c mud reached by the b i v a l v e ' s burrowing 
foot (Gary et al., 1989). This was not apparent from the 
sediment chemistry, however, and has yet to be demonstrated. 

I t i s u n l i k e l y that sediment-bound sulphides, l i k e 
t h i o s u l p h a t e , serve as a s i g n i f i c a n t source of reduced sulphur 
f o r the Codakia orbiculata symbiosis. The a v a i l a b i l i t y of 
d i s s o l v e d sulphide i n the C. orbiculata h a b i t a t i n Bermuda 
seagrass sediments, and the r e l a t i v e l y low l e v e l s of AVS and 
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d i s s o l v e d i r o n , suggest that sediment-bound sulphides are of 
comparatively l i t t l e importance i n supporting t h i s symbiosis. 

The minimum reduced sulphur concentration necessary to 
support b a c t e r i a - b i v a l v e s u l p h i d e - o x i d i z i n g symbioses has yet 
to be determined. However, Dando et al. (1985) and Conway et 

al. (1992) have used environmental data plus l i t e r a t u r e values 
f o r conversion e f f i c i e n c e s t o speculate upon symbioses 
sulphide requirements versus a v a i l a b i l i t y - . Both use the 
approach of K e l l y and. Kuenen (.1984) to estimate the symbiont 
sulphide o x i d a t i o n requirement to support an estimated carbon 
f i x a t i o n r a t e ( f o r each mole of reduced sulphur o x i d i z e d by 
the symbionts, 0.2 mole of carbon i s f i x e d by the b a c t e r i a ) . 
Using the c a l c u l a t i o n s of Dando et al. (1985) f o r Myrtea 

spinifera (adjusted f o r Codakia orhiculata wet weight and 
using an average de n s i t y of 400 C. orbiculata/m^ ), the sulphur 
u t i l i z a t i o n r a t e f o r these b i v a l v e s f o r growth would be 0.52 -
2.40 pmoles sulphide/1 sediment/h (not i n c l u d i n g reproductive 
e f f o r t ) . The sulphate re d u c t i o n r a t e s i n C. orhiculata h a b i t a t 
ranged from means of 500-1000 nmol/mlsediment/d or 2,0.83 -
41.67 pmoles/1 sediment/h. Sulphate reduced to AVS (and 
p o s s i b l y to p y r i t e ) , would be s t i l l a v a i l a b l e to the symbiosis 
a f t e r conversion to sulphide (or t h i o s u l p h a t e ) . Hence the 
f o l l o w i n g c a l c u l a t i o n s are s t i l l a p propriate. Since the 
probable i n t e r n a l pH (Wilmot and V e t t e r , 1992) and that of the 
i n t e r s t i t i a l water i s 7.5, these rates must be adjusted f o r 
the p r o p o r t i o n of d i s s o l v e d sulphide which could d i f f u s e i n t o 
the c e l l s ( H 2 S ) at t h i s pH (approximately 20%) ( M i l l e r o , . 
1986). Th,us, 4.16-8.33 pmoles/1 sediment/h would be a v a i l a b l e 
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f o r d i f f u s i o n i n t o the c e l l s . This i s higher than the 
suggested sulphide f l u x r e q u i r e d (0.52 --2.40 pmoles 
s u l p h i d e / i sediment/h). 

Conway et al. (1992) used the oxygen consumption r a t e s of 
whole Solemya reidi (2.0-4.3 pmoles/gww/h)(Anderson et al., 

1987) as comparable to that of Solemya borealis i n order to 
compare b i v a l v e sulphide requirements w i t h sulphide 
a v a i l a b i l i t y . By t a k i n g i n t o account body weight and using a 
r e s p i r a t o r y quotient oE 1.0,- they suggested 4.6-9.9 pmoles 
organic C / i n d i v i d u a l / h was r e q u i r e d to support the r e s p i r a t i o n 
r a t e . Using the approach of K e l l y and Kuenen (1984), the 
minimum symbiont sulphur o x i d a t i o n rates r e q u i r e d to support 
the symbiosis r e s p i r a t i o n r a t e s would be 23-50 pmol s u l p h i d e / 
i n d i v i d u a l / h . This assumes 100% carbon t r a n s l o c a t i o n , u n l i k e 
the 20% suggested by K e l l y and Kuenen (1984) and used by Dando 
e£ al., (1985). Since the sulphide input i n t o 5. borealis 

sediments was measured at 220 pmol/m2/h, the sulphur demand of 
one i n d i v i d u a l would be 11-23% of the d a i l y sulphur i n p u t , 
suggesting the b i v a l v e s must mine sediment-bound sulphides 
(Conway et al., 1992). Oxygen consumption r a t e s f o r whole 
Codakia orbiculata measured i n t h i s study were h i g h l y v a r i a b l e 
and, thus., were not incorporated i n t o Chapter 3. The oxygen 
consumption r a t e s ranged from 0.6-12 pmples02/gvw/h as a 
r e s u l t of i n d i v i d u a l v a r i a t i o n and of s t i m u l a t i o n by t h i o l s . 
The enormous range i n the aerobic r e s p i r a t i o n rates suggests 
these c a l c u l a t i o n s are of questionable u t i l i t y (the maximum 
ra t e i s e x t r a o r d i n a r i l y high f o r b i v a l v e s of Codakia 

orbiculata s i z e (R. Reid, pers. comm.) but the range i s used 
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only f o r e s t i m a t i n g purposes, as f o l l o w s . Following the 
c a l c u l a t i o n s of Conway et al., (1992), 0.1-2.0 pmol 
s u l p h i d e / i n d i v i d u a l / h are r e q u i r e d at"100% carbon 
t r a n s l o c a t i o n or 0.5-10.0 pmolsulphide/,individual/h at 20% 
carbon t r a n s l o c a t i o n - Further c a l c u l a t i o n s are based on 20% 
e f f i c i e n c y . Using a C. orhiculata mean den s i t y of AOO/m^, the 
p o p u l a t i o n r e q u i r e s 200-4000 pmolsulphide / m 2/h. Sulphate 
reduction rates i n the top 6 cm of sediment ranged from 
approximately 500-1000 nmol/mlsediment/d or 0,021-0.042 
pmol/mlsediment/h. C a l c u l a t i n g the volume ( i n ml) i n the top 6 
cm of 1 m 2, t h i s sulphate r e d u c t i o n r a t e i s equivalent to 
1260-2520 pmol /m2/h. A d j u s t i n g f o r pH and the p r o p o r t i o n of 
sulphide present as f r e e l y d i f f u s a b l e HaS r e s u l t s i n a r a t e of 
250-500 pmol /m2/h, suggesting t h a t the supply of reduced 
sulphur to the sediments i s adequate to meet 12.5-100% of the 
sulphur demands of the C. orhiculata p o p u l a t i o n . The 
accumulation of f r e e sulphide i n the i n t e r s t i t i a l water 
(Chapter 2) suggests c l o s e to 100% of the sulphur requirements 
of the symbiosis are met and the low 12.5% e s t i m a t i o n i s a 
r e s u l t of the unusually high maximal r e s p i r a t i o n r a t e . These 
estimates a l s o assume 100% dependence of chemoautotrophy and 
i t should be noted that the l u c i n i d s , possessing a f u n c t i o n a l 
gut, may o b t a i n a s i g n i f i c a n t p o r t i o n of t h e i r carbon from 
heterotrophy (Cary et a l . , 1989). 

The environmental data c l e a r l y demonstrated heterogeneity 
of the sediment chemistry w i t h i n the Thalassia testudinum 

sediments, implying that i n d i v i d u a l Codakia orbiculata may be 
exposed to a range of c o n d i t i o n s . This i s supported by the 

201 



v a r i a t i o n i n mantle f l u i d sulphide l e v e l s and the elemental 
sulphur content i n the bivalve- g i l l s , . The l a t t e r i s i n d i c a t i v e 
of the exogenous supply of reduced sulphur ( V e t t e r , 1985; 
Chapter 3). Although the heterogeneity apparent i n the 
environmental data suggested t h a t i n d i v i d u a l C. orbiculata may 
be exposed to p o t e n t i a l l y t o x i c sulphide concentrations 
.(Bagarinao, 1992), access to oxygenated seawater v i a the i n l e t 
tube would reduce the v u l n e r a b i l i t y of the animal by lowering 
the sulphide l e v e l s - i n i t s ' immediate v i c i n i t y . Upon 
accessing the s u l p h i d e , however, sulphide d e t o x i f i c a t i o n 
mechanisms (host m i t o c h o n d r i a l o x i d a t i o n and non-enzymatic 
o x i d a t i o n ) , as discussed at length i n Chapters 1 and 3, are 
suggested. 

In a d d i t i o n to the a v a i l a b i l i t y of adequate sources of 
reduced sulphur, p o t e n t i a l sources of n i t r o g e n f o r b a c t e r i a -
b i v a l v e symbioses are a l s o of i n t e r e s t . I t has been suggested 
that ammonia, which i s o f t e n abundant i n i n t e r s t i t i a l water, 
may be a primary source of N to b a c t e r i a - b i v a l v e symbioses 
(Southward,1987). Lee et al. (1992a) suggested t h i s to be the 
case f o r Solemya reidi, based on ammonia uptake rates and 
average I n t e r s t i t i a l ammonia concentrations of 5A-6A jaM i n the 
h a b i t a t . This may a l s o be true f o r Codakia orbiculata, whose 
h a b i t a t ammonia l e v e l s were a l s o high (25-31 pM). S i m i l a r 
l e v e l s were reported f o r the Santa Barbara Basin h a b i t a t of 
Lucinoma aequizonata (Cary et al., 1989) but those reported by 
Dando et al. (1986b) f o r the Norwegian f j o r d h a b i t a t of 2 
species of l u c i n i d were s i g n i f i c a n t l y higher. An a d d i t i o n a l 
p o t e n t i a l source of n i t r o g e n i s d i s s o l v e d f r e e amino acids 

202 



(DFAA). Lee et al. (1992a) reported concentrations ranging 
from 2.60-14.84 pM i n the i n t e r s t i t i a i water of S. reidi 

h a b i t a t and suggest t h a t , given moderate uptake r a t e s , DFAA 
uptake l i k e l y c o n t r i b u t e s a s i g n i f i c a n t f r a c t i o n of the N (and 
G) needs of the sjonbiosis. Uptake and u t i l i z a t i o n of DFAA by 
marine i n v e r t e b r a t e s has been well-documented (Stephens, 1988; 
Wright-, 1988). I n t e r s t i t i a l l e v e l s of DFAA were not measured 
i n the C. orbiculata h a b i t a t but concentrations of 140 pM have 
been reported from seagrass bed sediments i n A u s t r a l i a (Boon, 
1986). I t i s impor-tant to note that u n l i k e the g u t l e s s S. 
reidi, C. orbiculata and other l u c i n i d s r e t a i n a small gut and 
may ob t a i n some n i t r o g e n v i a heterotrophy. 

A v a i l a b i l i t y of oxygen i s considered to be an important 
requirement of the h a b i t a t of b a c t e r i a - b i v a l v e symbioses. 
Oxygen i s e s s e n t i a l f o r host r e s p i r a t i o n and may be u t i l i z e d 
i n sulphide o x i d a t i o n ( d e t o x i f i c a t i o n ) by the host and 
sulphide o x i d a t i o n by the endosymbionts (Powell and Arp, 1989; 
O'Brien and V e t t e r , 1990; Wilmot and V e t t e r , 1992; Ghapter 3). 
Luc i n i d s can extend t h e i r vermiform f o o t , which forms the 
a n t e r i o r i n h a l a n t -tube, up to x6 the length of the s h e l l t o 
maintain contact w i t h the sediment-surface seawater and to 
obtain oxygen ( A l l e n , 1953; P. Barnes, pers. obs.). Using t h i s 
formula, the 6-10 mm Codakia orbiculata could burrow down to 
3.6-6 cm sediment depth; these b i v a l v e s were found, not 
s u r p r i s i n g l y , between 2-6 cm sediment depth i n Thalassia 

testudinum sediments. S i m i l a r to C. orbiculata, Lucina 

floridana was not found below the rhizosphere (20 cm) or i n 
areas devoid of seagrasses ( F i s h e r and Hand, 1984). Inhalant 
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tubes have not been observed in situ f o r L. floridana and i t 
has been suggested that the a s s o c i a t i o n w i t h the roots of T. 

testudinum and Ruppia maritima i s based on the b i v a l v e ' s 
u t i l i z a t i o n of oxygen released from the roots ( F i s h e r and 
Hand, 1984). Photosynthetic oxygen re l e a s e from the seagrass 
roots i s minimal, however, and i s subject to d i e l change 
(Smith et al., 1988). I t seems more l i k e l y , t h e r e f o r e , t h a t 
these b i v a l v e s o b t a i n oxygen from the o v e r l y i n g seawater. An 
average s i z e L. floridana (34 mm s h e l l length) could burrow to 
a maximum depth of 20.4 cm and maintain contact w i t h the 
surface (Abbot, 1974; A l l e n , 1953). Inhalant tubes have r a r e l y 
been observed in situ f o r C. orbiculata i n B a i l e y ' s Bay 
because the tubes are t h i n and c r y p t i c and, as a r e s u l t , are 
almost impossible to i d e n t i f y amongst the rhizomal mat. The 
tubes are a l s o very f r a g i l e and are destroyed e a s i l y (pers. 
obs.). C. orbiculata can r e a d i l y be observed forming i n h a l a n t 
tubes when burrowing i n sediment i n t e s t tubes i n the 
l a b o r a t o r y , however (pers. obs.). The a s s o c i a t i o n of L. 

floridana w i t h the rhizomes and roots of the seagrasses 
(Fisher and Hand, 1984), s i m i l a r to that reported f o r C. 

orbiculata i n t h i s study, may be due to the a v a i l a b i l i t y of 
d i s s o l v e d s u l p h i d e , ammonia and n i t r a t e , i n a d d i t i o n to access 
to oxygen i n sediment-surface seawater. Seagrass sediments 
may a l s o be a p r e f e r r e d h a b i t a t s i n c e they are a p h y s i c a l l y 
s t a b l e environment f o r the b i v a l v e s (Orth, 1977) and the t h i c k 
rhizomal mass may provide p r o t e c t i o n against predation (Orth, 
1977; Reise, 1977). 
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Not a l l l u c i n i d s are found i n h a b i t a t s w i t h u n l i m i t e d 
oxygen supply. In an e f f o r t to e x p l a i n the success of the 
Lucinoma aequizonata symbiosis i n a h a b i t a t where oxygen 
l e v e l s i n the o v e r l y i n g water were <20 pM and where sediments 
were anoxic, the use of n i t r a t e as an a l t e r n a t e e l e c t r o n 
acceptor by the b a c t e r i a l endosymbionts was suggested (Cary et 

al., 1989). Hentschel et al. (1993) demonstrated that the 
i n t r a c e l l u l a r symbionts of L. aequizonata r e s p i r e d n i t r a t e but 
appeared incapable of r e s p i r i n g oxygen. I t was suggested that 
the symbiont's a b i l i t y to u t i l i z e a l t e r n a t e e l e c t r o n acceptors 
avoids competition w i t h the host f o r oxygen, when the l a t t e r 
i s i n l i m i t e d supply (Hentschel et al., 1993). C e r t a i n l y , 
symbiont n i t r a t e r e s p i r a t i o n would seem advantageous to L. 

aequizonata, i n l i g h t of the low oxygen l e v e l s and the high 
concentrations of n i t r a t e (30 pM i n o v e r l y i n g seawater) i n the 
h a b i t a t (Cary et al., 1989). 

The b a c t e r i a l symbionts of Codakia orhiculata have been 
demonstrated to be capable of n i t r a t e and n i t r i t e r e s p i r a t i o n 
in vivo w i t h the b i v a l v e s incubated i n e i t h e r anoxic or o x i c 
c o n d i t i o n s (Chapter 3). S i m i l a r r e s u l t s have been reported f o r 
i n t a c t Solemya reidi symbioses (Wilmot and V e t t e r , 1992; B. 
Javor, pers. comm.). Un l i k e Lucinoma aequizonata symbionts, 
both S. reidi and C. orbiculata symbionts a l s o have the 
a b i l i t y to r e s p i r e oxygen. The o v e r l y i n g seawater i n the S. 

reidi sewage o u t f a l l h a b i t a t i n C a l i f o r n i a may have n i t r a t e 
concentrations of >20 pM ( W i l l i a m s , 1986). In l i g h t of the 
oxygen demand at the S. reidi h a b i t a t , the sediment-surface 
seawater may p e r i o d i c a l l y become anoxic and b a c t e r i a l sjonbiont 
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r e s p i r a t i o n of n i t r a t e would prove u s e f u l to the symbiosis 
under these c o n d i t i o n s . 

Mean n i t r a t e concentrations i n i n t e r s t i t i a l water i n C. 

orbiculata h a b i t a t i n B a i l e y ' s Bay ranged from 0.47-5.45 pM, 
approximately x5 those found i n the o v e r l y i n g seawater 
(McGlathery, 1992). N i t r a t e concentrations as high as 36 pM 
were found i n . s p e c i f i c l o c a t i o n s throughout the h a b i t a t . In 
contrast to the L. aequizonata h a b i t a t , however, oxygen seems 
u n l i k e l y to be l i m i t i n g i n the h a b i t a t of C. orbiculata. The 
b i v a l v e s had access, using t h e i r i n h a l a n t tubes, to the 
oxygenated sediment-surface seawater. In combination w i t h the 
observation of n i t r a t e r e s p i r a t i o n by the endosymbionts in 

vivo, when the b i v a l v e s were incubated i n o x i c c o n d i t i o n s (80-
100% oxygen) (Ghapter 3), t h i s suggests that the 
endosymbionts' a b i l i t y to u t i l i z e n i t r a t e i s hot n e c e s s a r i l y 
dependent on oxygen concentration w i t h i n the h a b i t a t . 

As discussed i n Chapters 1 and 3, i t has been 
hypothesized t h a t the l u c i n i d symbionts are maintained i n a 
low oxygen environment in vivo, as a r e s u l t of the oxygen 
demand of the host g i l l c e l l s ( F i s h e r and Hand, 1984; D i s t e l 
and Felbeck, 1987). Oxygen-binding i n t r a c e l l u l a r hemoglobin i n 
l u c i n i d g i l l s (Dando et al., 1985; Kraus and Wittenberg, 1990) 
may a l s o keep oxygen l e v e l s low i n the v i c i n i t y of the 
b a c t e r i o c y t e s and t h i s would be b e n e f i c i a l to RuBPC/0 a c t i v i t y 
( C h o l l e t , 1977; Dando et a l . , 1985). Hence, low oxygen l e v e l s 
i n the v i c i n i t y of the b a c t e r i o c y t e s may not n e c e s s a r i l y 
r e s u l t from oxygen l i m i t a t i o n i n the h a b i t a t but, r a t h e r , may 
be the r e s u l t of a c t i v e mairitainence. Presumably, t h e r e f o r e , 

206 





the a b i l i t y of the b a c t e r i a l symbionts to u t i l i z e an a l t e r n a t e 
e l e c t r o n acceptor other than oxygen, such as n i t r a t e or 
n i t r i t e , would be b e n e f i c i a l to the symbiosis. The p o t e n t i a l 
r o l e of ssmibiont n i t r a t e / n i t r i t e r e s p i r a t i o n i n the C. 

orbiculata symbiosis i s discussed i n Chapter 3. 
In summary, the Thalassia testudinum sediments i n Bermuda 

have high sulphate re d u c t i o n r a t e s which appear to provide 
adequate reduced sulphur f o r the needs of the Codakia 

orbiculata sjonbioses at observed b i v a l v e d e n s i t i e s . D i s s o l v e d 
s.ulphide accumulated i n the i n t e r s t i t i a l water of the 
rhizosphere. Sulphide concentrations remained r e l a t i v e l y 
s t a b l e i n regard to t i d a l i n f l u e n c e s . Although a seasonal peak 
was noted i n August, l e v e l s f o r the r e s t of year were 
r e l a t i v e l y c o n s i s t e n t and were adequate to support the 
ssmibioses. Neither t h i o s u l p h a t e nor i r o n sulphides are 
considered a s i g n i f i c a n t source of exogenous reduced sulphur 
fo r the symbioses. Ammonia l e v e l s i n the i n t e r s t i t i a l water 
were high, suggesting t h i s may be a source of n i t r o g e n f o r the 
symbiosis. U n l i m i t e d oxygen was a v a i l a b l e from the sediment-
surface seawater and n i t r a t e was present i n the i n t e r s t i t i a l 
water. Since C. orbiculata ssmibionts have the a b i l i t y to use 
n i t r a t e as an e l e c t r o n acceptor in vivo, even when the b i v a l v e 
has access to oxygen (Chapter 3 ) , i t i s suggested that n i t r a t e 
a v a i l a b i l i t y may of importance to the symbiosis in situ. 
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CHAPTER 3 

AEROBIC AND ANAEROBIC RESPIRATION, WITH EMPHASIS ON SULPHUR 
SUBSTRATE UTILIZATION, IN CHEMOAUTOTROPHIC BACTERIAL SYMBIONTS 

OF THE LUCINID BIVALVE, CODAKIA ORBICULATA 
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3.1. INTRODUCTION 
B a c t e r i a - b i v a l v e chemoautrotrophic symbioses have been 

the subject of study f o r over 12 years yet many aspects of the 
physiology of some of these ssonbioses remain to be c l a r i f i e d . 
In vitro c u l t i v a t i o n of the symbionts has yet to prove 
s u c c e s s f u l and symbiont-free hosts are not a v a i l a b l e , making 
the study of these symbioses d i f f i c u l t , Solemya reidi, the 
most w e l l - s t u d i e d of the b i v a l v e s c o n t a i n i n g chemoautotrophic 
b a c t e r i a l symbionts, i s found i n high sulphide sediments near 
pulp m i l l s and sewage o u t f a l l s (Reid, 1980; Felbeck, 1983.). I t 
has been demonstrated that Solemya reidi mitochondria are able 
to o x i d i z e s u l p h i d e , i n the presence of oxygen, to the l e s s 
t o x i c t h i o s u l p h a t e f o r tran s p o r t to the symbionts (Powell and 
Somero, 1985; Anderson et al., 1987; O'Brien and V e t t e r , 
1990)(refer to F i g . 5, Chapter 1). Recent i n v e s t i g a t i o n s have 
demonstrated t h a t the b a c t e r i a l symbionts are a l s o able, to 
u t i l i z e sulphide and that they have access to sulphide in vivo 

(Wilmot and V e t t e r , 1992; B. Javor, pers. comm.). 

Models f o r sulphur metabolism i n the l u c i n i d ssnnbioses 
are l e s s complete than that f o r the Solemya reidi symbiosis. 
In p a r t i c u l a r , evidence regarding the forms of sulphur 
u t i l i z e d by the sjmibipnts i s l a c k i n g . In l u c i n i d h a b i t a t s 
s t u d i e d to date, sulphide i s a v a i l a b l e e i t h e r i n moderate 
concentrations i n the i n t e r s t i t i a l water ( F i s h e r and Hand, 
1984; Chapter 2), through l o c a t i o n of i s o l a t e d pockets of 
sulphide (Cary et al., 1989) or through o x i d a t i o n of sediment-
bound sulphides by the b i v a l v e (Dando and O'Hara, 1990; 
Southward and Southward, 1990). Thiosulphate i s present i n 
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l u c i n i d h a b i t a t s i n only very low l e v e l s i n the i n t e r s t i t i a l 
waters (Dando et al., 1986b; Cary et al., 1989; Chapter 2). 

I t has been suggested t h a t elemental sulphur, stored by 
the b a c t e r i a l symbionts i n the form of l i q u i d - c r y s t a l l i n e 
sulphur g l o b u l e s , can be u t i l i z e d as an energy sto r e ( V e t t e r , 
1985; Cary et al., 1989) but the r o l e of these reserves i n 
sulphur metabolism has yet to be explored. I n v e s t i g a t i o n s i n t o 
the sulphur metabolism of l u c i n i d s i n c l u d e demonstration that 
sulphide (<100 pM) s t i m u l a t e d carbon d i o x i d e f i x a t i o n i n whole 
g i l l s of Myrtea spinifera (Dando et al., 1985) and Lucinoma 

borealis (Dando et al., 1986a) and that growth i n Lucinoma 

aequizonata was encouraged by sulphide (<10 pM) (Cary et al., 

1989). G i l l homogenates of L. borealis produced ATP i n 
response to 100 pM sulphide or s u l p h i t e but not i n response to 
th i o s u l p h a t e (up to 1 mM), suggesting t h i o s u l p h a t e i s not 
u t i l i z e d by the symbionts {Dando et al., 1986a).. In c o n t r a s t , 
the blood of L. aequizonata incubated i n sulphide was found to 
contain t h i o s u l p h a t e , suggesting that t h i o s u l p h a t e i s 
transported to the symbionts (Gary et al., 1989). Due to low 
l e v e l s of t h i o s u l p h a t e i n sediment i n t e r s t i t i a l waters, i t was 
assumed th a t t h i o s u l p h a t e was formed by sulphide o x i d a t i o n , 
probably by host mitochondria, p r i o r to t r a n s p o r t to the 
b a c t e r i a l symbionts (Cary et al., 1989). Mechanisms f o r 
o x i d a t i o n of sulphide to t h i o s u l p h a t e , s i m i l a r to those 
described f o r Solemya reidi, may be present i n the l u c i n i d 
b i v a l v e s . Experiments conducted on whole g i l l s or crude g i l l 
homogenates cannot d i f f e r e n t i a t e , t h e r e f o r e , which t h i o l i s 
u t i l i z e d by the b a c t e r i a l symbionts. 
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The considerable v a r i a t i o n i n sulphide metabolism w i t h i n 
the f a m i l y L u c i n i d a e , suggested by these s t u d i e s , may be a 
r e s u l t of the range of experimental p r o t o c o l s and t i s s u e s used 
or of t r u e , i n t e r - s p e c i f i c p h y s i o l o g i c a l d i f f e r e n c e s . 

Recent i n v e s t i g a t i o n s i n t o the physiology of b a c t e r i a -
b i v a l v e S3Tnbioses have studied the p o t e n t i a l f o r anaerobic 
r e s p i r a t i o n i n the symbionts. These i n v e s t i g a t i o n s were 
stimulated by the discovery of symbiotic b i v a l v e s i n 
environments which are low i n oxygen or are subject to periods 
of anoxia (Shepard, 1986; Cary et al,, 1989) but which had 
r e l a t i v e l y high l e v e l s of n i t r a t e i n the sediment surface 
seawater and the i n t e r s t i t i a l water (Cary et al., 1989), 
suggesting n i t r a t e as an a l t e r n a t e e l e c t r o n acceptor. I t i s 
well-documented that many f r e e - l i v i n g b a c t e r i a found i n anoxic 
environments u t i l i z e n i t r a t e f o r r e s p i r a t i o n ; n i t r a t e i s used 
as the t e r m i n a l e l e c t r o n acceptor of the r e s p i r a t o r y chain and 
can e i t h e r be reduced to n i t r i t e ( n i t r a t e r e s p i r a t i o n ) or 
f u r t h e r reduced ( n i t r i t e r e s p i r a t i o n ) to Na ( d e n i t r i f i c a t i o n ) 
(Knowles, 1982). 

The presence of the enzyme n i t r a t e reductase has been 
noted i n s e v e r a l b a c t e r i a - b i v a l v e symbioses, i n c l u d i n g s e v e r a l 
species of l u c i n i d s and Solemya reidi, but was b e l i e v e d to be 
a s s i m i l a t o r y (Felbeck et al., 1983; Berg and A l a t a l o , 1984; 
Fi s h e r and Hand, 1984). Recent research i n t o the S. reidi 

symbiosis has demonstrated, however, that the b a c t e r i a l 
symbionts, i s o l a t e d and in vivo, are able to u t i l i z e n i t r a t e 
and n i t r i t e as a l t e r n a t e e l e c t r o n acceptors (Wilmot and 
V e t t e r , 1992; B. Javor, pers. comm.). The presence of 
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d i s s i m i l a t o r y n i t r a t e reductase and n i t r a t e r e s p i r a t i o n ( i n 
the presence of t h i o s u l p h a t e ) have been demonstrated i n 
b a c t e r i a l symbionts i s o l a t e d from the l u c i n i d , Lucinoma 

aequizonata, w h i l e oxygen consumption could not be 
demonstrated (Hentschel et al., 1993). The i n t a c t L. 

aequizonata ssmibiosis a l s o demonstrated n i t r a t e r e s p i r a t i o n i n 
the presence of both 10 pM sulphide and 10 pM t h i o s u l p h a t e 
(Hentschel et al., 1993). The p o t e n t i a l f o r n i t r i t e to a c t as 
an a l t e r n a t e e l e c t r o n acceptor i n l u c i n i d s i n unknown. 

Although L. aequizonata i s found i n a low oxygen 
environment, the b a c t e r i a l endosymbiohts of b i v a l v e s found i n 
h a b i t a t s where oxygen i s not l i m i t i n g may a l s o need an 
e l e c t r o n acceptor a l t e r n a t e to oxygen. I t has been suggested 
that oxygen-scavenging by the c i l i a t e d c e l l s of the l u c i n i d 
g i l l s ( D i s t e l and Felbeck, 1987) and the presence of oxygen-
binding hemoglobin i n the g i l l s (Dando e£ al., 1985; Kraus and 
Wittenberg, 1990) may keep p a r t i a l pressures of oxygen low i n 
the v i c i n i t y of the b a c t e r i o c y t e s . L i m i t e d oxygen a v a i l a b i l i t y 
may be advantageous to the a u t o t r o p h i c processes of the 
b a c t e r i a (Dando et al., 1985), reducing competition between 
oxygen and CO2 f o r RuBPC/0 a c t i v e s i t e s ( C h o l l e t , 1977). 

L u c i n i d h a b i t a t s d i s p l a y considerable v a r i a t i o n i n 
sulphide, oxygen and n i t r a t e a v a i l a b i l i t y (Dando et al., 

1986a; Cary e t al., 1989; Chapter 2) and comparable v a r i a t i o n 
i n choice of sulphur substrates and e l e c t r o n acceptors may 
a l s o be expected. I n v e s t i g a t i o n of the aerobic and anaerobic 
r e s p i r a t o r y p o t e n t i a l of the symbionts i s important. 
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t h e r e f o r e , to understanding the sulphur metabolism of the 
S3Tnbioses. 

In the f o l l o w i n g study, a m u l t i - d i r e c t i o n a l approach was 
used to address the question of sulphur substrate u t i l i z a t i o n 
by the symbionts and t h e i r a b i l i t y to use a l t e r n a t e e l e c t r o n 
acceptors. The small s i z e (<10 mm) of many of the l u c i n i d s , 
i n c l u d i n g Codakia orbiculata, prevents accurate blood 
sampling; determination of sulphide o x i d a t i o n . p r i o r to i t s 
reaching the b a c t e r i a i s , t h e r e f o r e , d i f f i c u l t . I s o l a t i n g the 
sjTnbionts e s s e n t i a l l y uncouples symbiont metabolism from host 
metabolism and data on i s o l a t e d symbionts must be used only to 
i n d i c a t e the metabolic p o t e n t i a l of the symbionts. The 
combination of information on the metabolic p o t e n t i a l of the 
symbionts and research i n t o the metabolism of the i n t a c t 
symbiosis may prove to be the most e f f e c t i v e method f o r 
studying the symbiont metabolism in vivo. Carbon d i o x i d e 
f i x a t i o n r a t e s , aerobic r e s p i r a t i o n r a t e s and anaerobic 
r e s p i r a t i o n r a t e s of suspensions of i s o l a t e d symbionts were 
measured i n response to sulphide and t h i o s u l p h a t e . Whole 
b i v a l v e i n c u b a t i o n experiments were a l s o conducted to 
determine i f the symbionts in vivo could u t i l i z e sulphur 
substrates and a l t e r n a t e e l e c t r o n acceptors. 

This study was designed to address the f o l l o w i n g s p e c i f i c 
questions regarding sulphur metabolism and r e s p i r a t i o n i n the 
Codakia orbiculata symbiosis: (1) can the i s o l a t e d b a c t e r i a l 
symbionts u t i l i z e t h i o s u l p h a t e , sulphide and/or stored 
g l o b u l a r elemental sulphur (SGES) as energy sources under o x i c 
conditions? (2) can the i s o l a t e d b a c t e r i a l symbionts u t i l i z e 
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n i t r a t e and/or n i t r i t e as a l t e r n a t e e l e c t r o n acceptors and can 
th i o s u l p h a t e , sulphide and/or SGES be used as energy sources? 
(3) do anoxic c o n d i t i o n s and a v a i l a b i l i t y of sulphide, 
t h i o s u l p h a t e and/or SGES a f f e c t the metabolism of i s o l a t e d 
b a c t e r i a as measured by i^GOa f i x a t i o n ? (A) can the symbionts 
in vivo u t i l i z e n i t r a t e and/or n i t r i t e as a l t e r n a t e e l e c t r o n 
acceptors, under o x i c or anoxic c o n d i t i o n s , when su p p l i e d w i t h 
n i t r a t e , n i t r i t e , t h i o s u l p h a t e or sulphide? Because t h i s study 
included the r o l e of SGES as an energy s u b s t r a t e , the e f f e c t . 
of removal of exogenous reduced sulphur on b a c t e r i a l SGES was 
q u a n t i f i e d . Experiments addressing questions 1-3 were 
conducted on b a c t e r i a w i t h and without SGES. 

2 1 A 



3.2. MATERIALS AND METHODS 
3.2.1. G i l l Globular Elemental Sulphur Levels i n Response t o 
the Absence of Exogenous Reduced Sulphur 

To determine the e f f e c t of the absence of an exogenous 
source of reduced sulphur on the stored g l o b u l a r elemental 
sulphur (SGES) i n Codakia orbiculata g i l l s , b i v a l v e s were 
maintained ("starved") i n oxygenated, s u l p h i d e - f r e e and low 
n u t r i e n t seawater. SGES was measured i n the g i l l s of b i v a l v e s 
s a c r i f i c e d over a 2,7-day p e r i o d t o determine the r a t e at which 
SGES reserves were depleted. G i l l p r o t e i n content was measured 
to monitor g i l l c o n d i t i o n . Mantle f l u i d sulphide and 
th i o s u l p h a t e l e v e l s were measured to monitor t h i o l l e v e l s to 
which the t i s s u e s were exposed. 

B i v a l v e s were s a c r i f i c e d f o l l o w i n g the schedule o u t l i n e d 
i n Table 10. To c o l l e c t mantle f l u i d , b i v a l v e s were removed 
from oxygenated seawater and placed i n t o a glove bag f i l l e d 
w i t h u l t r a - h i g h p u r i t y argon gas. U l t r a - h i g h p u r i t y argon gas 
was used throughout a l l experiments and i s r e f e r r e d to 
throughout the remaining t e x t as "argon". B i v a l v e s were placed 
i n t o a l a r g e p l a s t i c weighing boat, q u i c k l y b l o t t e d dry w i t h a 
c e l l u l o s e t i s s u e and gen t l y p r i e d open w i t h a s c a l p e l . Mantle 
f l u i d was removed i n 5 p i a l i q u o t s using a F i n n p i p e t t e . The 
procedure f o r a n a l y s i s of t h i o l s i n mantle f l u i d was modified 
from Newton and Fahey (1987) and V e t t e r et al. (1989) and i s 
described i n d e t a i l i n the methods f o r Chapter 2. 

A f t e r sampling of mantle f l u i d , b i v a l v e s were removed 
from the glove bag. G i l l s were c a r e f u l l y removed, to avoid 
contamination w i t h other t i s s u e s , under m a g n i f i c a t i o n of a 
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Table 10. Number of samples (n) f o r sulphur " s t a r v a t i o n " 
experiments. 
S t a r v a t i o n Elemental Bacteria// P r o t e i n T h i o l 
Time Sulphur i n i n G i l l i n G i l l i n Man 
{h or d) G i l l Tissue Tissue Tissue F l u i d 

(n) (n) , (n) (n) 
0 h 8 0 0 8 
2 h 3 1 2 3 
12 h 3 1 2 3 
24 h 3 1 2 3 
48 h 3 1 2 3 
5 d 3 1 2 3 

10 d 3 1 2 3 
15 d 3 1 2 3 
20 d 3 1 2 3 
27 d 3 1 2 3 

216 



Wild M8 d i s s e c t i n g microscope. For each b i v a l v e , one g i l l was 
used f o r elemental sulphur a n a l y s i s and the other f o r e i t h e r 
p r o t e i n content or enumeration of b a c t e r i a l ssnnbionts. Wet 
weights of each g i l l were recorded. G i l l s used f o r p r o t e i n or 
elemental sulphur a n a l y s i s were f r e e z e - d r i e d , reweighed and 
stored frozen u n t i l a n a l y s i s . G i l l s used f o r b a c t e r i a l counts 
were preserved i n L i l l i e ' s b u f f e r e d (pH 7.4) f o r m a l i n (100 ml 
40% formaldehyde, 900 ml M i l l i Q p u r i f i e d d i s t i l l e d water (MQ 
water), 4 g sodium phosphate monohydrate, 6.5 g disodium 
phosphate). 

Freeze-dried g i l l s f o r elemental sulphur a n a l y s i s were 
processed as described i n the methods s e c t i o n i n Ghapter 2. 
Bi v a l v e s that were s a c r i f i c e d at the beginning of the 
experiment d i d not have g i l l s preserved f o r p r o t e i n a n a l y s i s 
or b a c t e r i a l enumeration because both g i l l s were analyzed f o r 
elemental sulphur. A d i f f e r e n t p r e p a r a t i o n method was used f o r 
each g i l l of the p a i r . E i g h t b i v a l v e s were s a c r i f i c e d at the 
s t a r t of the experiment and one g i l l from each of the 8 
bi v a l v e s was f r e e z e - d r i e d p r i o r to solvent e x t r a c t i o n . The 
second g i l l from each of 4 b i v a l v e s was sol v e n t e x t r a c t e d 
immediately and the second g i l l from the remaining 4 b i v a l v e s 
was preserved i n 1 ml of 4% (by volume) formaldehyde and 20 
g/1 hydrated cadmium c h l o r i d e (Dando et al., 1986a). A f t e r one 
week, the l a t t e r 4 g i l l s were t r a n s f e r r e d to solvent and 
processed i d e n t i c a l l y to the other samples. Results revealed 
that f r e e z e - d r i e d g i l l s c o n s i s t e n t l y had the highest SGES 
content. SGES content i n g i l l s preserved i n GdGla/formaldehyde 
were 41.0% + 27.1% of the content i n the f r e e z e - d r i e d g i l l s . 
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Fresh g i l l s were found to have 64.9% + 40.5% of the SGES 

content of f r e e z e - d r i e d g i l l s . This suggests f r e e z e - d r y i n g 
t i s s u e s r e s u l t e d i n the most e f f i c i e n t e x t r a c t i o n of g l o b u l a r 
elemental sulphur. This may be because the solvent (hexane or 
heptane) i s completely non-miscible w i t h water and can 
penetrate f r e e z e - d r i e d t i s s u e most e f f e c t i v e l y . 

P r o t e i n content i n f r e e z e - d r i e d g i l l s was determined w i t h 
the BGA p r o t e i n assay ( P i e r c e , Rockford, IL 61105, USA). 
P r o t o c o l was i d e n t i c a l to that described i n d e t a i l i n the 
Methods s e c t i o n of Chapter 2. 

G i l l s preserved f o r enumeration of b a c t e r i a l symbionts 
were not processed f u r t h e r due to the problems encountered 
w i t h t h i s p r o t o c o l i n the seasonal study (Ghapter 2). 

Data A n a l y s i s 
Means were c a l c u l a t e d f o r a l l SGES, p r o t e i n and mantle 

f l u i d t h i o l data and tabulated or p l o t t e d against i n c u b a t i o n 
time to d i s c e r n trends. The SGES data were t e s t e d f o r 
s i g n i f i c a n t change over time using a 1-way ANOVA (p<0,05) 
followed by Tukey ' s post-hoc p a i r w i s e comparisons. As per 
Chapter 2, a l l s t a t i s t i c a l analyes used were based on 
procedures d e t a i l e d i n Zar (1974) and a l l s t a t i s t i c a l 
analyses were performed using the software package Systat 5.1. 
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3.2.2. Ae r o b i c R e s p i r a t i o n i n B a c t e r i a l Symbiont Suspensions 
Experiments were conducted to determine i f sulphide or 

th i o s u l p h a t e s t i m u l a t e d aerobic r e s p i r a t i o n i n the i s o l a t e d 
symbionts of Codakia orbiculata. B a c t e r i a l suspensions were 
incubated i n a temperature-controlled r e s p i r a t i o n chamber and 
provided w i t h e i t h e r t h i o s u l p h a t e , sulphide (two 
co n c e n t r a t i o n s ) , or no sulphur s u b s t r a t e . Experiments w i t h no 
sulphur source were a l s o conducted (to determine endogenous 
r a t e ) , as were incubations w i t h no b a c t e r i a l suspension but 
0.2 p m - f i l t e r e d Sargasso Sea seawater3 (FSSW) and sulphide or 
t h i o s u l p h a t e . Experiments were conducted on b a c t e r i a i s o l a t e d 
from f r e s h l y c o l l e c t e d C. orbiculata ( r e f e r r e d to as "fed" 
b a c t e r i a i n t e x t ) and from b i v a l v e s maintained i n oxygenated, 
s u l p h i d e - f r e e and low-nutrient seawater f o r 10 days ( r e f e r r e d 
to as "starved" b a c t e r i a i n t e x t ) . The g i l l s of f r e s h l y 
c o l l e c t e d b i v a l v e s were u s u a l l y yellow, i n d i c a t i v e of SGES i n 
the b a c t e r i a . B i v a l v e s maintained i n aquaria f o r 10 days had 
dark red g i l l s , i n d i c a t i v e of l i t t l e or no SGES. Aerobic 
r e s p i r a t i o n was monitored by measuring the decrease i n oxygen 
l e v e l s i n the i n c u b a t i o n media. 

Codakia orbiculata were c o l l e c t e d immediately p r i o r to 
experiments. G i l l s were g e n t l y removed from b i v a l v e s and 
placed i n FSSW (0.22-pm f i l t e r e d ) b u f f e r e d w i t h 10 mM MOPS (3-
(N-morpholino)propanesulphonic a c i d , pH 8) (FSSW-MOPS) and 

3 Sargasso Sea seawater n u t r i e n t l e v e l s were below d e t e c t i o n 
l i m i t s using c o l o u r i m e t r i c assays i n S t r i c k l a n d and Parsons 
(1977). 
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kept on i c e . G i l l s were g e n t l y homogenized i n FSSW-MOPS using 
a g l a s s t i s s u e homogenizer and the homogenate was f i l t e r e d 
through AA-pm and 15-pm Ni t e x f i l t e r s to remove l a r g e 
s u b c e l l u l a r p a r t i c l e s . The f i l t r a t e was c e n t r i f u g e d at 4°G 
f o r 10 min a t 3000 rpm. The supernatant was discarded and the 
p e l l e t washed (resuspended) i n seawater MOPS. The 
resuspension was ce n t r i f u g e d f o r 10 mins at 3000 rpm to p e l l e t 
the b a c t e r i a but not the mitochondria. The p e l l e t was then 
resuspended i n FSSW-MOPS. Throughout processing and u n t i l 
i n i t i a t i o n of experiments, the b a c t e r i a l suspension was kept 
on i c e . The f i n a l suspension was equivalent to 3 bi v a l v e s / m l . 
P r e l i m i n a r y suspensions of i s o l a t e d b a c t e r i a l symbionts were 
examined using l i g h t microscopy and e p i - f l u o r e s c e n t microscopy 
(the l a t t e r s l i d e s were s t a i n e d w i t h DAPI). N u c l e i , l a r g e 
c e l l u l a r debris and mitochondria could not be detected i n the 
suspensions. I t proved impossible, however, to exclude the 
pigment granules from the b a c t e r i a l suspensions. The 
granules, which are found i n the b a c t e r i o c y t e s In vivo and are 
bel i e v e d to contain hematin (Powell and Arp, 1989)j must be 
approximately the same de n s i t y as the symbionts. 

Aerobic r e s p i r a t i o n r a t e s were determined by measuring 
the oxygen consumption ra t e of 1 ml of b a c t e r i a l suspension 
placed i n a 1.5-ml temperature-controlled (water jacketed) 
glass r e s p i r a t i o n chamber ( S t r a t h k e l v i n RG 300 r e s p i r a t i o n 
chamber) adjusted to 1-ml volume. Temperature was maintained 
at 22°C throughout the experiments and a m i c r o n s t i r bar i n the 
chamber ensured adequate mixing. Oxygen w i t h i n the chamber was 
measured using a Glark-type oxygen e l e c t r o d e ( S t r a t h k e l v i n 
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Instruments 1302 microcathode electrode) which consumed 
n e g l i g i b l e oxygen ( l O - n mgOa/sec) . The e l e c t r o d e was 
modified, to reduce hydrogen sulphide i n t e r f e r e n c e , by e t c h i n g 
the platinum cathode and e l e c t r o p l a t i n g gold onto the cathode, 
f o l l o w i n g the procedures of Revsbech and Ward (1983) and 
O'Brien and V e t t e r (1990). The e l e c t r o d e holder f i t t e d t i g h t l y 
i n t o the r e s p i r a t i o n chamber, the volume of which could be 
v a r i e d by changing the p o s i t i o n of the e l e c t r o d e holder. The 
e l e c t r o d e holder had a groove machined down the side which 
allowed a d d i t i o n s to the chamber using a Hamilton syringe. In 
t h i s way, the e l e c t r o d e d i d not have to be moved, nor the 
b a c t e r i a l suspension d i s t u r b e d , when s p i k i n g the chamber. The 
oxygen concentration i i ^ i t h i n the chamber was recorded every 10 
sec f o r the d u r a t i o n of the experiments. The S t r a t h k e l v i n 
oxygen meter was connected to an analogue to d i g i t a l recorder 
and an IBM computer. Oxygen data were st o r e d i n ASCII f i l e s , 
using the data a c q u i s i t i o n program Acquire (Labtech), f o r 
l a t e r a n a l y s i s by the spreadsheet program QuattroPro. 

A f t e r determining the endogenous r a t e of oxygen 
consumption, the b a c t e r i a l suspension was spiked w i t h sulphide 
or t h i o s u l p h a t e stock s o l u t i o n s to produce f i n a l chamber 
concentrations of e i t h e r 100 pM, 200 pM sulphide or 500 pM 
t h i o s u l p h a t e w i t h i n the chamber. Stock s o l u t i o n s were prepared 
from sodium t h i o s u l p h a t e pentahydrate (NaaSzO 3 . 5 H 2 0 ) and 
sodium sulphide nonahydrate ( N a 2 S . 9 H 2 0 ) . A l l stock s o l u t i o n s 
were prepared at xlOO the f i n a l c o ncentration l i s i n g MQwater 
except f o r the sulphide s o l u t i o n , which was prepared i n 
degassed FSSW-MOPS. The sulphide s o l u t i o n was n e u t r a l i z e d to 
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pH 7-8 to e l i m i n a t e pH e f f e c t s on metabolism. A l l t h i o l stock 
s o l u t i o n s i n a l l experiments were prepared i d e n t i c a l l y . At 
l e a s t three r e p l i c a t e s were performed f o r each set Of 
experimental c o n d i t i o n s except where noted. Experiments using 
200 pM sulphide and 500 pM th i o s u l p h a t e were a l s o c a r r i e d out 
on b a c t e r i a i s o l a t e d from b i v a l v e s "starved" (maintained i n 
running seawater f r e e of reduced sulphur) f o r 10 days. These 
sulphide experiments were not r e p l i c a t e d . 

When a steady endogenous r a t e of .oxygen consumption had 
been recorded, the chamber was spiked w i t h sodium azide (NaNs) 
to a f i n a l c o n c e n t r a t i o n 10 mM to i n h i b i t a erobic r e s p i r a t i o n 
i n the symbiotic b a c t e r i a . The oxygen consumption r a t e a f t e r 
t h i s p o i n t was measured to determine n o n - r e s p i r a t o r y oxygen 
consumption (Wilmot and V e t t e r , 1992). Controls using FSSW-
MOPS but no b a c t e r i a , w i t h sulphide or t h i o s u l p h a t e spikes 
followed by az i d e , were c a r r i e d out f o r each concen t r a t i o n of 
t h i o l to determine oxygen consumed through chemical r e a c t i o n . 

F o l l o w i n g experiments, the 1-ml experimental b a c t e r i a l 
suspensions were c e n t r i f u g e d at 13,000 rpm i n an Eppendorf 
M i c r o c e n t r i f u g e 5415 to p e l l e t the b a c t e r i a . The supernatant 
was removed and the wet weight of the b a c t e r i a l p e l l e t was 
recorded. 

Data a n a l y s i s 
The endogenous r a t e , t h i o l - s t i m u l a t e d r a t e , and az i d e -

s e n s i t i v e r a t e (%oxygen/min) of oxygen consumption were 
c a l c u l a t e d from the best f i t slope of the.data. C o n t r o l r a t e s 
(no b a c t e r i a ) were subtracted from experimental rates to 
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c o r r e c t f o r the l o s s of oxygen due to r e a c t i o n between t h i o l s 
or azide and oxygen i n the chamber. The c o n t r o l - a d j u s t e d 
oxygen consumption rates were converted to absolutes (nmol 
oxygen) per min and then adjusted f o r the wet weight of 1 ml 
of b a c t e r i a l suspension, r e s u l t i n g i n f i n a l u n i t s of nmol 
oxygen/mgww/min. The a z i d e - i n s e n s i t i v e oxygen consumption r a t e 
(measured a f t e r a d d i t i o n of azide) was subtracted from the 
t h i o l - s t i m u l a t e d r a t e to determine the a z i d e - s e n s i t i v e r a t e , 
representing the true r e s p i r a t i o n r a t e of the b a c t e r i a l 
symbionts. The mean oxygen consumption rates + 1 s.d. were 

c a l c u l a t e d from r e p l i c a t e s and compared between experiments. 
A z i d e - s e n s i t i v e rates r e s u l t i n g from t h i o l s t i m u l a t i o n were 
a l s o expressed as r e l a t i v e s t i m u l a t i o n over endogenous ra t e s 
and were t e s t e d against endogenous rates using 1-way analyses 
of v a r i a n c e (ANOVAs) f o r s t a t i s t i c a l d i f f e r e n c e (p<0.05). 
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3.2.3. N i t r a t e and N i t r i t e R e s p i r a t i o n i n B a c t e r i a l Ssnnbiont 
Suspensions 

The a b i l i t y of the i s o l a t e d sjnnbiotic b a c t e r i a to u t i l i z e 
n i t r a t e and/or n i t r i t e as a l t e r n a t e e l e c t r o n acceptors under 
anoxic c o n d i t i o n s was i n v e s t i g a t e d using i n c u b a t i o n s of 
b a c t e r i a l suspensions. The suspensions were provided w i t h 
n i t r a t e or n i t r i t e and e i t h e r t h i o s u l p h a t e , sulphide, or no 
sulphur s u b s t r a t e . Two sets of c o n t r o l experiments were 
c a r r i e d out: b a c t e r i a l suspensions were incubated w i t h no 
exogenous e l e c t r o n acceptor or sulphur source and b a c t e r i a -
free incubations r e p l i c a t i n g experimental co n d i t i o n s but usi n g 
degassed FSSW-MOPS rather than b a c t e r i a l suspension. 
Experiments were conducted on b a c t e r i a i s o l a t e d from f r e s h l y 
c o l l e c t e d Codakia orhiculata (fed b a c t e r i a ) and from b i v a l v e s 
maintained i n oxygenated, s u l p h i d e - f r e e and low-nutrient 
seawater (starved b a c t e r i a ) f o r 10 days. N i t r a t e and n i t r i t e 
r e s p i r a t i o n rates were monitored by measuring the accumulation 
or disappearance of n i t r i t e , r e s p e c t i v e l y , i n the inc u b a t i o n 
media. 

B a c t e r i a were i s o l a t e d from host b i v a l v e s and suspensions 
were prepared as o u t l i n e d above f o r oxygen consumption 
experiments, w i t h the f o l l o w i n g m o d i f i c a t i o n s . F o l l o w i n g the 
second 10 min c e n t r i f u g a t i o n at 3000 rpm, the b a c t e r i a l p e l l e t 
was resuspended i n degassed FSSW-MOPS and maintained, 
on i c e , under an argon gas stream u n t i l used f o r experiments. 
B a c t e r i a l suspensions were used w i t h i n 2 h of processing. 

Experiments were c a r r i e d out on a l i q u o t s of b a c t e r i a l 
suspension t r a n s f e r r e d under an argon stream to p r e v i o u s l y 
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degassed 5-ml v i a l s w i t h screw-cap l i d s . N i t r a t e and n i t r i t e 
stock s o l u t i o n s were prepared from e i t h e r potassium n i t r a t e 
( K N O 3) or sodium n i t r i t e (NaNOa). . A l l n i t r a t e and n i t r i t e 
stock s o l u t i o n s f o r a l l experiments were prepared i d e n t i c a l l y . 
Degassed stock s o l u t i o n s were added to the suspensions f o r a 
f i n a l c o ncentration of 2 mM n i t r a t e or 20 pM n i t r i t e , 
r e s p e c t i v e l y . These n u t r i e n t l e v e l s were i n excess of l e v e l s 
recorded i n Codakia orbiculata h a b i t a t (Chapter 2) i n an 
e f f o r t to s t i m u l a t e n i t r i t e production and u t i l i z a t i o n , 
r e s p e c t i v e l y , and to prevent complete su b s t r a t e disappearance 
during the i n c u b a t i o n s . F o l l o w i n g the a d d i t i o n of the 
a l t e r n a t e e l e c t r o n acceptor, the suspension was spiked to a 
f i n a l c oncentration of 200 pM s u l p h i d e , 200 pM t h i o s u l p h a t e or 
5 mM cyanide (KCN). Sulphide incubations were re-spiked a f t e r 
each sample time p o i n t to ensure adequate sub s t r a t e . Three 
r e p l i c a t e experiments were run f o r each set of c o n d i t i o n s 
(except where noted). The i n i t i a l volumes of the suspensions 
v a r i e d : 3.6 ml f o r 2 mM n i t r a t e incubations to allow 1-ml 
subsamples at each time p o i n t f o r n i t r i t e a n a l y s i s , or 1.8 ml 
f o r 20 pM n i t r i t e incubations because 500-pl subsamples 
req u i r e d d i l u t i o n to 1 ml p r i o r to a n a l y s i s . P r e l i m i n a r y 
experiments determined that suspensions r e q u i r e d a 10-min pre
i n c u b a t i o n p e r i o d p r i o r to the To sampling to o b t a i n l i n e a r 
r e s p i r a t i o n r a t e s . A d d i t i o n a l samples were taken at 20 and 40 
min (except where noted). 

Because sulphide i n t e r f e r e s w i t h the c o l o u r i m e t r i c 
n i t r i t e a n a l y s i s ( S t r i c k l a n d and Parsons, 1977), i t was 
removed by p r e c i p i t a t i o n as z i n c sulphide p r i o r to a n a l y s i s . 
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Samples of b a c t e r i a l suspension removed f o r n i t r i t e a n a l y s i s 
( e i t h e r 1 ml or 500 p i d i l u t e d to 1 ml w i t h FSSW) were 
p i p e t t e d i n t o 1.5-ml Eppendorf tube c o n t a i n i n g 10 p i 2 N z i n c 
acetate dihydrate ( ( C H 3 C O 2 ) 2Zn.2 H 2 O ). Fol l o w i n g the a d d i t i o n 
of 10 p i 2 N sodium hydroxide (NaOH), to increase the 
fl o c ' c u l a t i o n and to help p r e c i p i t a t i o n , the tubes were 
ce n t r i f u g e d f o r 1 min at 13,000 rpm on an Eppendorf 
M i c r o c e n t r i f u g e 5A15. A f t e r t h i s p o i n t , the method f o l l o w s 
that of S t r i c k l a n d and Parsons (1977) w i t h m o d i f i c a t i o n s f o r 
small volume. The supernatant (800 p i ) was t r a n s f e r r e d to 
another 1.5-ml Eppendorf tube, 160 p i of sulphanilamide 
s o l u t i o n (5 g sulphanilamide (4- ( H 2N)CeH 4 S O 2 N H 2) i n 50 ml of 
concentrated h y d r o c h l o r i c a c i d (HCl) and 450 ml of MQwater) 
were added and, a f t e r 5 min, 160 p i of N-(1-naphthyl)-
ethylenediamine d i h y d r o c h l o r i d e (Ci 0 H 7 N H C H 2 C H 2 N H 2 . 2 H C 1) (0.5 g 
i n 500 ml MQwater). A f t e r a l l o w i n g 1-2 h f o r f u l l c olour 
development, the e x t i n c t i o n of the samples was read at 543 nm 
on a M i l t o n Roy Spec21 spectrophotometer.. N i t r i t e samples 
wi t h absorbances greater than 1.0 were d i l u t e d 1:10 w i t h FSSW 
p r i o r to a n a l y s i s . N i t r i t e concentrations were determined by 
comparison w i t h a standard curve. 

The concentrations of sulphide and th i o s u l p h a t e i n the 
b a c t e r i a l suspensions were monitored i n s i n g l e experimental 
runs. Concentrations were measured i n 100 p i a l i q u o t s of 
suspension by HPLC a f t e r d e r i v a t i z a t i o n w i t h monbbromobimane 
(bimane). Reagent blanks and PDS c o n t r o l s were a l s o analyzed. 
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P r o t o c o l followed the procedures of Newton and Fahey (1987) 
and V e t t e r et al. (1989), as described i n d e t a i l i n the 
Methods s e c t i o n i n Ghapter 2. 

Data a n a l y s i s 
N i t r i t e concentrations (pM) i n the in c u b a t i o n media were 

converted to absolutes (nmol) and rates of n i t r i t e 
disappearance or accumulation, a f t e r adjustment f o r the 
b a c t e r i a - f r e e c o n t r o l s , were c a l c u l a t e d on a wet weight b a s i s 
(nmol/gww/min). R e p l i c a t e r a t e s f o r each set of i n c u b a t i o n 
c o n d i t i o n s were converted to mean values (+ 1 s.d.) and 
tabulated. Where s i g n i f i c a n t s t i m u l a t i o n above the c o n t r o l 
rates were noted, rates were t e s t e d f o r s t a t i s t i c a l d i f f e r e n c e 
(p<0.05) u t i l i z i n g 1-way analyses of variance. 
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3.2.4. Anaerobic Carbon Dioxide F i x a t i o n by B a c t e r i a l Ssnnbiont 
Suspensions 

To determine i f Codakia orbiculata b a c t e r i a l sjnnbionts 
were able to f i x CO2 under anoxic c o n d i t i o n s , b a c t e r i a l 
suspensions were incubated, i n the absence of oxygen, w i t h 
NaHi^COa and provided w i t h e i t h e r s u l p h i d e , t h i o s u l p h a t e , 
n i t r a t e or a combination of sulphur substrate and . n i t r a t e . 
Experiments were a l s o c a r r i e d out w i t h n e i t h e r e x t e r n a l 
e l e c t r o n acceptor nor sulphur source to determine endogenous 
anaerobic ^ * CO2 f i x a t i o n r a t e s . Experiments were conducted on 
b a c t e r i a i s o l a t e d from f r e s h l y c o l l e c t e d C. orbiculata ("fed" 
b a c t e r i a ) and from b i v a l v e s maintained i n oxygenated, 
s u l p h i d e - f r e e and low-nutrient seawater ("starved" b a c t e r i a ) 
f o r 10 d. One inc u b a t i o n was conducted under o x i c c o n d i t i o n s 
f o r comparison of r e s u l t s w i t h those of the experiments 
conducted under anoxic c o n d i t i o n s . 

B a c t e r i a l suspensions were prepared and maintained as 
described i n the methods f o r anaerobic r e s p i r a t i o n 
experiments. B a c t e r i a l suspensions (1.2 ml) were t r a n s f e r r e d 
under an argon gas stream to 1.5-ml Eppendorf tubes. Sulphide 
( i n FSSW-MOPS), th i b s u l p h a t e or n i t r a t e xlOO stock s o l u t i o n s 
were added to the suspensions f o r f i n a l concentrations of 1 mM 
t h i o s u l p h a t e i 200 pM sulphide, 2 mM n i t r a t e and combinations 
of sulphur substrates and n i t r a t e . B a c t e r i a l suspensions were 
a l s o incubated w i t h 2 mM n i t r a t e and 10 mM azide (fed 
b a c t e r i a ) or 5 mM cyanide (starved b a c t e r i a ) . Control 
i n c u b a t i o n s , c o n s i s t i n g of b a c t e r i a l suspensions w i t h no 
a d d i t i o n s , and an o x i c c o n t r o l i n c u b a t i o n (using starved 
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b a c t e r i a only) were a l s o run. At the s t a r t of each experiment, 
12 p i of 400 pCi/ml NaHi> CO3 was added.to each tube, producing 
a f i n a l c oncentration of 4 pGi/ml. Samples (200 p i ) were drawn 
from the tubes under an argon stream at 0, 15, 30, 45 and 60 
min and placed i n g l a s s s c i n t i l l a t i o n v i a l s . In the fumehood, 
2 ml of 2 N H2SO-4 was added to stop f i x a t i o n . The v i a l s were 
l e f t open i n a 45°G sand bath oyer n i g h t to b r i n g the sample 
to dryness. V i a l s were removed from the sand bath and samples 
r e d i s s o l v e d i n 1 ml of 6.004 N NaOH. In soime cases', a .PTFE 
scraper was used to help resuspend the p r e c i p i t a t e . Ten ml of 
s c i n t i l l a t i o n c o c k t a i l ( S c i n t i V e r s e E , F i s h e r S c i e n t i f i c ) was 
added to each v i a l . A f t e r shaking, a l l samples were, counted on 
a Beckman LS6000 TA s c i n t i l l a t i o n counter. 

At the end of the experiments, 50-pl samples were taken 
from each tube to determine the t o t a l counts of each tube. 
These samples were not a c i d i f i e d but suspended i n 1 ml MQwater 
and 10 ml s c i n t i l l a t i o n c o c k t a i l . T o t a l counts were 
c a l c u l a t e d per 200 p i and used f o r converting counts per min, 
from the time p o i n t samples, to f r a c t i o n of t o t a l counts. The 
f r a c t i o n uptake of t o t a l J ̂  CO2 data were expressed as r a t e s 
( f r a c t i o n uptake/min) and r a t e s were found to be l i n e a r over 
the 60-min sampling p e r i o d . Rates were converted to 
pmolesC/gww/h and were a l s o expressed as a r a t i o of the 
endogenous r a t e , to demonstrate s t i m u l a t o r y e f f e c t s of 
substr a t e s . 
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Data a n a l y s i s • -
Means ( + 1 s. d. ) were c a l c u l a t e d f o r ' i CO2 f i x a t i o n r ates 

i n experiments which were r e p l i c a t e d . A 1-way a n a l y s i s .of 
variance was used to t e s t f o r s t a t i s t i c a l l y s i g n i f i c a n t 
d i f f e r e n c e s {p<0.05) between f i x a t i o n r ates f o r fed b a c t e r i a 
s t i m u l a t e d by the a d d i t i o n of t h i o s u l p h a t e or sulphide. 
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3.2.5. N i t r a t e and N i t r i t e R e s p i r a t i o n i n Whole Codakia 

drbiculata 

To determine the a b i l i t y of the Codakia orbiculata 

b a c t e r i a l symbionts to r e s p i r e n i t r a t e and n i t r i t e in vivo, 

b i v a l v e s were incubated w i t h a l t e r n a t e e l e c t r o n acceptors 
( n i t r a t e and n i t r i t e ) and e i t h e r sulphide (a range of 
c o n c e n t r a t i o n s ) , t h i o s u l p h a t e or no reduced sulphur source. 
Experiments were conducted under both anoxic and o x i c 
c o n d i t i o n s . N i t r a t e and n i t r i t e - r e s p i r a t i o n were-measured-by 
the increase or decrease i n n i t r i t e i n the i n c u b a t i o n media, 
r e s p e c t i v e l y . 

Codakia orbiculata were c o l l e c t e d 24 h p r i o r to the s t a r t 
of the experiments. Reduced sulphur sources i n ambient 
sediments can be v a r i a b l e (Ghapter 2) and t h i s may a f f e c t 
t h i o l s i n the mantle f l u i d and blood which could be u t i l i z e d 
by the b i v a l v e s and could, t h e r e f o r e , i n f l u e n c e the r e s u l t s of 
the experiments. B i v a l v e s were placed i n oxygenated, s u l p h i d e -
f r e e seawater f o r 24 h i n an e f f o r t to standardize the mantle 
f l u i d and blood t h i o l l e v e l s of the b i v a l v e s . A l l b i v a l v e s 
were of r e l a t i v e l y uniform s i z e (8-10 mm s h e l l width). 

Incubations were c a r r i e d out i n 50-ml Erlenmyer f l a s k s 
sealed w i t h rubber septa to prevent gas exchange. Fl a s k s were 
covered w i t h aluminum f o i l to reduce disturbance and to mimic 
dark, sediment c o n d i t i o n s . Each f l a s k contained 40 ml of 
i n c u b a t i o n s o l u t i o n , prepared using FSSW (0.22 pm f i l t e r e d ) , 
appropriate volumes of 100 mM sulphide or t h i o s u l p h a t e stock 
s o l u t i o n s and 4 mM n i t r a t e or n i t r i t e stock s o l u t i o n s 
(prepared as o u t l i n e d f o r anaerobic r e s p i r a t i o n experiments 
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using i s o l a t e d b a c t e r i a suspensions)/ F i n a l i n c u b a t i o n 
concentrations were 100 pM f o r n i t r a t e and n i t r i t e , 250 pM f o r 
thiosulphate' and 50 pM, 250 pM and 1000 pM for' sulphide, .. 
Anoxic and o x i c i n c u b a t i o n c o n d i t i o n s used are l i s t e d i n 
Tables 11a and l i b , r e s p e c t i v e l y . R e p l i c a t e experiments were 
c a r r i e d out f o r each set of i n c u b a t i o n c o n d i t i o n s except where 
noted. A c o n t r o l (no b i v a l v e s ) was run f o r each set of 
in c u b a t i o n c o n d i t i o n s . 

T r i d l i n cubations indica;ted a minimum of 5 b i v a l v e s i n 40 
ml of s o l u t i o n r e s u l t e d i n a measurable r a t e of t h i o l or 
n i t r a t e / n i t r i t e u t i l i z a t i o n at s e l e c t e d concentrations. 
Concentrations of e l e c t r o n acceptor and t h i o l were s e l e c t e d as 
compromises between h a b i t a t l e v e l s and concentrations 
s u f f i c i e n t l y high to y i e l d measurable r e s u l t s w i t h i n a 
reasonable p e r i o d of time. Previous experiments on suspensions 
of i s o l a t e d sjnnbibnts had used excess n i t r a t e (2 mM) to 
demonstrate the a b i l i t y of the b a c t e r i a to r e s p i r e n i t r a t e . 
The 100 pM n i t r a t e concentrations used i n the whole animal 
experiments were approximately x3 higher than maximum 
concentrations reported from the h a b i t a t (Chapter 2) but were 
the minimum concentration necessary to o b t a i n a measurable 
r e s u l t w i t h i n an experimental time p e r i o d . In c o n t r a s t , the 
100 pM n i t r i t e concentrations were higher than those used i n 
the i s o l a t e d b a c t e r i a experiments but, again, lower 
concentrations d i d not y i e l d measurable r e s u l t s w i t h i n a 6.5-h 
to 8-h p e r i o d . T h i o l l e v e l s were a l s o s e l e c t e d f o r the same 
reasons. 250 pM th i o s u l p h a t e y i e l d e d a measurable r e s u l t but 
was approximately x5 the highest concentration recorded i n 
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Table 11. Inculcation c o n d i t i o n s f o r whole Codakia orbiculata 
n i t r a t e and n i t r i t e r e s p i r a t i o n experiments. Concentrations 
are pM. "Thios." = Thiosulphate. 
(a) Anoxic i n c u b a t i o n s . 
# CLAMS INCUBATION CONDITIONS (To) # REPLICATES 

N i t r i t e N i t r a t e Sulphide Thios. 
5 0 0 0 0 3 
0 0 0 0 0 2 
5 0 0 250 0 3 
0 0 0 250 0 2 
5 0 0 1000 0 3 
0 0 0 1000 0 2 
5 0 100 0 0 3 
0 0 100 0 0 2 
5 0 100 50 0 3 
0 0 100 50 0 3 
5 0 100 250 0 3 
0 0 100 250 0 3 
5 0 100 1000 0 3 
0 0 100 1000 0 2 
5 6 0 0 250 3 
0 0 0 0 250 1 
5 0 100 0 250 3 
0 - 0 100 0 250 1 
5 100 0 0 0 3 
0 100 0 0 0 2 
5 100 0 250 0 3 
0 100 0 250 0 2 
5 100 0 0 250 3 
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Table 11. cont'd. 
(b) Oxic i n c u b a t i o n s . 
// CLAMS INCUBATION CONDITIONS (To) # REPLICATES 

N i t r i t e N i t r a t e Sulphide Thios. 
5 0 0 250 0 3 
6 0 0 250 0 1 
5 0 0 0 250 3 
0 0 0 0 250 1 
5 0 100 250 0 3 
0 0 100 250 0 1 
5 0 100 0 0 3 
0 0 100 0 0 1 
5 0 too 0 250 3 
0 0 100 0 250 1 
5 100 0 250 0 3 
0 100 0 250 0 1 
5 0 0 0 0 3 
0 0 0 0 0 1 
5 0 0 50 0 3 
0 0 0 50 0 1 
5 0 0 1000 0 3 
0 0 0 1000 0 1 
5 0 0 0 1000 1 
0 0 0 0 1000 1 
5 100 0 0 0 3 
0 100 0 0 0 1 
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h a b i t a t i n t e r s t i t i a l water (Chapter 2). The sulphide 
concentrations used (0-1000 pM) bracketed the range of 
sulphide l e v e l s .found i n the" b i v a l v e s ' habitat,, where mean 
d i s s o l v e d sulphide l e v e l s ranged from 31.32 - 296.68 pM 
(Ghapter 2). B i v a l v e s were s a c r i f i c e d a f t e r the experiments 
to determine t o t a l wet t i s s u e weights f o r l a t e r c a l c u l a t i o n of 
n i t r a t e and n i t r i t e r e s p i r a t i o n r a t e s f o r the whole organism. 

Anoxic Incubations • . . 
The t o t a l i n c u b a t i o n volume i n a l l experiments was 40 ml 

(FSSW + n i t r a t e or n i t r i t e stock + t h i o l s t o c k ) . FSSW was 
degassed w i t h argon gas i n a 50-ml Erlenmyer f l a s k f o r 20 min 
p r i o r to the a d d i t i o n of 1 ml of 4 mM n i t r a t e or n i t r i t e stock 
s o l u t i o n f o r a f i n a l c o ncentration of 100 pM. Incubation 
s o l u t i o n s were then degassed f o r an a d d i t i o n a l 1-2 min w h i l e 
b i v a l v e s were prepared. The absence of oxygen at i n i t i a t i o n of 
the experiments, immediately p r i o r to adding the b i v a l v e s , was 
determined using a S t r a t h k e l v i n C l a r k - t j ^ e oxygen micro-
e l e c t r o d e modified to avoid sulphide poisoning as described 
e a r l i e r . Oxygen l e v e l s were a l s o measured at the conclusion of 
the experiments to determine i f oxygen had d i f f u s e d across the 
septum. 

B i v a l v e s were measured and t h e i r s h e l l s washed w i t h clean 
seawater to remove adhering d e t r i t u s . Immediately p r i o r to 
adding the b i v a l v e s to the degassed i n c u b a t i o n f l a s k , they 
were b l o t t e d dry w i t h a c e l l u l o s e t i s s u e . The argon bubbler 
was removed from the f l a s k , the b i v a l v e s added and the f l a s k s 
were immediately sealed. The appropriate volume of t h i o l stock 
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s o l u t i o n was i n j e c t e d through the rubber septum using a 1-ml 
or a 100-iil Hamilton syringe. The f l a s k was s w i r l e d to mix 
s o l u t i o n s and the To reading wals taken l e s s than 10 sec .after 
the b i v a l v e s were added to the f l a s k . The f o i l - c o v e r e d anoxic 
i n c u b a t i o n f l a s k s were then placed i n an argon glove bag, 
fl u s h e d continuously w i t h argon, g e n t l y s w i r l e d once every 0.5 
h to ensure a uniform i n c u b a t i o n medium and removed only f o r 
sampling. A l l samples of the i n c u b a t i o n media wfere removed 
using a Hamilton syringe. Room temperature was maintained at 
22°C f o r the d u r a t i o n of the experiments. 

Oxic Incubations 
The experimental procedure was i d e n t i c a l to that used f o r 

the anoxic i n c u b a t i o n s , except the s o l u t i o n s were hot degassed 
w i t h argon and the f l a s k s were not kept i n the glove bag. 

Sampling and A n a l y s i s 
Samples of the i n c u b a t i o n s o l u t i o n s were removed at 0, 3, 

6.5 (or 8) and 24 h. T r i a l experiments had revealed that 3 h 
was the minimum i n c u b a t i o n time necessary to y i e l d a 
repeatedly measurable r a t e of t h i o l and/or n i t r a t e or n i t r i t e 
u t i l i z a t i o n . F l a s ks were g e n t l y s w i r l e d p r i o r to sampling to 
ensure uniform concentration. For n i t r a t e a n a l y s i s , 1 ml of 
s o l u t i o n was removed through the septum, using a Hamilton 
sy r i n g e , and immediately frozen i n a 1.5 ml-Eppendorf tube f o r 
l a t e r a n a l y s i s using chemiluminescence (Barnes and L i p s h u l t z , 
unpubi. data). Although t h i s method of a n a l y s i s was 
s u c c e s s f u l l y used to analyse n i t r a t e concentrations i n 
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standards and i n t e r s t i t i a l water samples (Chapter 2), 
p r e l i m i n a r y analyses of the in c u b a t i o n media samples were 
unsuccessful'. P o s s i b l e sources of i n t e r f e r e n c e w i t h the 
technique have yet to be i d e n t i f i e d and, t h e r e f o r e , these data 
could not be u t i l i z e d . One ml of in c u b a t i o n s o l u t i o n was 
removed as above f o r n i t r i t e a n a l y s i s . The method used f o r 
n i t r i t e a n a l y s i s was i d e n t i c a l to that described f o r anaerobic 
r e s p i r a t i o n experiments i n suspensions of i s o l a t e d ' b a c t e r i a , 
as discussed e a r l i e r . 

Thiosulphate and sulphide were measured i n 100-pl samples 
of the i n c u b a t i o n media, removed using a 100-pl Hamilton 
syringe and processed f o l l o w i n g the HPLC bimane method (Fahey 
and Newton, 1987; Ve t t e r et al., 1989). In a d d i t i o n to the 
above method, sulphide was a l s o measured i n some of the 
incu b a t i o n media using C l i n e ' s c o l o u r i m e t r i c assay ( C l i n e , 
1969). One ml of in c u b a t i o n s o l u t i o n was removed and added to 
a degassed s c i n t i l l a t i o n v i a l c o n t a i n i n g 40 p i of 2 N z i n c 
acetate (to preserve the sulphide as z i n c s u l p h i d e ) . These 
samples were st o r e d i n the dark f o r 2-5 days p r i o r to a n a l y s i s 
w i t h no l o s s of sulphide (Barnes, unpubl. data). A d e t a i l e d 
procedure f o r t h i s a n a l y s i s can be found i n the methods 
s e c t i o n i n Chapter 2. 

Data A n a l y s i s 
The n i t r i t e c oncentration data were converted to 

absolutes (nmol) and the mean r a t e measurements, expressed as 
nmol/gww/min, were c a l c u l a t e d f o r the f i r s t 6.5 (or 8) h and 
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the mean rat e s compared between treatments. Where n i t r i t e 
concentrations changed s i g n i f i c a n t l y , the response was l i n e a r -
over the 6.5 (or 8), h p e r i o d . One-way. ANO.VAs were used, where 
appropriate., to t e s t f o r s t a t i s t i c a l l y s i g n i f i c a n t d i f f e r e n c e s 
(p<0.05) between r a t e s . 
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3.3- RESULTS 
3.3.1. G i l l Globular Elemental Sulphur Levels i n Response to 
the Absence o f Exogenous Reduced .Sulphur-

Only s p e c i f i c s u l p h u r - o x i d i z i n g b a c t e r i a hav^ been 
observed to produce and accumulate g l o b u l a r elemental sulphur, 
which i s b e l i e v e d to be an index of b a c t e r i a l c o n d i t i o n 
( V e t t e r , 1985). A v a i l a b i l i t y of reduced sulphur compounds may 
be r e f l e c t e d i n stored g l o b u l a r elemental sulphur (SGES) i n 
the g i l l s of Codakia orbiculata, representing a p h y s i o l o g i c a l 
response by the b a c t e r i a l endosjnnbionts. SGES was measured i n 
the g i l l s of C. orbiculata maintained i n oxygenated, sul p h i d e -
f r e e seawater over a 27-d p e r i o d . The data are presented i n 
Table 12. Because b i v a l v e s were c o l l e c t e d immediately p r i o r 
to the s t a r t of the experiment, SGES l e v e l s measured i n the 
g i l l s of b i v a l v e s at To were considered r e p r e s e n t a t i v e of the 
l e v e l s found i n b i v a l v e s in situ. Foot and mantle t i s s u e s from 
5 f r e s h l y c o l l e c t e d b i v a l v e s were a l s o analysed but no SGES 
was detected (data not shown). The mean SGES cbntent i n g i l l s 
at the s t a r t of the experiment was 107.28 + 1A9.70 pg-atoms 
S/gww. SGES i n the g i l l s f l u c t u a t e d over the f i r s t 48 h but 
dropped d r a m a t i c a l l y between 48 h, (2 d) and 120 h (5 d); the 
5-d g i l l samples contained only 4.70 + 6.89 pg-atoms S/gww. 

A f t e r 5 d, the SGES remained r e l a t i v e l y constant f o r the 
durat i o n of the experiment. G i l l colour was observed f o r a l l 
b i v a l v e s and was noted to change from p a l e yellow-cream at the 
s t a r t of the experiment to a dark brown-red colour at the end 
of the experiment. 
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Table 12. Codakia orbiculata gxll g l o b u l a r elemental sulphur 
(Vigatoms S/gww) i n response to inc u b a t i o n i n the absence of 
exogenous reduced sulphur ( " s t a r v a t i o n " ) . Data are presented 
as means + 1 s.d.. 

Incubation 
Time 

(h or d) 
G i l l 

Sulphur 
(pgatoms S/ 

gww) 

G i l l 
...Sulphur 
(%d.w.) 

n G i l l 
Colour 

0 h 107. 28 + 149 .70 1. 52 + 2. 27 8 Creamy Yellow 
2 h 55. 46 43 .89 0. 85 + 0. 67 3 Yellow 

12 h 101. 70 +_ 23 .57 1. 15 + 0. 40 2 Yellow 
24 h 51. 92 38 .08 0. 49 + 0. 51 3 Yellow 
48 h 50. 38 + 79 .37 1. 10 + 1. 81 3 Yellow 
5 d 4. 70 6 .89 0. 04 + 0. 06 3 Reddish Brown 

10 d 4. 96 + 6 .92 0. 05 + 0. 08 2 Reddish Brown 
15 d 1. 72 + 2 .41 0. 01 + 0. 02 3 Reddish Brown 
20 d 4. 51 + 3 .56 0. 03 + 0. 02 3 Reddish Brown 
27 d 5. 59 + 3 .12 0. 03 + 0. 01 3 Reddish Brown 
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S u r p r i s i n g l y , no s t a t i s t i c a l l y s i g n i f i c a n t d i f f e r e n c e s 
were found between SGES measured at each sampling time (1-way 
ANOVA; p>0.05). This i s a t t r i b u t e d to the predominately small 
sample s i z e (n=3) and the la r g e v a r i a t i o n around the mean SGES 
content i n f r e s h l y c o l l e c t e d b i v a l v e s . The" data f o l l o w a trend 
over time, however, w i t h g i l l SGES decreasing i n i t i a l l y and 
then l e v e l l i n g o f f . As the experiment progressed, the 
v a r i a t i o n around the mean SGES at each sampling time 
decreased, r e f l e c t i n g the constant c o n d i t i o n s i n which the 
bi v a l v e s were maintained and a basal c o n c e n t r a t i o n found i n 
t h i s species. 

Mean p r o t e i n content ranged from 0.07 + 0,03 to 0.17 + 
0.004 mg protein/mgww throughout the experiment w i t h no 
apparent c o r r e l a t i o n to days of sulphide d e p r i v a t i o n ( F i g , 
16) . 

Over the course of the experiment, t h i o s u l p h a t e and 
sulphide were measured i n the mantle f l u i d of b i v a l v e s 
s a c r i f i c e d f o r g i l l SGES a n a l y s i s ( F i g s . 17a and b). 
Thiosulphate l e v e l s were high i n the 0 h samples (87.54 + 

66.45) but dropped d r a m a t i c a l l y i n the 24 h samples and, 
again, i n the 48 h samples. A f t e r 48 h, the mantle f l u i d 
t h i o s u l p h a t e l e v e l s remained c o n s i s t e n t l y low (ranging from 
0.00 to* 6.59 + 4.73 pM), suggesting a low basa l concentration 
i n t h i s species. Variance around the mean was greater i n the 
samples taken i n the f i r s t 24 h than i n subsequent samples. 
Levels of d i s s o l v e d sulphide i n the mantle f l u i d of the 
b i v a l v e s followed a s i m i l a r p a t t e r n to that of t h i o s u l p h a t e , 
although the decrease over the f i r s t 24 h was not as great. No 
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Figure 16. Protein content of Codakia orbiculata gills (mg/protein/mgww) in 

response to the absence of exogenous reduced sulphur ("starvation"). Data 

are piotted as means +1 s.d.; n=3. 
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Rgure 17. Mantle fluid thiol concentrations (nM) in response to the absence of 

exogenous reduced sulphur ("starvation"). Data are piotted as means ± 1 s.d.; 

n=3, except at 0 days, n=8. (a) Thiolsulphate (b) Sulphide. 
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samples were taken between 2 and 5 days, however, and using 
the 12 h to 48 h rate, of sulphide disappearance to e x t r a p o l a t e 
between 48 h and 120 h, i t seems l i k e l y t h a t the sulphide 
would have v i r t u a l l y disappeared before 72 h ( F i g . 17b). Mean 
sulphide l e v e l s i n mantle f l u i d dropped d r a m a t i c a l l y from 
112.33 + 104.51 pM at 0 h, to 52.98 + 47.51 pM a f t e r 24 h, to 
25.34 + 17.23 pM a f t e r 48 h (2 d) and to 6.29 + 0.55 pM a f t e r 
5 d. Between 5 d and 27 d, the mantle f l u i d sulphide l e v e l s 
appeared to remain r e l a t i v e l y constant. Sulphide i n mantle 
f l u i d i n t h i s s p e c i e s , s i m i l a r to t h i o s u l p h a t e , seems to 
maintain a low bas a l concentration. 
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3.3.2. Aerobic R e s p i r a t i o n i n B a c t e r i a l Symbiont Suspensions 
To determine i f Codakia orbi.culata b a c t e r i a l sjnnbionts 

were capable of r e s p i r i n g sulphide and t h i o s u l p h a t e 
a e r o b i c a l l y , r e s p i r a t o r y ( a z i d e - s e n s i t i v e ) oxygen consumption 
was measured i n the presence of these t h i o l s and compared to 
endogenous consumption r a t e s . Non-respiratory ( a z i d e -
i n s e n s i t i v e ) oxygen consumption was a l s o measured; t h i s i s 
bel i e v e d to be a r e s u l t of non-enzymatic sulphide o x i d a t i o n by 
hematin-containing pigment granules (Powell and Arp, 1989; 
Wilmot and V e t t e r , 1992). The pigment granules could not be 
separated from the b a c t e r i a . Oxygen consumption rates of 
suspensions of b a c t e r i a i s o l a t e d from f r e s h l y c o l l e c t e d C. 
orbiculata are presented i n Table 13a. A l l rates have been 
corrected f o r oxygen consumption i n the chamber w i t h the same 
condi t i o n s but no b a c t e r i a . Results i n d i c a t e d that the 
b a c t e r i a l sjnnbionts were able to r e s p i r e a e r o b i c a l l y , w i t h 
mean endogenous rates (no exogenous reduced sulpur) ranging 
from 0.42 to 0.65 nmol/mgww/min. Sulphide (lOO pM) and 
thi o s u l p h a t e (500 pM) st i m u l a t e d a z i d e - s e n s i t i v e oxygen 
consumption but rates were not s t a t i s t i c a l l y d i f f e r e n t from 
the endogenous r a t e (1-way ANOVA; p>0-.05). However, a z i d e -
s e n s i t i y e oxygen consumption rates i n the presence of 200 pM 
sulphide were s t a t i s t i c a l l y higher than the endogenous r a t e 
(1-way ANOVA; p<0.05). The a z i d e - i n s e n s i t i v e oxygen 
consumption r a t e s f o r 100 pM and 200 pM sulphide remained 
r e l a t i v e l y constant (means of 0.12 and 0.10 nmol/mgw\^r/min 
r e s p e c t i v e l y ) . The same r a t e f o r 500 pM t h i o s u l p h a t e was 
s l i g h t l y lower, 0.09 + 0.03 nmol/mgww/min. 
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Table 13. Oxygen consumption rates (nmol/mgww/min) of 
Codakia orblculata b a c t e r i a l symbiont suspensions. Data are 
presented as means + 1 s .d. . 

(a) B a c t e r i a i s o l a t e d from f r e s h l y c o l l e c t e d b i v a l v e s ("fed 
T h i o l Cone. 

(pW) 
n Endogenous 

Rate 
Rate 
With 
T h i o l 

A zide-
Sens. 
Rate 

Azide-
Insens 
Rate 

Sulphide 100 3 0.65 + 0.86 + 0.74+ 0.12+ 
0.22 0.32 0.37 0.11 

Sulphide 200 4 0.42+ 0.97 + 0.86 + 0.10 + 
0.09 0.20 0.19 0.02 

Thiosulphate 500 3 0.49 + 0.74+ 0.65 + 0.09 + 
0.12 0.03 0.05 0,03 

(b) B a c t e r i a i s o l a t e d from b i v a l v e s maintained i n sulph i d e -
f r e e oxygenated seawater f o r 10 days ("starved"). 
T h i o l Cone. 

(pM) 
n Endogenous 

Rate 
Rate 
With 
T h i o l 

A z i d e -
Sens. 
Rate 

Azide-
Insens 
Rate 

Sulphide 200 1 0.21 0.79 0.66 0.13 
Thiosulphate 500 3 0.33 + 0.46 + 0.39+ 0.07 + 

0.00 0.03 0.03 0.00 
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Oxygen consumption r a t e s of suspensions of b a c t e r i a 
i s o l a t e d from Codakia orblculata maintained i n oxygenated, 
s u l p h i d e - f r e e seawater f o r 10 d are l i s t e d i n Table 13b. The 
mean endogenous r a t e was much lower than those of the fed 
b a c t e r i a . The presence of 200 pM sulphide increased the 
a z i d e - s e n s i t i v e oxygen consumption r a t e to x3.18 the 
endogenous r a t e , comparable to the mean r a t e measured f o r fed 
b a c t e r i a under the same c o n d i t i o n s . The experiments w i t h 
sulphide were not r e p l i c a t e d , however. The presence of 500 pM 
thi o s u l p h a t e r e s u l t e d i n a s t a t i s t i c a l l y i n s i g n i f i c a n t 
increase (1.18X) i n the a z i d e - s e n s i t i v e r a t e over the 
endogenous r a t e (1-way ANOVA; p>0.05). This l e v e l of 
s t i m u l a t i o n was comparable to that measured f o r fed b a c t e r i a , 
although the r e s p i r a t i o n r a t e was much lower. Azide-
i n s e n s i t i v e r a t e s , 0.13 and 0.07 f o r 200 pM sulphide and 500 
pM th i o s u l p h a t e r e s p e c t i v e l y , remained constant i n r e l a t i o n to 
those measured i n the experiments w i t h the suspensions of fed 
b a c t e r i a . 
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3.3.3. N i t r a t e and N i t r i t e R e s p i r a t i o n i n B a c t e r i a l Symbiont 
Suspensions 
3,3.3.1. N i t r a t e R e s p i r a t i o n 

N i t r i t e d i d not accumulate i n incubations i n the absence 
of b a c t e r i a (data not shown). The r e s u l t s of anoxic 
incubations w i t h b a c t e r i a i s o l a t e d from f r e s h l y c o l l e c t e d 
b i v a l v e s (yellow g i l l s i n d i c a t i v e of SGES) revealed that net 
n i t r i t e accumulation was t y p i c a l l y l i n e a r w i t h respect to 
inc u b a t i o n time, so n i t r a t e r e s p i r a t i o n r a t e s were c a l c u l a t e d 
f o r the 40-min i n c u b a t i o n p e r i o d (Table 14a). N i t r a t e 
r e s p i r a t i o n r a t e s i n b a c t e r i a l suspensions exposed to 5 mM 
cyanide were not s t a t i s t i c a l l y d i f f e r e n t from zero (1-way 
ANOVA; p<0.05)(data not shown). The r e s u l t s demonstrated that 
the b a c t e r i a were able to r e s p i r e n i t r a t e . The mean ra t e of 
net n i t r a t e r e s p i r a t i o n i n the n i t r a t e - f r e e i ncubations was 
very low and v a r i a b l e , 6.22 + 5.86 nmol/gww/min. N i t r a t e 

r e s p i r a t i o n i n t h i s c o n t r o l i n c u b a t i o n , even at low r a t e s , 
suggests that the b a c t e r i a may be capable of s t o r i n g s m all 
amounts of n i t r a t e . In the presence of 2 mM n i t r a t e but no 
exogenous sulphur source, the n i t r a t e r e s p i r a t i o n r a t e of the 
b a c t e r i a was xl5.5 the c o n t r o l r a t e . This s t i m u l a t i o n i n 
n i t r a t e r e s p i r a t i o n r a t e i n the absence of exogenous reduced 
sulphur suggests the use of SGES as subs t r a t e . 

Both 200 pM sulphide and 200 pM t h i o s u l p h a t e s t i m u l a t e d 
n i t r a t e r e s p i r a t i o n i n b a c t e r i a l i s o l a t e s i n comparison to the 
c o n t r o l rates but these rates were not s i g n i f i c a n t l y d i f f e r e n t 
from the n i t r a t e r e s p i r a t i o n r a t e of the b a c t e r i a l suspensions 
i n the presence of n i t r a t e and no e x t e r n a l sulphur (1-way 
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Table 14. Net n i t r a t e r e s p i r a t i o n r ates (nmol/gww/min) of 
Codakia orbiculata b a c t e r i a l symbiont suspensions. Data are 
presented as means + 1 s.d.. 

(a) B a c t e r i a i s o l a t e d from f r e s h l y c o l l e c t e d b i v a l v e s ("fed"). 
Incubation Conditions (To) 

N i t r a t e Thiosulphate Sulphide Time n R e s p i r a t i o n 
(mM) (pM) (pM) (min) Rate 
0 0 0 40 3 6.22 + 5.86 
2 0 0 40 3 96.27 + 21.44 
2 200 0 40 3 122.62 + 9.40 
2 0 200 40 3 108.15 + 24.28 

(b) B a c t e r i a i s o l a t e d from b i v a l v e s maintained i n sulp h i d e -
f r e e , oxygenated seawater f o r 10 d ("starved"). 

Incubation Conditions (To) 
N i t r a t e Thiosulphate Sulphide Time n R e s p i r a t i o n 
(liiM) (pM) (pM) (min) Rate 
0 0 0 30 1 0.14 
2 0 0 40 1 0.05 
2 200 0 40 3 13.93 + 2. 06 
2 0 200 40 3 0.00 + 0. 00 
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ANOVA; p>0.05). This s t a t i s t i c a l r e s u l t may be i n f l u e n c e d by 
the small sample s i z e (n=3). A n a l y s i s of sulphide and 
thi p s u l p h a t e i n the i n c u b a t i o n medium, over the course of a 
s i n g l e experiment, revealed t h a t l e v e l s of both t h i o l s 
decreased r a p i d l y i n the suspensions (data not shown). This 
f i n d i n g suggests that the b a c t e r i a u t i l i z e d these t h i o l s , when 
a v a i l a b l e , i n preference to SGES. A d d i t i o n a l f a c t o r s , such as 
the binding of sulphide to SGES and o x i d a t i o n by hematin 
granules (which could not be separated from the b a c t e r i a ) may 
have i n f l u e n c e d the concentration of sulphide i n the 
suspensions, however. 

The r e s u l t s of anoxic incubations of b a c t e r i a i s o l a t e d 
from b i v a l v e s which had been maintained i n s u l p h i d e - f r e e , o x i c 
c o n d i t i o n s f o r 10 d (starved) are presented i n Table 14b. The 
c o n t r o l r a t e of n i t r i t e accumulation (0.14 nmol/gww/min) was 
much lower than that of the b a c t e r i a i s o l a t e d from f r e s h l y 
c o l l e c t e d b i v a l v e s . The a d d i t i o n of 2 mM n i t r a t e but no 
sulphur s u b s t r a t e , d i d not s t i m u l a t e n i t r i t e accumulation 
r a t e ; the measured r a t e (0.05 nmol/gww/min) was much lower 
than recorded f o r suspensions of b a c t e r i a i s o l a t e d from 
f r e s h l y c o l l e c t e d b i v a l v e s . These r e s u l t s suggest t h a t the low 
r e s p i r a t i o n r a t e was not due to la c k of e l e c t r o n acceptor. The 
incubations w i t h n e i t h e r exogenous n i t r a t e nor sulphur source 
and the incubations w i t h exogenous n i t r a t e only were not 
r e p l i c a t e d . The n i t r i t e accumulation r a t e f o r suspensions of 
starved b a c t e r i a incubated w i t h 5 mM cyanide was not 
s i g n i f i c a n t l y d i f f e r e n t from zero (p>0.05) (data not shown). 
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When suspensions of starved b a c t e r i a l symbionts were 
incubated a n o x i c a l l y i n the presence of n i t r a t e and 
thios.ulphate, n i t r i t e accumulation jrates were much higher 
(13.93 + 2.06 nmol/gww/min) than those measured i n the absence 
of t h i o s u l p h a t e . This f i n d i n g suggests the l a t t e r rates were 
low, at l e a s t i n p a r t , due to la c k of sulphur s u b s t r a t e . Even 
i n the presence of t h i o s u l p h a t e , however, n i t r i t e accumulation 
rates were s u b s t a n t i a l l y lower ( x O . l l ) than those recorded f o r 
suspensions of b a c t e r i a i s o l a t e d from f r e s h l y c o l l e c t e d 
b i v a l v e s . This f i n d i n g suggests that the s t a r v a t i o n p e r i o d 
may have r e s u l t e d i n r e p r e s s i o n of n i t r a t e r e s p i r a t i o n . 

The a d d i t i o n of sulphide to suspensions of b a c t e r i a from 
starved b i v a l v e s r e s u l t e d i n zero detectable n i t r i t e 
accumulation. I t seems u n l i k e l y that 200 pM sulphide 
completely i n h i b i t e d r e s p i r a t i o n i n the starved symbionts; 
sulphide concentrations up to 250 pM d i d not i n h i b i t anaerobic 
^ * C O 2 f i x a t i o n (next s e c t i o n ) . Sulphide concentration i n the 
inc u b a t i o n medium decreased at rates only s l i g h t l y lower than 
those recorded i n the suspensions of fed b a c t e r i a l symbionts 
( s i n g l e experiment only; data not shown). This f i n d i n g , 
combined w i t h the f a c t that zero n i t r i t e accumulated i n the 
presence of sulphide, suggests that although r e p r e s s i o n of 
n i t r a t e r e s p i r a t i o n may be a c o n t r i b u t i n g f a c t o r , e i t h e r the 
b a c t e r i a d i d not accumulate the intermediate n i t r i t e and 
d e n i t r i f i c a t i o n was o c c u r r i n g or sulphide d i d not s t i m u l a t e 
n i t r a t e r e s p i r a t i o n . The r e s u l t s of the n i t r i t e r e s p i r a t i o n 
experiments, presented i n the f o l l o w i n g s e c t i o n , support the 
former suggestion. 
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3.3.3.2. N i t r i t e R e s p i r a t i o n 
B a c t e r i a l symbionts i s o l a t e d from the g i l l s of f r e s h l y 

c o l l e c t e d Codakia orbiculata were incubated under anoxic 
c o n d i t i o n s and n i t r i t e r e s p i r a t i o n rates were measured by the 
decrease i n n i t r i t e c oncentration i n the i n c u b a t i o n medium. 
N i t r i t e r e s p i r a t i o n r a t e s were l i n e a r over 40 min. A l l 
incubations were repeated i n the absence of b a c t e r i a and no 
changes i n n i t r i t e c o ncentration were detected (data, not 
shown). In the c o n t r o l incubations ( b a c t e r i a l suspensions 
incubated w i t h n e i t h e r n i t r i t e nor e x t e r n a l reduced s u l p h u r ) , 
a small amount of n i t r i t e accumulated i n the medium (as 
discussed, above), suggesting that the b a c t e r i a stored a small 
amount of n i t r a t e (Table 15a) and that n i t r i t e probably was 
not reduced f u r t h e r . Because n i t r i t e r e s p i r a t i o n was measured 
by the decrease i n n i t r i t e i n the i n c u b a t i o n medium and not by 
the accumulation of an end-product (eg: N 2 ) , these experiments 
d i d not determine i f the b a c t e r i a were able to s t o r e n i t r i t e . 

In the presence of 20 pM n i t r i t e and no e x t e r n a l sulphur 
source, n i t r i t e concentrations increased r a t h e r than 
decreased, i n the i n c u b a t i o n medium (Table 15a). The net 
n i t r i t e accumulation r a t e i n the presence of n i t r i t e was not 
s i g n i f i c a n t l y d i f f e r e n t from the r a t e i n the complete absence 
of exogenous n i t r i t e (1-way ANOVA; p>0.05). I t i s assumed 
that the b a c t e r i a must have used SGES as s u b s t r a t e i n the 
absence of exogenous reduced sulphur. N i t r i t e concentrations 
a l s o increased, rather than decreased, i n incubations w i t h 20 
pM n i t r i t e and 1 mM t h i o s u l p h a t e . These r e s u l t s again suggest 
that a small amount of n i t r a t e , p o s s i b l y s t o r e d , must be 
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Table 15. Net n i t r i t e r e s p i r a t i o n r ates (nmpl/gww/min) of 
Codakia orbiculata b a c t e r i a l symbiont suspensions. N i t r i t e 
accumulation r a t e s are expressed as negative values. Data are 
presented as means + 1 s.d.. 

,{a) B a c t e r i a i s o l a t e d from f r e s h l y c o l l e c t e d b i v a l v e s ("fed"). 
Incubation Conditions (To) 

N i t r i t e Thidsulphate Sulphide Time n R e s p i r a t i o n 
(pM) (mM) (pM) (min) Rate 
0 0 0 40 3 -6.22 + 5.86 

20 0 0 40 3 -1.52 + 2.08 
20 1 0 60 1 -6.16 
20 0 200 40 3 4.84 + 1.97 

(b) B a c t e r i a i s o l a t e d from b i v a l v e s maintained i n s u l p h i d e -
f r e e , oxygenated seawater f o r 10 d ("starved"). 

Incubation Conditions (To) 
N i t r i t e Thiosulphate Sulphide Time n R e s p i r a t i o n 
(pM) • (mM) (pM) (min) Rate 
0 0 0 30 1 -0.14 

20 0 0 30 1 0.35 
20 1 0 60 1 -0.88 
20 0 200 30 3 26.19 + 5 
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a v a i l a b l e to the b a c t e r i a . The data suggest t h a t fed 
b a c t e r i a , i n the absence of exogenous sulphur or i n the 
presence of t h i o s u l p h a t e , used stored n i t r a t e p r e f e r e n t i a l l y 
to n i t r i t e and that n i t r i t e was not reduced at a measurable 
r a t e . 

Sulphide (200 pM) st i m u l a t e d n i t r i t e r e s p i r a t i o n : n i t r i t e 
disappeared from the in c u b a t i o n medium at the r a t e of 4.84 + 

1.97 nmol/gww/min. Cyanide (5 mM) reduced n i t r i t e 
disappearance to rates not s i g n i f i c a n t l y d i f f e r e n t from zero 
(1-way ANOVA; p>0.05) (data not shown). These r e s u l t s suggest 
that the b a c t e r i a l symbionts were capable of net n i t r i t e 
r e s p i r a t i o n only i n the presence of sulphide. 

The r e s u l t s of anoxic n i t r i t e r e s p i r a t i o n experiments 
using suspensions of b a c t e r i a i s o l a t e d from b i v a l v e s 
p r e v i o u s l y maintained i n s u l p h i d e - f r e e , o x i c c o n d i t i o n s f o r 10 
d are presented i n Table 15b. In the suspension incubated w i t h 
n e i t h e r exogenous n i t r i t e nor reduced sulphur, the n i t r i t e 
c o ncentration increased at a ba r e l y measurable r a t e . This 
suggests SGES and stored n i t r a t e reserves were low. In the 
presence of 20 pM n i t r i t e and no sulphur s u b s t r a t e or 20 pM 
n i t r i t e and 1 mM t h i o s u l p h a t e (these incubations were not 
r e p l i c a t e d ) , n i t r i t e concentrations remained r e l a t i v e l y 
constant. 

N i t r i t e disappearance r a t e s i n suspensions of starved 
b a c t e r i a were st i m u l a t e d by 200 pM sulphide (26.19 + 5.00 

nmol/gw\ir/min) . These r a t e s , measured over 30 min, were 
s i g n i f i c a n t l y higher (1-way ANOVA; p<0.05) than those recorded 
f o r suspensions of b a c t e r i a from f r e s h l y c o l l e c t e d b i v a l v e s 
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during 60-niin incubations (4.84 + 1.97 nmol/gw/min). Assuming 
that the b a c t e r i a are capable of s t o r i n g n i t r a t e , the l a t t e r 
r ates may have been mediated by the production of n i t r i t e from 
n i t r a t e s t o r e s . The n i t r i t e disappearance rates f o r starved 
b a c t e r i a incubated w i t h 5 mM cyanide (data not shown) were not 
s i g n i f i c a n t l y d i f f e r e n t from zero (1-way ANOVA; p>0.05), 
i n d i c a t i n g t h a t n i t r i t e r e duction was due to i t s r e s p i r a t i o n . 
The high rates of n i t r i t e r e s p i r a t i o n i n the presence of 
sulphide o b v i o u s l y do not suggest r e p r e s s i o n of n i t r i t e 
r e s p i r a t i o n as a r e s u l t of the s t a r v a t i o n p e r i o d , as i n d i c a t e d 
e a r l i e r f o r n i t r a t e r e s p i r a t i o n . 
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3.3.4. Anaerobic Carbon Dioxide F i x a t i o n by B a c t e r i a l Symbiont 
Suspensions 

Anaerobic carbQn d i o x i d e f i x a t i o n r ates f o r suspensions 
of b a c t e r i a l symbionts i s o l a t e d from Codakia orbiculata are 
summarized i n Tables 16a and 16b. These experiments were 
conducted p r i m a r i l y to determine i f the i s o l a t e d b a c t e r i a l 
symbionts were able to f i x - carbon d i o x i d e a n a e r o b i c a l l y and, 
secondly, to provide p r e l i m i n a r y data on the e f f e c t s of 
n i t r a t e (as an a l t e r n a t e e l e c t r o n acceptor) and the e f f e c t s of 
th i o s u l p h a t e and sulphide on anaerobic f i x a t i o n r a t e s . In 
a d d i t i o n , p r e l i m i n a r y i n v e s t i g a t i o n s were conducted on the 
e f f e c t of s t a r v a t i o n (miaintaining b i v a l v e s i n oxygenated 
s u l p h i d e - f r e e seawater f o r 10 d) on anaerobic carbon d i o x i d e 
f i x a t i o n . 

The endogenous, anaerobic carbon d i o x i d e f i x a t i o n r a t e of 
suspensions of b a c t e r i a i s o l a t e d from f r e s h l y c o l l e c t e d 
b i v a l v e s was 23.9 + 0.76 pmolC/gww/h (Table 16a). Neither the 

a d d i t i o n of 1 mM t h i o s u l p h a t e nor 200 pM sulphide 
s i g n i f i c a n t l y s t i m u l a t e d CO2 f i x a t i o n above endogenous l e v e l s 
(1-way ANOVA; p>0.05). Incubations w i t h 2 mM n i t r a t e and w i t h 
combinations of n i t r a t e ahd sulphide or t h i o s u l p h a t e were not 
r e p l i c a t e d but r e s u l t s suggest no s t i m u l a t i o n 6f the carbon 
d i o x i d e f i x a t i o n r a t e i n comparison to the endogenous r a t e . 
The a d d i t i o n of 10 mM azide to the b a c t e r i a l i s o l a t e s reduced 
CO2 f i x a t i o n by approximately 65%, suggesting t h a t 1 * C O 2 

uptake was l i n k e d to b a c t e r i a l r e s p i r a t i o n . These l a t t e r 
i n c u b a t i o n experiments need to be repeated i n order f o r the 
r e s u l t s to be analyzed s t a t i s t i c a l l y . 
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Table 16. Carbon d i o x i d e (i^COz) f i x a t i o n r a t e s (iimolC/gww/h) 
of Codakia orbiculata b a c t e r i a l symbiont suspensions. Data are 
presented as means + 1 s.d.. "Endog." = Endogenous. 

(a) B a c t e r i a i s o l a t e d from f r e s h l y c o l l e c t e d b i v a l v e s ("fed"). 
Incubation Conditions (To) 

N i t r a t e T h i o s u l . Sulphide Azide n CO2 CO2 F i x a t i o n 
(mM) (mM) (pM) (mM) F i x a t i o n Rate:Endog. 

Rate Rate 
0 0 0 0 3 23.90 + 0 .76 1.00 
0 1 0 0 3 27.24 + 0 .40 1.14 
0 0 200 0 3 26.08 + 2 .55 1.09 
2 0 0 0 1 22.76 0.98 
2 1 0 0 1 21.96 0.94 
2 0 200 .0 1 22.76 0.98 
2 0 0 10 1 8.28 0.35 

(b) B a c t e r i a i s o l a t e d from b i v a l v e s maintained i n su l p h i d e -
f r e e , oxygenated seawater for 10 days ("starved") • 

Incubation Conditions (To) 
N i t r a t e T h i o s u l . Sulphide Cyanide n CO2 CO2 F i x a t i o n 

(mM) (mM) (pM) (mM) F i x a t i o n Rate:Endog. 
Rate Rate 

0 0 0 0 1 7.36 1.00 
0 1 0 0 1 29.32 4.14 
0 0 200 0 1 23.53 3.34 
5 0 0 0 1 8.77 1.20 
5 1 0 0 1 23.69 3.34 
5 0 200 0 1 19.-51 3.33 
5 0 0 5 1 0.57 0.08 
0* 0 0 0 1 3.81 0.50 

* Aerobic C o n t r o l 
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The same experiments were c a r r i e d out on b a c t e r i a 
i s o l a t e d from Codakia orbiculata maintained (starved) i n 
oxygenated, s u l p h i d e - f r e e seawater f o r 10 d p r i o r to 
experimentation (Table 16b). The endogenous CO2 f i x a t i o n r a t e 
of suspensions of starved b a c t e r i a (7.36 pmolC/gww/h) was 
approximately xO.3 the endogenous r a t e of suspensions of fed 
b a c t e r i a . Results revealed that 1 mM t h i o s u l p h a t e and 200 pM 
sulphide increased the CO2 f i x a t i o n r a t e by x4.14 and x3.34 
the endogenous r a t e s , r e s p e c t i v e l y . The a d d i t i o n of 5 mM 
n i t r a t e d i d not appear to s t i m u l a t e CO2 f i x a t i o n , while the 
n i t r a t e / s u l p h i d e and n i t r a t e / t h i o s u l p h a i t e combinations 
r e s u l t e d i n ra t e s x3.34 and x2.65 the endogenous r a t e , 
r e s p e c t i v e l y . Cyanide (5 mM) reduced the carbon d i o x i d e 
f i x a t i o n r a t e to n e a r l y zero, again suggesting a l i n k to 
b a c t e r i a l r e s p i r a t i o n . Endogenous CO2 f i x a t i o n r ates were 
a l s o measured under o x i c c o n d i t i o n s and rates were x0.50 thbse 
measured under anoxic c o n d i t i o n s . These experiments on 
suspensions of starved b a c t e r i a should be repeated i n order 
f o r r e s u l t s to be analyzed s t a t i s t i c a l l y but s t i m u l a t i o n of 
carbon d i o x i d e f i x a t i o n , as a r e s u l t of t h i o l a d d i t i o n as an 
energy source, i s suggested. 
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3.3.5. N i t r a t e and N i t r i t e R e s p i r a t i o n i n Whole Codakia 

orbiculata 

The a b i l i t y of the Codakia orbiculata b a c t e r i a l sjnnbionts 
in vivo to r e s p i r e n i t r a t e and n i t r i t e was examined using 
whole b i v a l v e i n c u b a t i o n experiments. B i v a l v e s were incubated 
f o r up to 2A h i n e i t h e r o x i c or anoxic s t e r i l i z e d , FSSW 
con t a i n i n g combinations of n i t r a t e or n i t r i t e and sulphide, 
t h i o s u l p h a t e or no sulphur s u b s t r a t e . N i t r a t e and n i t r i t e 
r e s p i r a t i o n r a t e s were determined by monitoring the change i n 
n i t r i t e c o ncentration i n the i n c u b a t i o n medium over time. 
R e s p i r a t i o n r a t e s were l i n e a r over the f i r s t 6,5 (or 8) h and 
are presented i n Tables 17 and 18. Incubations w i t h no 
b i v a l v e s but w i t h the above co n d i t i o n s and incubations w i t h 
b i v a l v e s but no e x t e r n a l e l e c t r o n acceptor or sulphur 
substrate r e s u l t e d i n no change i n n i t r i t e c o ncentration i n 
the i n c u b a t i o n medium (data not shown). 

The n i t r a t e r e s p i r a t i o n data i n Table 17a demonstrate 
that the symbionts were capable of n i t r a t e r e s p i r a t i o n in vivo 

under anoxic c o n d i t i o n s . Whole C. orbiculata incubated without 
an e x t e r n a l form of reduced sulphur but w i t h 100 pM n i t r a t e 
produced n i t r i t e at a low r a t e , suggesting that the b i v a l v e s 
may have been using SGES. The mean n i t r a t e r e s p i r a t i o n r a t e 
recorded i n the presence of n i t r a t e and 250 pM sulphide was 
not s t a t i s t i c a l l y d i f f e r e n t from the r a t e measured i n the 
absence of an e x t e r n a l sulphur source (1-way ANOVA; p>0.05). 
The v a r i a t i o n around the mean (expressed as + 1 s.d.) was high 
and, i n some i n c u b a t i o n s , no n i t r a t e r e s p i r a t i o n could be 
detected. In c o n t r a s t , b i v a l v e s incubated a n o x i c a l l y w i t h 100 
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Table 17. N i t r a t e r e s p i r a t i o n rates (nmol/gw/min) of whole 
Codakia orbiculata incubated i n anoxic and o x i c c o n d i t i o n s , 
plus sulphide disappearance rates (nmol/gww/min) from the 
in c u b a t i o n medium. Data are presented as means +_ 1 s.d.. n=3. 

(a) N i t r a t e r e s p i r a t i o n r a t e s of whole Codakia orbiculata 
incubated under anoxic c o n d i t i o n s . 
Incubation Conditions (To) 
N i t r a t e T h i o s u l . Sulphide Time R e s p i r a t i o n Sulphide 
(pM) (pM) (pM) (h) Rate Disappearance 

Rate 
100 0 0. 6.5 0.3? + 0.04 
100 0 250 6.5 0.20 + 0.24 4.54 + 3.49 
100 • 250 0 8.0 2.75 + 0.36 

(b) N i t r a t e r e s p i r a t i o n rates of whole Codakia orbiculata 
incubated under anoxic c o n d i t i o n s with s u l p h i d e . 
Incubation Conditions (To) 
N i t r a t e Sulphide Time R e s p i r a t i o n 
(pM) (pM) (h) Rate 

100 0 6.5 0.39+0.04 
100 50 8.0 1.25 + 1.56 
100 250 6.5 0.20 + 0.24 
100 1000 8.0 0.04 + 0.02 

(c) N i t r a t e r e s p i r a t i o n r a t e s of whole Codakia orbiculata 
incubated under o x i c c o n d i t i o n s w i t h s u l p h i d e , t h i o s u l p h a t e or 
no t h i o l . 
Incubation Conditions (To) 
N i t r a t e T h i o s u l . Sulphide Time R e s p i r a t i o n Sulphide 
(pM) (pM) (pM) (h) Rate Disappearance 

Rate 
100 0 0 8.0 0.15 + 0.02 
100 0 250 8.0 3.67 + 0.28 105.13 + 0.27 
100 250 0 8.0 0.43+0.03 
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laM n i t r a t e and 250 pM t h i o s u l p h a t e had the highest n i t r a t e 
r e s p i r a t i o n r a t e i n anoxic c o n d i t i o n s , w i t h comparatively low 
v a r i a t i o n around the mean. This r a t e was s t a t i s t i c a l l y higher 
(1-way ANOVA; p<0.05) than the n i t r a t e r e s p i r a t i o n rates 
measured i n the absence of an e x t e r n a l sulphur source or i n 
the presence of 250 pM sulphide. 

Table 17b summarizes the r e s u l t s of anaerobic r e s p i r a t i o n 
experiments i n the presence of n i t r a t e and a range of sulphide 
concentrations. The n i t r a t e r e s p i r a t i o n r a t e i n the presence 
of 1000 pM sulphide i s s t a t i s t i c a l l y lower than the rates i n 
the presence of the lower sulphide concentrations (1-way 
ANOVA; p<0.05). The n i t r a t e r e s p i r a t i o n rates i n the presence 
of 0, 50 or 250 pM sulphide are not s t a t i s t i c a l l y d i f f e r e n t 
from each other (1-way ANOVA; p>0.05). However, the maximum 
mean n i t r a t e r e s p i r a t i o n r a t e occurred i n the 50 pM sulphide 
incubations. 

The whole b i v a l v e o x i c - i n c u b a t i o n data f o r n i t r a t e 
r e s p i r a t i o n are presented i n Table 17c. The n i t r a t e 
r e s p i r a t i o n r a t e s f o r sjnnbionts in vivo, incubated w i t h 100 pM 
n i t r a t e but no e x t e r n a l form of reduced sulphur and f o r 
incubations w i t h n i t r a t e and t h i o s u l p h a t e , were s i g n i f i c a n t l y 
lower (1-way ANOVA; p<0.05) than the r e s p i r a t i o n rates 
measured under comparable anoxic c o n d i t i o n s . This suggests 
that the o x i c c o n d i t i o n s r e s u l t e d i n some i n h i b i t i o n of 
n i t r a t e r e s p i r a t i o n . I t i s p o s s i b l e that the b a c t e r i a may be 
usin g a e r o b i c , i n a d d i t i o n to anaerobic, r e s p i r a t i o n . In 
co n t r a s t , n i t r a t e r e s p i r a t i o n r a t e s f o r i n t a c t syrabioses i n 
the presence of oxygen, 100 pM n i t r a t e and 250 pM sulphide 
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were s i g n i f i c a n t l y higher (1-way ANOVA; p<0.05) than those 
recorded under the comparable anoxic c o n d i t i o n s . 

The r a t e of sulphide disappearance i n the i n c u b a t i o n 
media was measured f o r both o x i c and anoxic 250 pM sulphide 
experiments. Sulphide disappeared at the r a t e of 105.13 + 
0.27 nmol/gw/min i n the o x i c incubations and 4.54 + 3.49 
nmol/gw/min i n the anoxic incubations ( a l l r a t e s c o r r e c t e d 
f o r b i v a l v e - f r e e c o n t r o l s ) . In a d d i t i o n to s t i m u l a t i n g n i t r a t e 
r e s p i r a t i o n r a t e s , sulphide may have been u t i l i z e d by the 
symbionts a e r o b i c a l l y ; aerobic r e s p i r a t i o n r ates were 
comparatively much higher than anaerobic r e s p i r a t i o n r ates f o r 
i s o l a t e d symbionts (Tables 13, 14 and 15). 

Results of whole animal n i t r i t e r e s p i r a t i o n experiments 
under o x i c and anoxic c o n d i t i o n s and i n the presence of 
n i t r i t e and sulphide are summarized i n Table 18.. B a c t e r i a l 
symbionts in vivo r e s p i r e d n i t r i t e only i n the presence of 250 
pM sulphide; comparable experiments i n the presence of n i t r i t e 
only or n i t r i t e and t h i o s u l p h a t e y i e l d e d n i t r i t e r e s p i r a t i o n 
rates which were not s t a t i s t i c a l l y s i g n i f i c a n t from zero (1-
way ANOVA; p>0.05; data not shown). In combination w i t h the 
r e s u l t s of the n i t r i t e r e s p i r a t i o n experiments on suspensions 
of i s o l a t e d b a c t e r i a , these r e s u l t s suggest t h a t the sjnnbionts 
in vivo must have had access to sulphide. N i t r i t e was 
r e s p i r e d i n the anox:ic sulphide and n i t r i t e incubations at the 
ra t e of 3.61 + 2.17 nmol/gw/min and i n the o x i c sulphide and 
n i t r i t e i ncubations at the r a t e of 2.29 + 0.31 nmol/gw/min. 
These r e s p i r a t i o n r ates were not s t a t i s t i c a l l y d i f f e r e n t (1-
way ANOVA; p>0.05). The s l i g h t decrease i n n i t r i t e r e s p i r a t i o n 
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Tinder o x i c c o n d i t i o n s may be r e l a t e d to the increase 
a v a i l a b i l i t y of oxygen and the a d d i t i o n a l u t i l i z a t i o n of 
ae r o b i c r e s p i r a t i o n by the symbionts. 

Table 18. N i t r i t e r e s p i r a t i o n rates (nmol/gww/min) of whole 
Codakia orbiculata incubated w i t h sulphide under o x i c or 
anoxic c o n d i t i o n s , plus sulphide disappearance rates 
(nmol/gww/min). Data are presented as means + 1 s.d.. n=3. 

Incubation Conditions (To) 
Oxic/ N i t r i t e Sulphide Time R e s p i r a t i o n 
Anoxic (pM) (pM) (h) Rate 

o x i c 100 250 6.5 2.29 + 0.31 

anoxic 100 250 8.0 3.61+2.17 
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3-4. DISCUSSION 
3.4.1. G i l l Globular Elemental Sulphur Levels i n Response t o 
the Absence of Exogenous Reduced Sulphur 

Stored g l o b u l a r elemental sulphur (SGES) was found i n the 
b a c t e r i a - c o n t a i n i n g g i l l s of Codakia orbiculata. SGES has been 
shown to be enclosed i n small v e s i c l e s , formed by i n v a g i n a t i o n 
of the cytoplasmic membrane, i n the b a c t e r i a l sjnnbionts of 
s e v e r a l species of l u c i n i d b i v a l v e ( F i s h e r and Hand, 1984; 
Dando et al., 1985; V e t t e r , 1985; Reid and Brand, 1986; 
Southward, 1986; D i s t e l and Felbeck, 1987). Foot and mantle 
t i s s u e s of C. orbiculata, l i k e those of Lucinoma aequizonata 

( V e t t e r , 1985) and the t h y a s i r i d b i v a l v e Thyasira flexuosa 

(Dando and Southward, 1986), d i d not c o n t a i n SGES. 

SGES i n symbiotic b a c t e r i a , s i m i l a r to t h a t i n f r e e -
l i v i n g b a c t e r i a , i s assumed to be a s t a b l e intermediate 
product of sulphur o x i d a t i o n which accumulates when the 
b a c t e r i a r e c e i v e adequate s u p p l i e s of reduced sulphur 
compounds (Schedel and TrOper, 1980, Lawrey et al., 1981; 
S t r o h l e t al., 1981; V e t t e r , 1985). I t has a l s o been suggested 
that SGES accumulation i n the f r e e - l i v i n g Beggiatoa and the 
sjTnbiotic b a c t e r i a of Solemya reidi and Lucinoma aequizonata 

may be i n response to p o t e n t i a l l y t o x i c environmental sulphide 
l e v e l s (Nelson et al., 1986; Anderson et al., 1987; Cary et 
al., 1989). The v a r i a t i o n observed i n SGES i n the g i l l s of 
f r e s h l y c o l l e c t e d Codakia orbiculata i s presumed, t h e r e f o r e , 
to be l a r g e l y a r e s u l t of v a r i a t i o n i n sulphide content i n the 
ambient sediment i n t e r s t i t i a l water as discussed i n Chapter 2. 
S i m i l a r v A ^ i a t i o n i n g i l l SGES has been noted, i n f r e s h l y 
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c o l l e c t e d specimens of the t h y a s i r i d s Thyasira flexuosa and 
Thyasira sarsi and the l u c i n i d s Myrtea spinifera (Dando et 
al., 1985), Lucinoma borealis (Dando et al., 1986a) and 
Pseudomiltha sp. (Brooks et al., 1987). F r e s h l y c o l l e c t e d 
specimens of the solemyid b i v a l v e , S. reidi, a l s o demonstrated 
v a r i a t i o n i n g i l l SGES (Anderson et a l . , 1987). 

The g i l l s of f r e s h l y c o l l e c t e d Codakia orbiculata 

contained 17.35 to A55.57 pg-atoms S/gww. In c o n t r a s t , the 
SGES content of the g i l l s of an aposymbiotic b i v a l v e , Dosinia 

lupinus, contained only 1.1 +_ 0.7 pg-atoms S/gww (Dando et 

al., 1986a). The SGES content i n g i l l s of f r e s h l y c o l l e c t e d 
C. orbiculata was greater than those reported f o r the l u c i n i d 
b i v a l v e s , Myrtea spinifera and Lucinoma borealis (Dando et 
al., 1985; Dando et al., 1986a). Although there may be i n t e r 
s p e c i f i c d i f f e r e n c e s i n the a b i l i t y tb accumulate g l o b u l a r 
elemental sulphur, i t seems l i k e l y t hat the high l e v e l s of 
SGES found i n C. orbiculata g i l l s are a r e s u l t of access to 
environmental concentrations of reduced sulphur forms higher 
than those a v a i l a b l e to the other l u c i n i d s pecies. Both M. 
spinifera and L. borealis are found i n sediments w i t h b a r e l y 
detectable l e v e l s of d i s s o l v e d sulphide i n the i n t e r s t i t i a l 
water (Dando et al., 1985, 1986a). In c o n t r a s t , mean sulphide 
l e v e l s i n the Thalassia testudinum bed sediment h a b i t a t of C. 
orbiculata ranged from 31.32 tp 296.68 pM. The vent vesicomyid 
b i v a l v e s , Calyptogena magnifica and Calyptogena ponderosa, had 
the highest reported g l o b u l a r elemental sulphur reserves w i t h 
maximum l e v e l s of 1021.9 pg-atoms S/gww ( F i s h e r et al., 1988.) 
and 2593.8 pg-atoms S/gww (Brooks et al., 1987), re s p e c t i v e l y . " 
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Although vent water at the base of the b i v a l v e s contained only 
20-40 pM (Johnson et al,, 1988), i t has been hypothesized that 
the b i v a l v e s i n s e r t t h e i r f o o t i n t o seawater w i t h 
s u b s t a n t i a l l y higher sulphide concentrations ( F i s h e r et al., 
1988). 

In the absence of exogenous t h i o l s , the SGES of Codakia 

orbiculata g i l l s was observed to decrease. G i l l SGES l e v e l s 
reached a c o n s i s t e n t l y low background l e v e l a f t e r 5 d; t h i s 
background l e v e l was comparable to SGES content reported f o r 
European species of l u c i n i d s , discussed e a r l i e r , found i n low 
sulphide h a b i t a t s (Dando et al., 1985, 1986a). The observed 
decrease i n SGES l e v e l s i n C. orhiculata g i l l s i s assumed to 
be a r e s u l t of u t i l i z a t i o n of SGES as an energy source by the 
b a c t e r i a l symbionts (Anderson et al.,1987; Gary et al., 1989). 
The a b i l i t y of f r e e - l i v i n g sulphur b a c t e r i a to u t i l i z e SGES as 
an energy source has been w e l l documented (Schedel and TrOper, 
1980; K e l l y , 1982; Javor et al., 1990). 

Codakia orhiculata g i l l s changed from yellow to red, as 
the y e llow SGES was u t i l i z e d , due to the i n c r e a s i n g l y v i s i b l e 
pigment granules and i n t r a c e l l u l a r hemoglobin. Hence, as 
suggested by V e t t e r (1985), g i l l c olour appears to be a u s e f u l 
general i n d i c a t o r of sulphur content. Although Myrtea 

spinifera g i l l s have never been reported as yellow, those 
reported to be deep pink had higher SGES than those which were 
dark red and the g i l l s were observed as unif o r m l y dark red 
a f t e r 4 weeks i n l a b o r a t o r y c o n d i t i o n s (Dando et al., 1985). 
Dandb et al. (1986a) reported no c o r r e l a t i o n between g i l l 
colour and g l o b u l a r elemental sulphur content i n Lucinoma 
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borealis (data on g i l l c olour not shown) but i t has been noted 
that the g i l l s l o s e the w h i t i s h "bloom" (presumed by t h i s 
author to be SGES) obvious i n f r e s h l y c o l l e c t e d specimens and 
show a darkening of the g i l l s when maintained i n s u l p h i d e - f r e e 
c o n d i t i o n s i n the l a b o r a t o r y (Southward, 1986). Ghange i n 
g i l l c olour i n response to a v a i l a b i l i t y of a reduced sulphur 
source has a l s o been observed f o r the solemyid b i v a l v e , 
Solemya reidi. M a i n t a i n i n g b i v a l v e s i n oxygenated seawater may 
a l s o r e s u l t i n a re d u c t i o n i n the number of i n t r a c e l l u l a r 
b a c t e r i a (Dando et al., 1986a) and, hence, a r e d u c t i o n i n 
SGES. 

There appears to be considerable v a r i a t i o n i n the r a t e at 
which SGES i s u t i l i z e d by b i v a l v e b a c t e r i a l symbionts. In 
Codakia orbiculata, SGES was u t i l i z e d r e l a t i v e l y r a p i d l y : 
dropping from approximately 1.5% dry weight to 0.5% dry weight 
a f t e r 2 days. In c o n t r a s t , L. aequizonata g i l l elemental 
sulphur dropped from 1% dry weight to 0.5% dry weight i n 28 
days (Gary et al., 1989). This may be i n d i c a t i v e of a higher 
ra t e of metabolism i n C. orbiculata symbionts, perhaps 
as s o c i a t e d w i t h a higher metabolic r a t e i n the host b i v a l v e . 
G i l l elemental sulphur content i n the t h y a s i r i d b i v a l v e , 
Thyasira sarsi, decreased over 2 days (Dando and Southward, 
1986) at a r a t e comparable to that observed i n C. orbiculata. 

A f t e r 2 days s t a r v a t i o n , C. orbiculata and T. sarsi g i l l s had 
33% and 50% of the elemental sulphur reserves remaining, 
r e s p e c t i v e l y . Thyasira flexuosa g i l l s had only 5% of the 
sulphur reserves remaining a f t e r 2 days s t a r v a t i o n (Dando and 
Southward, 1986), suggesting T. flexuosa symbionts u t i l i z e 
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elemental sulphur reserves more r a p i d l y than e i t h e r C. 

orbiculata or T. sarsi. 

The r a t e of u t i l i z a t i o n of SGES may be i n f l u e n c e d by 
t h i o l s present i n the mantle f l u i d at i n i t i a t i o n of the 
experiment, which may be used as energy s u b s t r a t e s . Mantle 
f l u i d t h i o s u l p h a t e and sulphide l e v e l s decreased r a p i d l y i n 
Codakia orbiculata incubated i n s u l p h i d e - f r e e c o n d i t i o n s , 
approaching zero a f t e r 48 and 72 h r e s p e c t i v e l y . The most 
s i g n i f i c a n t drop i n g i l l SGES occurred between 48 and "120 h. 
A f t e r 120 h reserves were v i r t u a l l y exhausted and mean l e v e l s 
remained c o n s i s t e n t l y low. I t seems probable, t h e r e f o r e , that 
the mantle f l u i d t h i o l s were used i n preference to SGES, 
Bi v a l v e s placed i n seawater l a c k i n g exogenous t h i o l s were 
observed to c l o s e t h e i r valves so t h a t mantle f l u i d was not 
exchanged w i t h the surrounding medium. The subsequent drop i n 
sulphide and t h i o s u l p h a t e l e v e l s i n the mantle f l u i d suggests 
r a p i d u t i l i z a t i o n of these t h i o l s i n the absence of an 
exogenous source of reduced sulphur. 

The c o n t r i b u t i o n of g l o b u l a r elemental sulphur reserves 
to the o v e r a l l sulphur f l u x of Codakia orbiculata has yet to 
be determined but can be hypothesized. Anderson et al. (1987) 
suggested t h a t f o r the solemyid b i v a l v e , Solemya reidi, 

elemental sulphur reserves do not represent a s i g n i f i c a n t 
amount of the t o t a l sulphur f l u x t h a t supports net GO2 uptake. 
The mean q u a n t i t y of elemental sulphur found i n the g i l l s was 
c a l c u l a t e d to represent only 0.19 to 13.7% of the sulphide 
o x i d i z e d i n 12 h by an average-sized S. reidi. However, using 
these sulphide o x i d a t i o n rates to c a l c u l a t e how long the 
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elemental sulphur reserves would l a s t , S. reidi b a c t e r i a l 
sulphur reserves would l a s t f o r 1.4 to 98.7 min. I t i s 
f e a s i b l e that the mean SGES i n g i l l s of f r e s h l y c o l l e c t e d C. 
orbiculata, which are x5 greater (per u n i t dry wgt) than those 
of S. reidi, would l a s t s i g n i f i c a n t l y longer. Hence, as 
suggested f o r L. aequizonata ( V e t t e r , 1985), the SGES of C. 
orbiculata symbionts could be used as a short-term energy 
source, p e r m i t t i n g the sjnabiotic b a c t e r i a to f u n c t i o n during 
the absence of e x t e r n a l sulphide. Results of aerobic 
r e s p i r a t i o n , i *G O 2 f i x a t i o n and n i t r a t e / n i t r i t e r e s p i r a t i o n 
s t u d i e s on suspensions of i s o l a t e d b a c t e r i a l symbionts of C. 
orbiculata (Sections 3.4.2.-3.4.4) and n i t r a t e / n i t r i t e 
r e s p i r a t i o n s t u d i e s on whole C. orbiculata suggest that 
g l o b u l a r elemental sulphur i s used as a sulphur substrate i n 
aerobic and anaerobic r e s p i r a t i o n and tha t the energy released 
can s t i m u l a t e carbon d i o x i d e f i x a t i o n i n the symbionts. 
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3.A.2. Aerobic R e s p i r a t i o n i n B a c t e r i a l Symbiont Suspensions 
B a c t e r i a l sjonbiont suspensions of Codakia orblculata 

r e s p i r e d oxygen, suggesting t h a t the symbionts may a l s o 
u t i l i z e a e robic r e s p i r a t i o n in vivo. C. orblculata has access 
to oxygen in situ; the seawater o v e r l y i n g the b i v a l v e s ' 
h a b i t a t , which the animals can access w i t h an i n h a l a n t tube 
( A l l e n , 1958), i s saturated i n oxygen (Chapter 2). However, 
as discussed i n Chapter 1, the p o s i t i o n of the b a c t e r i o c y t e s 
w i t h i n the l u c i n i d g i l l i s such that incoming seawater must 
f i r s t pass across oxygen-scavenging c e l l s i n the c i l i a t e d zone 
(F i s h e r and Hand, 198A; D i s t e l and Felbeck, 1987). The 
symbionts would have access, t h e r e f o r e , to lower oxygen 
concentrations In vivo than are a v a i l a b l e i n the h a b i t a t . I t 
has been suggested t h a t maintaining the b a c t e r i a l symbionts 
under very low oxygen, or even anoxic c o n d i t i o n s , in vivo 

would be b e n e f i c i a l to C O 2 f i x a t i o n ( F i s h e r and Hand, 1984; 
Dando et al., 1985). Since RuBPC/0 can e x h i b i t both oxygenase 
and carboxylase a c t i v i t i e s , low oxygen c o n d i t i o n s would reduce 
competition f o r the same a c t i v e s i t e ( C h o l l e t , 1977). 
C e r t a i n l y , f r e e - l i v i n g s u l p h u r - o x i d i z i n g b a c t e r i a are 
f r e q u e n t l y m i c r o a e r o p h i l i c (J0rgensen, 1982). The oxygen-
binding i n t r a c e l l u l a r hemoglobin found i n l u c i n i d g i l l s may 
a l s o help to p r o t e c t the symbionts from excess oxygen which 
would i n t e r f e r e w i t h t h e i r a u t o t r o p h i c processes (IDando et 

al., 1985; Kraus and Wittenberg, 1990)). I t i s probable, 
t h e r e f o r e , that the aerobic r e s p i r a t i o n r a t e s of symbionts In 

vivo are lower than those measured f o r suspensions of i s o l a t e d 
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b a c t e r i a l symbionts i n t h i s study, which were maintained at 
>80% oxygen. 

In apparent c o n t r a s t to the b a c t e r i a l symbiont 
suspensions of Codakia orbiculata, those of the l u c i n i d 
Lucinoma aequizonata d i d not demonstrate measurable aerobic 
r e s p i r a t i o n (Cary and O'Brien, unpubl. data.). The i n a b i l i t y 
to r e s p i r e a e r o b i c a l l y may be r e l a t e d to the L. aequizonata 

symbionts' l a c k of access to oxygen in vivo. In c o n t r a s t to 
the C. orbiculata h a b i t a t , L. aequizonata h a b i t a t i s oxygen-
depleted w i t h an oxygen concentration, 1 m above the sediment-
water i n t e r f a c e , of approximately 18 - 20 pM (Cary et al., 

1989). I f the b i v a l v e s ' h a b i t a t i s oxygen-depleted, the 
b a c t e r i a may be exposed f r e q u e n t l y to anoxic c o n d i t i o n s . 
Hentschel et al. (1993) reported t h a t • i n c u b a t i n g L. 

aequizonata i n oxygenated c o n d i t i o n s d i d not change the 
i n a b i l i t y of the symbionts to r e s p i r e oxygen, suggesting that 
these b a c t e r i a are dependent on anaerobic r e s p i r a t i o n . 

The suspensions of Codakia orhiculata b a c t e r i a l symbionts 
were able to r e s p i r e oxygen i n the absence of exogenous 
reduced sulphur, suggesting u t i l i z a t i o n of SGES. Both sulphide 
and t h i o s u l p h a t e stimulated r e s p i r a t o r y oxygen consumption, 
demonstrating that the b a c t e r i a l suspensions were capable of 
a e r o b i c a l l y u t i l i z i n g both t h i o l s as energy sources. Sulphide 
(200 pM) d i d not i n h i b i t r e s p i r a t i o n i n the b a c t e r i a l 
suspensions and, i n f a c t , had the g r e a t e s t s t i m u l a t o r y e f f e c t 
on r e s p i r a t o r y oxygen consumption, suggesting t h a t the 
b a c t e r i a may have access to sulphide in vivo. The extent to 
which l u c i n i d b a c t e r i a l symbionts encounter sulphide in vivo 
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has yet to be e s t a b l i s h e d , however. As discussed i n Ghapter 1, 
host c e l l m i t o c h o n d r i a l o x i d a t i o n of sulphide to t h i o s u l p h a t e 
has been demonstrated f o r Solemya reidi when the b i v a l v e s are 
maintained i n o x i c c o n d i t i o n s (Powell and Somero, 1985; 
Anderson et al., 1987; O'Brien and V e t t e r , 1990; Wilmot ahd 
V e t t e r , 1992). P r e l i m i n a r y evidence, based on a n a l y s i s of 
blood t h i o l s , suggests t h a t the l u c i n i d host c e l l mitochondria 
may a l s o o x i d i z e sulphide to t h i o s u l p h a t e i n the presence of 
oxygen (Gary et al., 1989). Non-enzymatic sulphide o x i d a t i o n , 
i n v o l v i n g the hematin-containing granules, may a l s o produce 
t h i o s u l p h a t e which could be used as an energy source by the 
b a c t e r i a l sjmibionts (R. V e t t e r , pers. comm.). Thiosulphate 
s t i m u l a t e d aerobic r e s p i r a t i o n i n the b a c t e r i a l suspensions of 
C. orbiculata, but s i n c e t h i o s u l p h a t e i s only present i n very 
low concentrations i n C. orbiculata h a b i t a t (means range from 
0.66-32.27 pM), i t i s presumed that t h i o s u l p h a t e a v a i l a b l e to 
the symbionts in vivo i s l a r g e l y the product of host o x i d a t i o n 
of sulphide (POwell and Somero, 1985; Anderson et al., 1987; 
Gary et al., 1989; O'Brien and V e t t e r , 1990). 

Host mechanisms f o r o x i d a t i o n of sulphide may not be 100% 
e f f i c i e n t , however, p a r t i c u l a r l y when the b i v a l v e s are exposed 
to high sulphide concentrations, The b a c t e r i a may have access 
to some sul p h i d e , t h e r e f o r e . This suggestion i s supported by 
the f i n d i n g s that n i t r i t e r e s p i r a t i o n , s t i m u l a t e d only by 
sulphide i n i s o l a t e d sjraibionts, occurred i n whole Solemya 

reidi (Wilmot and V e t t e r , 1992) and Codakia orbiculata ( t h i s 
study) i n o x i c c o n d i t i o n s . In a d d i t i o n , the presence of 
sulphide-binding i n t r a c e l l u l a r hemoglobin i n Lucina pectinata 

272 



g i l l s (Kraus and Wittenberg, 1990) and the l o c a t i o n of the 
b a c t e r i a towards the e x t e r i o r p a r t of the b a c t e r i o c y t e (near 
the b a c t e r i o c y t e channels, the i n h a l a n t water flow and, 
t h e r e f o r e , the sulphide source) ( D i s t e l and Felbeck, 1987) 
support the in vivo u t i l i z a t i o n of sulphide by the b a c t e r i a l 
symbionts. However, host d e t o x i f i c a t i o n mechanisms, i n 
a d d i t i o n to c e l l p e r m e a b i l i t y to d i s s o l v e d sulphide as a 
f u n c t i o n of pH, would ensure that the b a c t e r i a l symbionts 
would be exposed to lower sulphide concentrations in vivo than 
i n the environment (Chen and M o r r i s , 1972; Cary et al., 1989; 
Bagarinao, 1992; Wilmot and V e t t e r , 1992). 

Unfortunately, there are no comparable data i n the 
l i t e r a t u r e on t h i o l s t i m u l a t i o n of aerobic r e s p i r a t i o n i n the 
b a c t e r i a l symbionts of other species of l u c i n i d s . However, 
aerobic ^^C O 2 f i x a t i o n was s t i m u l a t e d i n i s o l a t e d 
b a c t e r i o c y t e s of Lucina floridana i n the presence of 1 mM 
t h i o s u l p h a t e (Hand, 1987). This f i n d i n g supports the r e s u l t s 
of t h i s study that the symbionts are able to u t i l i z e 
t h i o s u l p h a t e a e r o b i c a l l y . A l l other experiments showing 
s t i m u l a t i o n of aerobic carbon d i o x i d e f i x a t i o n i n l u c i n i d s 
were conducted on i s o l a t e d g i l l s (Dando et al., 1985, 1986a). 
In these experiments the amount of oxygen a v a i l a b l e to the 
symbionts in vivo ±s unknown, which makes comparison w i t h t h i s 
study d i f f i c u l t . In a d d i t i o n , only sulphide was t e s t e d as a 
sub s t r a t e . In l i g h t of p o t e n t i a l o x i d a t i o n of sulphide to 
t h i o s u l p h a t e p r i o r to reaching the symbionts, the observed 
s t i m u l a t i o n may have been due to t h i o s u l p h a t e and not 
sulphide. 
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The non-enzymatic ( a z i d e - i n s e n s i t i v e ) oxygen consumption 
rates f o r Codakia orhiculata symbiont suspensions remained 
r e l a t i v e l y constant over a range of sulphide concentrations. 
Non-enzymatic sulphide o x i d a t i o n i s the r e s u l t of o x i d a t i o n by 
the hematin-containing ( f e r r i c i r o n ) pigment granules (Powell 
and Arp, 1989; Vismann, 1991; Wilmot and V e t t e r , 1992). The 
r e s u l t s of t h i s study suggest that the s u l p h i d e - o x i d i z i n g 
c a p a c i t y of pigment granules i n C. orhiculata symbiont 
suspensions was maximal at 100 pM sulphide. In c o n t r a s t , 
a z i d e - i n s e n s i t i v e oxygen consumption r a t e s of Solemya reidi 

symbiont suspensions increased l i n e a r l y w i t h sulphide 
concentration up to 1 mM sulph i d e , reaching a maximal r a t e at 
>1 mM (Wilmot and V e t t e r , 1992). The oxygen consumption rates 
of fed 5. reidi symbionts at 100 pM and 200 pM sulphide were 
approximately xlOO and x200 grea t e r , r e s p e c t i v e l y , than the 
rates recorded f o r C, orhiculata symbiont suspensions. Hence, 
5. reidi b a c t e r i a l suspensions appear to have the greater 
c a p a c i t y f o r non-enzymatic o x i d a t i o n . This may be due to a 
higher d e n s i t y of, or l a r g e r s i z e of, pigment granules i n S. 
reidi. The s i z e of pigment granules has been observed to 
increase i n the g i l l s of starved 5. reidi, accompanied by an 
increase i n a z i d e - i n s e n s i t i v e sulphide o x i d a t i o n rates i n 
b a c t e r i a l suspensions (Wilmot and V e t t e r , 1992). S i m i l a r 
observations have been made on the s i z e of pigment granules i n 
the g i l l s of starved Lucinoma horealis (Southward, 1985). 
Although s i m i l a r observations have not been made f o r C. 
orhiculata, an increase i n a z i d e - i n s e n s i t i v e sulphide 
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o x i d a t i o n r a t e s was observed i n starved C, orbiculata 

b a c t e r i a l suspensions. 
The r o l e of the pigment granules i n sulphide o x i d a t i o n i s 

undetermined f o r i n t a c t b a c t e r i a - b i v a l v e symbioses. Granular 
non-enzymatic o x i d a t i o n of sulphide appeared to prevent 
poisoning of aerobic r e s p i r a t i o n i n Solemya reidi b a c t e r i a l 
suspensions, enabling r e s p i r a t i o n to continue at a maximal 
r a t e at sulphide l e v e l s >150 pM (Wilmot and V e t t e r , 1992). As 
discussed e a r l i e r , however, the b a c t e r i a are probably not 
exposed to l e v e l s of sulphide in vivo comparable to those i n 
the environment. R e s p i r a t o r y oxygen consumption at sulphide 
l e v e l s <150 pM was greater than a z i d e - i n s e n s i t i v e oxygen 
consumption i n Si reidi b a c t e r i a l enrichments (Wilmot and 
V e t t e r , 1992). This suggests t h a t , at the lower l e v e l s of 
sulphide l i k e l y to be found i n the c e l l s , the r o l e of pigment 
granules i n sulphide o x i d a t i o n i s l e s s s i g n i f i c a n t . 
Furthermore, the l o c a t i o n of the pigment granules i n the 
ba c t e r i o c y t e s e l i m i n a t e s any p o s s i b l e " p e r i p h e r a l defense" 
s t r a t e g y f o r p r o t e c t i n g the host c e l l s or the b a c t e r i a from 
high sulphide l e v e l s (R. V e t t e r , pers. comm.). The l a r g e 
granular shape of the pigment granules, i n c o n t r a s t to a 
d i f f u s e d d i s t r i b u t i o n , would a l s o reduce t h e i r e f f e c t i v e n e s s 
i n o x i d i z i n g sulphide (R. V e t t e r , pers. comm.). The pigment 
granules have other hypothesized " i d e n t i t i e s " i n c l u d i n g 
lysosomes (Giere, 1985; Southward, 1986; D i s t e l and Felbeck, 
1987; Le Pennec et al., 1988) and remants of host mitochondria 
and lysosomes occluded by i r o n (D. Wilmot and J . O'Brien, 
pers. comm.). 
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Although the r e s u l t s of t h i s study demonstrate the 
a b i l i t y of suspensions of i s o l a t e d Codakia orbiculata 

b a c t e r i a l sjnnbionts to a e r o b i c a l l y r e s p i r e both sulphide and 
t h i o s u l p h a t e , t h e i r a b i l i t y to u t i l i z e these t h i o l s 
a e r o b i c a l l y in vivo remains to be determined. I f oxygen l e v e l s 
are low i n the v i c i n i t y of the b a c t e r i o c y t e s , as hypothesized 
and discussed e a r l i e r , the b a c t e r i a a l s o may u t i l i z e anaerobic 
r e s p i r a t i o n . The Codakia orbiculata b a c t e r i a l sjnnbionts" have 
been demonstrated to r e s p i r e n i t r a t e and n i t r i t e in vivo when 
the host b i v a l v e i s exposed to o x i c c o n d i t i o n s . The p o t e n t i a l 
f o r in vivo aerobic r e s p i r a t i o n and sulphur substrate 
u t i l i z a t i o n i n the symbionts i s discussed, i n l i g h t of 
evidence f o r n i t r a t e and n i t r i t e r e s p i r a t i o n by the sjnnbionts 
in vivo,, i n s e c t i o n 3.4.5 and i s sununarized and r e l a t e d to 
h a b i t a t c o n d i t i o n s i n Chapter 4. 
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3.4.3. N i t r a t e and N i t r i t e R e s p i r a t i o n i n B a c t e r i a l Symbiont 
Suspensions 

Many f r e e - l i v i n g , f a c u l t a t i v e l y anaerobic b a c t e r i a 
u t i l i z e n i t r a t e as a t e r m i n a l e l e c t r o n acceptor f o r 
r e s p i r a t i o n (Adams et a l . , 1971; Knowles, 1982). N i t r a t e 
( N O 3 - ) i s reduced to n i t r i t e ( N O 2 - ) or may be f u r t h e r reduced, 
v i a n i t r i c oxide (NO) and n i t r o u s oxide ( N 2 O ) , to n i t r o g e n gas 
( N 2 ) . The conversion of n i t r a t e to gaseous n i t r o g e n compounds 
i s termed d e n i t r i f i c a t i o n (Knowles, 1982; Brock and Madigan, 
1988). The symbiotic b a c t e r i a of Codakia orbiculata appear to 
resemble these f r e e - l i v i n g b a c t e r i a i n t h e i r a b i l i t y to 
u t i l i z e n i t r a t e and n i t r i t e as e l e c t r o n acceptors. 

Fed b a c t e r i a i s o l a t e d from Codakia orbiculata were able 
to r e s p i r e n i t r a t e i n the absence of an e x t e r n a l source of 
reduced sulphur but starved b a c t e r i a were not, suggesting that 
SGES can be u t i l i z e d as substrate f o r n i t r a t e r e s p i r a t i o n . 
S i m i l a r observations have been made f o r Solemya reidi 

b a c t e r i a l suspensions (B. Javor, p e r s . comm.). Although no 
comparable data f o r sjnnbiotic b a c t e r i a could be l o c a t e d i n the 
l i t e r a t u r e , some f r e e - l i v i n g b a c t e r i a are able to o x i d i z e 
g l o b u l a r elemental sulphur to sulphate using n i t r a t e (Troelsen 
and J0rgensen, 1982). 

The a d d i t i o n of sulphide or t h i o s u l p h a t e to suspensions 
of fed Codakia orbiculata b a c t e r i a d i d not s i g n i f i c a n t l y 
i ncrease the n i t r a t e r e s p i r a t i o n r a t e above the r e s p i r a t i o n 
r a t e measured i n the absence of exogenous reduced sulphur. 
S i m i l a r l y , n i t r a t e r e s p i r a t i o n i n p u r i f i e d sjnnbionts from fed 
Lucinoma aequizonata was not s t i m u l a t e d by t h i o s u l p h a t e or 
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sulphide (Hentschel et al., 1993). In c o n t r a s t , sulphide and 
th i o s u l p h a t e s t i m u l a t e d n i t r a t e r e s p i r a t i o n i n i s o l a t e d 
symbionts from fed S. r e l d l by x6 and xA the c o n t r o l r a t e , 
r e s p e c t i v e l y (B. Javor, pers.commO- S t i m u l a t i o n of 
r e s p i r a t i o n i n suspensions of fed b a c t e r i a due to exogenous 
t h i o l s must be i n t e r p r e t e d w i t h c a u t i o n , however. SGES i n 
f r e s h l y c o l l e c t e d l u c i n i d s and Solemya reidi e x h i b i t 
s i g n i f i c a n t v a r i a t i o n (Dando et al., 1985, 1986a; Anderson et 
al., 1987; Brooks et al., 1987; Sec t i o n 3.4.1.). I f SGES i s 
u t i l i z e d as a sulphur s u b s t r a t e , the s i z e of the reserves 
would a f f e c t the n i t r a t e r e s p i r a t i o n r a t e i n the absence of 
exogenous sulphur sources. The l e v e l of s t i m u l a t i o n r e s u l t i n g 
from the a d d i t i o n of exogenous sulphur sources would a l s o be 
a f f e c t e d , t h e r e f o r e . Hence, l a c k of s t i m u l a t i o n of n i t r a t e 
r e s p i r a t i o n i n fed C. orhiculata symbionts by exogenous t h i o l s 
could be i n t e r p r e t e d to mean e i t h e r these t h i o l s are not 
u t i l i z e d i n n i t r a t e r e s p i r a t i o n or exogenous t h i o l s f u e l 
n i t r a t e r e s p i r a t i o n at a r a t e comparable to SGES. 

The t h i o s u l p h a t e concentration decreased i n suspensions 
of fed Codakia orhiculata symbionts suggesting that 
t h i o s u l p h a t e added to the suspension was used i n preference to 
SGES to f u e l n i t r a t e r e s p i r a t i o n . I t would appear, t h e r e f o r e , 
that SGES and exogenous t h i o s u l p h a t e f u e l n i t r a t e r e s p i r a t i o n 
at comparable r a t e s . As discussed i n s e c t i o n 3.4.2 on aerobic 
r e s p i r a t i o n , because t h i o s u l p h a t e concentrations i n the 
b i v a l v e s ' h a b i t a t are minimal, t h i o s u l p h a t e u t i l i z e d by the 
symbionts in vivo probably r e s u l t s from host o x i d a t i o n of 
sulphide, p o s s i b l y by host c e l l mitochondria (Powell and 
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Somero, 1985; Anderson et al., 1987; Cary et al., 1989). Since 
t h i o s u l p h a t e i s not gaseous, i t presumably does not penetrate 
the b a c t e r i a l c e l l s e a s i l y (Holmes and Donaldson, 1969) and 
u t i l i z a t i o n of t h i o s u l p h a t e by the b a c t e r i a i m p l i e s the 
presence of a t r a n s p o r t mechanism (R. V e t t e r , pers. comm.). 

Thiosulphate c l e a r l y s t i m u l a t e d n i t r a t e r e s p i r a t i o n rates 
i n starved Codakia orbiculata symbionts. Thiosulphate 
concentrations decreased i n these experiments, although more 
slowly than i n the fed b a c t e r i a l suspensions. The n i t r a t e 
r e s p i r a t i o n r a t e s were s i g n i f i c a n t l y lower i n starved b a c t e r i a 
than those measured i n the fed symbionts, suggesting that 
n i t r a t e r e s p i r a t i o n may have been repressed by the 10-day 
in c u b a t i o n i n oxygenated, low n i t r a t e (<1 pM) c o n d i t i o n s . 
N i t r a t e r e s p i r a t i o n was repressed i n whole Solemya reidi and 
the i s o l a t e d symbionts, but not completely, a f t e r prolonged 
i n c u b a t i o n i n oxygenated, low-nutrient seawater (Wilmot and 
V e t t e r , 1992; B. Jayor, pers.comm.). 

Repression of n i t r a t e r e s p i r a t i o n observed i n Codakia 

orbiculata symbionts may be the r e s u l t of e i t h e r the 
oxygenated, or the n i t r a t e - f r e e , c o n d i t i o n s of the 10 day 
i n c u b a t i o n . In f r e e - l i v i n g h e t e r o t r o p h i c d e n i t r i f y i n g 
b a c t e r i a , evidence suggests t h a t n i t r a t e i s r e q u i r e d f o r the 
production of n i t r a t e reductase and a l s o , t h a t n i t r a t e 
reductases are repressed by oxygen but can be derepressed by 
decreases i n oxygen (Chalamet, 1985). Repression of n i t r a t e 
reductase i n Lucinoma aequizonata symbionts has been shown, 
however, to be caused by the absence of n i t r a t e but was not 
a f f e c t e d by the presence of oxygen (Hentschel et al., 1993). 
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However, u n l i k e the symbionts of C orblculata and 5. reidi, 

those of L. aequizonata d i d not appear to r e s p i r e a e r o b i e a l l y . 
C. orbiculata sjnnbionts r e s p i r e d n i t r a t e in vivo when b i v a l v e s 
were maintained i n o x i c c o n d i t i o n s , although the r e s p i r a t i o n 
r a t e was a l s o lower than t h a t measured i n anoxic c o n d i t i o n s 
(Section 3.4.5). This suggests that n e i t h e r the low l e v e l s of 
oxygen present i n the v i c i n i t y of the b a c t e r i o c y t e s nor the 
24 h p r e - i n c u b a t i o n i n oxygenated, l o w - n i t r a t e seawater 
completely i n h i b i t e d n i t r a t e r e s p i r a t i o n . To determine the 
immediate e f f e c t of oxygen on n i t r a t e r e s p i r a t i o n i n 
symbionts, n i t r a t e r e s p i r a t i o n rates should be measured i n 
o x i c suspensions of b a c t e r i a l symbionts. 

The a d d i t i o n of sulphide to fed Codakia orbiculata 

b a c t e r i a l suspensions d i d not increase the n i t r a t e r e s p i r a t i o n 
r a t e . U n l i k e f o r t h i o s u l p h a t e , there i s no d i r e c t evidence 
f o r the r o l e of sulphide i n n i t r a t e r e s p i r a t i o n ; the a d d i t i o n 
of sulphide to starved C. orbiculata b a c t e r i a l suspensions 
incubated w i t h n i t r a t e r e s u l t e d i n a n i t r i t e accumulation r a t e 
c o n s i s t e n t l y zero. 

Sulphide concentrations decreased, however, i n both fed 
and, at a slower r a t e , i n starved Codakia orbiculata b a c t e r i a l 
suspensions. The measured decrease i n sulphide concentrations 
has a number of p o s s i b l e explanations. Sulphide may bind to 
elemental sulphur present i n the suspensions, forming 
polysulphides (B. Javor, pers. comm.). The disappearance of 
sulphide from the starved b a c t e r i a suspensions due to the 
formation of pol y s u l p h i d e s would be expected to be l e s s , s i n c e 
starved b a c t e r i a have l e s s SGES than fed b a c t e r i a . A n a l y s i s of 
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p o l y s u l p h i d e formation would a i d i n i n t e r p r e t a t i o n of the 
sulphide disappearance data obtained i n t h i s study. 

The decrease i n s u l p h i d e • l e v e l s i n the suspension, ±n 

combination w i t h undetectable n i t r i t e accumulation, can best 
be explained by the occurrence of d e n i t r i f i c a t i o n , w i t h no 
accumulation of the n i t r i t e intermediate. N i t r i t e produced 
from n i t r a t e r e d u c t i o n (using sulphide) may be used 
immediately i n n i t r i t e r e s p i r a t i o n , producing N2 (Knowles, 
1982). N i t r i t e r e s p i r a t i o n i n Codakia orbiculata b a c t e r i a l 
suspensions was measured only i n the presence of sulphide. 
Hence, d e n i t r i f i c a t i o n seems probable. Further experiments, i n 
which the end product of d e n i t r i f i c a t i o n i s measured, are 
r e q u i r e d f o r c o n f i r m a t i o n . I f d e n i t r i f i c a t i o n i s o c c u r r i n g i n 
the sulphide i n c u b a t i o n s , then the r e d u c t i o n i n the r a t e of 
sulphide disappearance observed i n suspensions of starved 
b a c t e r i a l symbionts may be p a r t i a l l y a r e s u l t of r e p r e s s i o n of 
n i t r a t e r e s p i r a t i o n , as suggested e a r l i e r . 

I n h i b i t i o n of n i t r i c oxide (NO) r e d u c t i o n i n f r e e - l i v i n g 
b a c t e r i a begins at n i t r a t e concentrations i n the mM range 
(Packard et al., 1983), so the n i t r a t e c o n c e n t r a t i o n i n the 
incubations (2 mJXE) may have r e s u l t e d i n reduced production of 
N2 (Payne and R i l e y , 1969). Concentrations of n i t r a t e found i n 
seawater (1-40 pM), however, have been found to have l i t t l e or 
no i n h i b i t o r y e f f e c t on n i t r i c oxide r e d u c t i o n (Packard et 

al., 1983). D e n i t r i f i c a t i o n may be p a r t i c u l a r l y important, 
t h e r e f o r e , f o r in situ b i v a l v e s , since n i t r a t e l e v e l s i n the 
i n t e r s t i t i a l water of Codakia orbiculata h a b i t a t sediments 
reached 36 pM but were commonly <10 pM (Chapter 2). Further 
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i n v e s t i g a t i o n s of d e n i t r i f i c a t i o n p o t e n t i a l u s i n g other 
techniques (Payne, 1981) are suggested. 

I t must be noted t h a t , s i n c e d e n i t r i f i c a t i o n i s 
hypothesized to be o c c u r r i n g i n the presence of sulphide, 
caution must be used i n comparing " n i t r a t e r e s p i r a t i o n " r a t e s 
f o r incubations w i t h sulphide to ra t e s measured i n other 
i n c u b a t i o n s . Measuring n i t r i t e accumulation as a method to 
assess n i t r a t e r e s p i r a t i o n may be a p p l i c a b l e to experiments i n 
which t h i o s u l p h a t e i s the reduced sulphur source but appears 
to be i n a p p r o p r i a t e when a p p l i e d to experiments w i t h sulphide. 
The p o s s i b i l i t y of d e n i t r i f i c a t i o n i s considered, throughout, 
f o r experiments i n which sulphide was the reduced sulphur 
substrate. 

Low n i t r a t e r e s p i r a t i o n rates were measured f o r fed 
b a c t e r i a l suspensions i n the absence of added n i t r a t e or 
sulphur s u b s t r a t e . This f i n d i n g suggests that the fed 
symbionts may s t o r e a small amount of n i t r a t e which can be 
used as an e l e c t r o n acceptor i n the o x i d a t i o n of g l o b u l a r 
elemental sulphur reserves. Interestingly,- n i t r i t e 
concentrations increased i n suspensions of fed b a c t e r i a i n the 
presence of n i t r i t e , or n i t r i t e p l u s t h i o s u l p h a t e , suggesting 
r e s p i r a t i o n of stored n i t r a t e i n preference t o , or at a f a s t e r 
r a t e than, n i t r i t e r e s p i r a t i o n . Hence, although f u r t h e r 
research i s r e q u i r e d , i t i s p o s s i b l e that the low n i t r a t e 
r e s p i r a t i o n c o n t r o l r a t e s measured i n starved b a c t e r i a may be 
a r e s u l t of both depleted SGES and n i t r a t e stores., i n 
combination w i t h p o s s i b l e r e p r e s s i o n of n i t r a t e reductase. 
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The a b i l i t y of f r e e - l i v i n g b a c t e r i a to s t o r e n i t r a t e i s 
unreported i n the l i t e r a t u r e . P u r i f i e d sjnnbionts from Lucinoma 

aequizonata d i d not demonstrate n i t r a t e r e s p i r a t i o n i n the 
absence of an e x t e r n a l n i t r a t e source but whole b i v a l v e s 
incubated i n n i t r a t e - f r e e o x i c or anoxic seawater f o r 8 days 
had 6.4 and 8.3 pM n i t r i t e ; i n t h e i r mantle f l u i d , r e s p e c t i v e l y 
(Hentschel et al., 1993). This suggests a small source of 
n i t r a t e . The sjmibionts may u t i l i z e n i t r a t e present in vivo i n 
the mantle, f l u i d , the blood or, as suggested by t h i s study on 
Codakia orbiculata i s o l a t e d symbionts, w i t h i n the b a c t e r i a l 
c e l l s . 

In c o n t r a s t to Codakia orbiculata b a c t e r i a l suspensions, 
p u r i f i e d Lucinoma aequizonata symbionts were reported to la c k 
the a b i l i t y to r e s p i r e n i t r i t e (Hentschel et al., 1993). The 
experimental c o n d i t i o n s were not reported, however. Assuming 
that the b a c t e r i a were i s o l a t e d from fed b i v a l v e s and that the 
exogenous t h i o l , s i m i l a r to those reported by the authors f o r 
n i t r a t e r e s p i r a t i o n experiments, was 100 pM t h i o s u l p h a t e , then 
L. aequizonata l a c k s the a b i l i t y to r e s p i r e u t i l i z i n g 
t h i o s u l p h a t e as su b s t r a t e . L. aequizonata sjnnbionts, l i k e 
those of C. orbiculata, may r e s p i r e n i t r i t e only i n the 
presence of sulphide and the p o s s i b l i t y of n i t r i t e r e s p i r a t i o n 
should not be e l i m i n a t e d . B a c t e r i a l suspensions of Solemya 

reidi were a l s o found to r e s p i r e n i t r i t e only i n the presence 
of sulphide (B. Javor., pers comm). The b a c t e r i a l symbionts 
may need a low o x i d a t i o n - r e d u c t i o n p o t e n t i a l , provided by 
sulphide, f o r d e n i t r i f i c a t i o n (B. Javor, pers. comm.). 
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N i t r i t e r e s p i r a t i o n , i n c o n t r a s t to n i t r a t e r e s p i r a t i o n , 
d i d not appear to be repressed a f e r a 10-day i n c u b a t i o n i n 
oxygenated, low n u t r i e n t seawater. In f a c t , starved b a c t e r i a l 
suspensions r e s p i r e d n i t r i t e at approximately x5 the r a t e 
measured f o r suspensions of b a c t e r i a from fed Codakia 

orbiculata. However, i f the f e d ' b a c t e r i a had access to a small 
amount of s t o r e d n i t r a t e , then lower n i t r i t e r e s p i r a t i o n rates 
(measured by the disappearance of n i t r i t e from the i n c u b a t i o n 
medium) i n fed b a c t e r i a suspensions may have been i n f l u e n c e d 
by r e s p i r a t i o n of stored n i t r a t e to n i t r i t e ; i e . n i t r i t e 
reduced to N2 may be replaced ( p a r t i a l l y ) by n i t r i t e produced 
from n i t r a t e r e d u c t i o n . In the absence of n i t r a t e stores 
(starved b a c t e r i a l suspensions), the n i t r i t e r e s p i r a t i o n r a t e 
would appear to be gr e a t e r , as was observed. 

N i t r i t e i s present i n low amounts i n seawater (<10 nM) 
(McGlathery, 1992) and i n C. orbiculata h a b i t a t , n i t r i t e i n 
sediment i n t e r s t i t i a l water was c o n s i s t e n l y below 0.3 pM 
(Chapter 2), suggesting b a c t e r i a l symbiont n i t r i t e r e s p i r a t i o n 
in vivo i s most l i k e l y f u e l l e d by n i t r i t e produced by symbiont 
n i t r a t e r e s p i r a t i o n . I t should be noted that n i t r i t e 
concentrations used i n these experiments, l i k e those of 
n i t r a t e , were 2 orders of magnitude greater than those 
encountered by the b i v a l v e s in situ (Chapter 2). Hence, t h i s 
study demonstrated the p o t e n t i a l f o r n i t r a t e and n i t r i t e 
r e s p i r a t i o n i n the b a c t e r i a l ssnnbionts but r e s p i r a t i o n r ates 
measured i n t h i s study are l i k e l y to be greater than those of 
the i n t a c t symbiosis in situ. 
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The p o t e n t i a l r o l e s of n i t r a t e , n i t r i t e and aerobic 
r e s p i r a t i o n i n the physiology of Codakia orblculata symbionts 
in vivo are discussed i n S e c t i o n 3.A.5. of t h i s chapter (the 
i n t a c t symbiosis) and summarized, together w i t h h a b i t a t 
c h a r a c t e r i s t i c s , i n Chapter A. 
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3 -4 .A. Anaerobic Carbon Dioxide F i x a t i o n by B a c t e r i a l Symbiont 
Suspensions 

Suspensions of b a c t e r i a l symbionts from fed Codakia 

orbiculata were able to f i x i * C d 2 under anaerobic c o n d i t i o n s . 
S u r p r i s i n g l y , the symbiont suspensions f i x e d carbon d i o x i d e 
a n a e r o b i c a l l y i n the absence of an exogenous e l e c t r o n 
acceptor. A d d i t i o n of n i t r a t e as an e l e c t r o n acceptor d i d not 
s t i m u l a t e the carbon d i o x i d e f i x a t i o n r a t e . This was a l s o 
observed f o r p u r i f i e d fed sjmibionts of Lucinoma aequizonata 

but not i n t e r p r e t e d (Hentschel et al., 1993). The low i^COa 
f i x a t i o n r a t e s observed i n suspensions of b a c t e r i a from 
starved C. orbiculata were sti m u l a t e d by the a d d i t i o n of 
exogenous reduced sulphur but not by the a d d i t i o n of n i t r a t e . 
The a d d i t i o n of both t h i o l and n i t r a t e d i d not r e s u l t i n 
hijgher f i x a t i o n r ates than those observed w i t h the t h i o l s 
alone. S i m i l a r r e s u l t s have been observed i n carbon d i o x i d e 
f i x a t i o n experiments on b a c t e r i a i s o l a t e d from Solemya reidi 

(B. Javor, pers. comm.) and suggest the presence of an 
u n i d e n t i f i e d e l e c t r o n acceptor. In c o n t r a s t , i * C 0 2 f i x a t i o n 
a c t i v i t y i n g i l l homogenates of the vent mussel, Bathymodiolus 

thermophillus, was completely i n h i b i t e d i n deoxygenated 
samples ( B e l k i n et al., 1986) suggesting no endogenous 
e l e c t r o n acceptor. 

In the absence of d i r e c t evidence, the i d e n t i t y of the 
e l e c t r o n acceptor can only be hypothesized by s y s t e m a t i c a l l y 
examining p o s s i b i l i t i e s , as f o l l o w s . The experimental 
p r o t o c o l f o r t h i s study on Codakia orbiculata was c a r e f u l l y 
designed to avoid oxygen contamination, so the c o n s i s t e n t 
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presence of f r e e oxygen i n the incubations was not considered 
as a p o s s i b i l i t y . The C. orbiculata symbionts, as suggested by 
n i t r a t e r e s p i r a t i o n data discussed i n the previous s e c t i o n , 
are able to u t i l i z e n i t r a t e as an e l e c t r o n acceptor and may be 
able to s t o r e small amounts of n i t r a t e . I t i s p o s s i b l e , 
t h e r e f o r e , that s t o r e d n i t r a t e i s the u n i d e n t i f i e d e l e c t r o n 
acceptor f o r the b a c t e r i a . However, the low n i t r a t e 
r e s p i r a t i o n r a t e suggests that these stores are not l a r g e . 
Hence, i t i s u n l i k e l y that s u f f i c i e n t n i t r a t e would remain, 
a f t e r 10 days s t a r v a t i o n , to act as e l e c t r o n acceptor f o r the 
starved b a c t e r i a . Carbon d i o x i d e f i x a t i o n i n starved C. 

orbiculata symbionts was s t i m u l a t e d by exogenous t h i o l s , 
without an added e l e c t r o n acceptor, suggesting the presence of 
an u n i d e n t i f i e d e l e c t r o n acceptor i n the suspensions of 
starved b a c t e r i a . Since the n i t r a t e r e s p i r a t i o n experiments 
demonstrated n i t r a t e i s u t i l i z e d as an e l e c t r o n acceptor, i t 
can be assumed that the symbionts use n i t r a t e as an e l e c t r o n 
acceptor when i t i s a v a i l a b l e or, p o s s i b l y , that n i t r a t e i s 
used i n a d d i t i o n to the u n i d e n t i f i e d e l e c t r o n acceptor. 

SGES, i n t e r a c t i n g w i t h sulphide to produce p o l y s u l p h i d e s , 
can act as an " i n t e r n a l " e l e c t r o n acceptor and t h i s has been 
suggested f o r Solemya reidi b a c t e r i a l symbionts (R. V e t t e r , 
pers. comm.). Experimental r e s u l t s demonstrate t h i s i s 
u n l i k e l y f o r Codakia orbiculata b a c t e r i a l symbionts, however. 
C. orbiculata symbionts are able to f i x i * C 0 2 a n a e r o b i c a l l y i n 
incubations w i t h no sulphide added. In a d d i t i o n , g l o b u l a r 
elemental sulphur reserves are known to d e c l i n e r a p i d l y 
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(Section 3.4.1.), suggesting the formation of p o l y s u l p h i d e s 
would be u n l i k e l y i n the starved b a c t e r i a . 

I t has been suggested that the b a c t e r i a l symbionts of 
Lucinoma aequizonata may use a s u l p h u r - o x i d a t i o n s t r a t e g y 
s i m i l a r to Thiobacillus denitrif leans, a f r e e - l i v i n g b a c t e r i a 
(Cary et al., i 9 8 9 ) . T. denitrif leans u t i l i z e s a r e a c t i o n 
c a t a l y z e d by a siroheme-containing enzyme, w i t h the r e q u i r e d 
oxygen derived from water molecules, to o x i d i z e elemental 
sulphur (Schedel and TrOper, 1980). This p o s s i b i l i t y has not 
been examined experimentally f o r the l u c i n i d b a c t e r i a l 
sjnnbionts and may be f e a s i b l e f o r the fed b a c t e r i a but, again, 
would not be f e a s i b l e f o r the starved b a c t e r i a due to t h e i r 
l a c k of SGES. I t a l s o does not address the question of 
o x i d a t i o n of exogenous sulphide and t h i o s u l p h a t e . 

I n t r a c e l l u l a r Fe^+ could be a r e s p i r a t o r y - l i n k e d e l e c t r o n 
acceptor f o r sulphide or elemental sulphur o x i d a t i o n i n the 
symbiotic b a c t e r i a of Codakia orblculata. Both sulphide and 
elemental sulphur can be f u r t h e r o x i d i z e d by f r e e - l i v i n g 
b a c t e r i a using Fe^+ (Berner, 1970; Brock and Gustafson, 1976). 
Obviously, f u r t h e r experimentation i s r e q u i r e d to i n v e s t i g a t e 
t h i s p o s s i b i l i t y . 

F i n a l l y , the p o s s i b i l i t y that some energy i s coming from 
a fermentative process cannot be completely excluded; a d d i t i o n 
of azide to the fed b a c t e r i a incubations d i d not completely 
reduce CO2 f i x a t i o n r a t e s . However, t h i s experiment was not 
r e p l i c a t e d and, i n addition,, azide proved to be i n e f f e c t i v e i n 
e l i m i n a t i n g r e s p i r a t i o n i n whole b i v a l v e s (P. Barnes, pers. 
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obs.)- Further researcb i n t o the r o l e of fermentative pathways 
i n these symbionts seems j u s t i f i e d . 

B a c t e r i a i s o l a t e d from f r e s h l y c o l l e c t e d b i v a l v e s , w i t h 
yellow g l o b u l a r elemental sulphur deposits i n the g i l l s , had a 
high anaerobic i^COa f i x a t i o n r a t e i n the absence of exogenous 
reduced sulphur. B a c t e r i a i s o l a t e d from the g i l l s of starved 
Coddkia orbiculata had endogenous i^COa f i x a t i o n r ates x0.31 
the endogenous rates f o r fed b a c t e r i a . This r e d u c t i o n i n 
carbon d i o x i d e f i x a t i o n r a t e was presumed to be a r e s u l t of 
the r e d u c t i o n i n SGES observed i n b i v a l v e s maintained i n 
oxygenated, s u l p h i d e - f r e e seawater f o r >2 days (Section 
3.4.1.). A s i m i l a r r e s u l t and explanation were reported f o r 
i s o l a t e d g i l l s of Lucinoma borealis (Dando et al., 1986a). 
Bouvy et al. (1989) hypothesized that i * G 0 2 f i x a t i o n r a t e i n 
the g i l l s of Spisula subtruncata (experiments conducted i n the 
absence of e x t e r n a l reduced sulphur) may have been r e l a t e d to 
the l e v e l s of reduced compounds i n the h a b i t a t . Since an 
abundance of reduced sulphur i n the environment leads to the 
accumulation of elemental sulphur i n l u c i n i d g i l l s (Cary et 

al., 1989; P. Barnes, pers. obs.), the r e s u l t s of Bouvy et al. 

(1989) support the use of elemental sulphur as an energy 
source f o r carbon d i o x i d e f i x a t i o n . 

Further evidence of the l i n k between o x i d a t i o n of reduced 
sulphur and CO2 f i x a t i o n i s provided by the s t i m u l a t i o n of the 
I'̂ COa f i x a t i o n r a t e observed i n starved b a c t e r i a a f t e r the 
a d d i t i o n of sulphide or t h i o s u l p h a t e , to x4.14 and x3.34 the 
endogenous r a t e f o r starved b a c t e r i a , r e s p e c t i v e l y . The 
r e s u l t i n g CO2 f i x a t i o n r ates were comparable to those measured 
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f o r fed b a c t e r i a . Starved g i l l s of Lucinoma borealis 

responded s i m i l a r l y to 100 pM sulphide ( t h i o s u l p h a t e was not 
tested) (Dando et al., 1986a). Since the a d d i t i o n of sulphide 
or t h i o s u l p h a t e to fed b a c t e r i a d i d not s t i m u l a t e the i*G O 2 

f i x a t i o n r a t e , presumably SGES f u e l s carbon d i o x i d e f i x a t i o n 
at a r a t e comparable to that obtained using exogenous reduced 
sulphur. These data, i n agreement wi t h the r e s u l t s of the 
aerobic and anaerobic r e s p i r a t i o n experiments on i s o l a t e d 
symbionts and the anaerobic r e s p i r a t i o n experiments on whole 
Codakia orbiculata, support the u t i l i z a t i o n of SGES as an 
energy source,, f o r short p e r i o d s , i n the absence of a l l 
e x t e r n a l sulphur sources. As discussed i n S e c t i o n 3.4.1., 
elemental sulphur u t i l i z a t i o n has been suggested f o r the 
b a c t e r i a l symbionts of s e v e r a l species of l u c i n i d b i v a l v e 
(Vet t e r , 1985; Dando et al., 1986a; Gary et al., 1989) and has 
been recorded f o r f r e e - l i v i n g b a c t e r i a (Schedel and TrOper, 
1980; K e l l y , 1982; Javor et al., 1990). 

The endogenous aerobic GO2 f i x a t i o n r a t e of suspensions 
of b a c t e r i a l symbionts i s o l a t e d from starved b i v a l v e s was 
found to be approximately xO.5 the endogenous r a t e i n the 
anoxic i n c u b a t i o n s . A s i m i l a r r e s u l t was obtained f o r 
b a c t e r i a l symbionts i s o l a t e d from Solemya reidi (B. Javor, 
pers. comm.). Because RuBPG/0 e x h i b i t s both oxygenase and 
carboxylase a c t i v i t i e s , due to competition between oxygen and 
carbon d i o x i d e f o r the same a c t i v e s i t e , carbon d i o x i d e 
f i x a t i o n w i l l proceed most e f f i c i e n t l y when the i n t r a c e l l u l a r 
r a t i o of GO2 and .O2 i s high ( G h o l l e t , 1977). The data 
presented here support the suggestions of F i s h e r and Hand 
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(1984) and Dando et al. (1985) that a low oxygen p a r t i a l 
pressure maintained i n the v i c i n i t y of the b a c t e r i o c y t e s would 
be b e n e f i c i a l to chemoautotrophy by preventing the oxygenase 
a c t i v i t y of RuBPC/0 from competing wi t h carboxylase a c t i v i t y . 

This i s the f i r s t study to determine the s t i m u l a t i o n of 
anaerobic carbon d i o x i d e f i x a t i o n i n b a c t e r i a l symbiont 
suspensions of a l u c i n i d b i v a l v e i n response to e i t h e r 
sulphide or t h i o s u l p h a t e . The b a c t e r i a l symbiont suspensions 
of Codakia orbiculata were able to u t i l i z e both sulphide and 
t h i o s u l p h a t e as e l e c t r o n donors, w i t h no obvious preference. 
S t i m u l a t i o n of i *C O 2 f i x a t i o n r a t e has been observed f o r 
i s o l a t e d b a c t e r i o c y t e s from Lucina floridana i n response to 
t h i o s u l p h a t e (1 mM) (Hand, 1987) and f o r i s o l a t e d g i l l s of 
Lucinoma borealis and Myrtea spinifera (Dando et al., 1985, 
1986a) i n response to sulphide (100 pM and 23-31 pM, 
r e s p e c t i v e l y ) . These st u d i e s t e s t e d only one t h i o l , however. 
Among other f a m i l i e s of b i v a l v e s possessing b a c t e r i a l 
symbionts, both sulphide and t h i o s u l p h a t e were found to 
s t i m u l a t e CO2 f i x a t i o n rates i n whole g i l l s of Solemya velum 

(Cavanaugh, 1983) and i n the i n t a c t symbiosis and i s o l a t e d 
sjnnbionts of Solemya reidi (Anderson et al., 1987; Wilmot and 
V e t t e r , 1992; B. Javor, pers. comm.). In c o n t r a s t , 
Bathymodiolus thermophilus g i l l homogenates were found to use 
t h i o s u l p h a t e , but not s u l p h i d e , as the e l e c t r o n donor. Results 
of s t u d i e s using i s o l a t e d g i l l s or the i n t a c t symbiosis must 
be i n t e r p r e t e d w i t h c a u t i o n , however, due to the p o s s i b l e 
o x i d a t i o n of sulphide to t h i o s u l p h a t e by host mitochondria 
(and, p o t e n t i a l l y , other o x i d a t i o n mechanisms), p r i o r to 
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reaching the symbionts (Powell and Somero, 1985; Anderson et 

al., 1987; Gary et al., 1989; Powell and Arp, 1989). Hence, 
t h i o s u l p h a t e , r a t h e r than sulphide, may be r e s p o n s i b l e f o r 
observed s t i m u l a t i o n . 

Sulphide i n h i b i t i o n of Codakia orhiculata b a c t e r i a l 
suspensions d i d not occur at 200 pM sul p h i d e , which i s i n 
agreement w i t h such f r e e - l i v i n g s u l p h u r - o x i d i z i n g b a c t e r i a as 
Thiomicrospira acna. T. acna f i x i ^ G 0 2 o p t i m a l l y w i t h 100-300 
pM sulphide and f i x a t i o n r a t e i s s t i l l high at 800 pM sulphide 
(Ruby and Jannasch, 1982; Jannasch et al., 1985). The 
symbionts of C. orhiculata are u n l i k e l y to be exposed to 
sulphide concentrations in vivo comparable to 200 pM, however, 
due to host d e t o x i f i c a t i o n mechanisms (Gary e t al., 1989; 
Bagarinao, 1992) and c e l l p e r m e a b i l i t y to d i s s o l v e d sulphide 
as a f u n c t i o n of pH (Wilmot and V e t t e r , 1992). C. orhiculata 

b a c t e r i a l symbionts may have a higher t o l e r a n c e f o r sulphide 
than the i n t a c t symbiosis. For example, sulphide 
concentrations >100 pM have been shown to have an i n h i b i t o r y 
e f f e c t on aerobic metabolism i n Solemya reidi and the b i v a l v e 
switches to anaerobic pathways (Anderson e t al., 1990). In 
i s o l a t e d b a c t e r i a l symbionts of S. reidi, however, s t i m u l a t i o n 
of aerobic and anaerobic CO2 f i x a t i o n and r e l a t i v e l y high 
rates of aerobic and anaerobic r e s p i r a t i o n have been 
demonstrated u s i n g up to 500 pM sulphide (Wilmbt and V e t t e r , 
1992; B. Javor, pers. comm.). 

The carbon d i o x i d e f i x a t i o n r a t e s measured i n suspensions 
Of b a c t e r i a i s o l a t e d from the g i l l s of Codakia orhiculata 

cannot be compared d i r e c t l y w i t h those reported i n the 
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l i t e r a t u r e for' other species of l u c i n i d s s i n c e the l a t t e r 
report the carbon d i o x i d e f i x a t i o n rates of the b a c t e r i a in 
vivo i n the i s o l a t e d g i l l s or i n the i n t a c t symbiosis. 
In a d d i t i o n , the c o n d i t i o n of the animals and b a c t e r i a , or the 
experimental p r o t o c o l (eg. oxygen concen t r a t i o n of i n c u b a t i o n 
medium), can a f f e c t the ^*C O 2 f i x a t i o n r a t e s . Comparison of 
rates measured f o r aposymbiotic and symbiotic b i v a l v e g i l l s , 
reported i n the l i t e r a t u r e , suggests that technique may be an 
important f a c t o r and that comparisons of rates obtained i n 
d i f f e r e n t s t u d i e s must be t r e a t e d w i t h c a u t i o n . For example, 
Felbeck (1983) measured i^COa f i x a t i o n r ates i n the i s o l a t e d 
g i l l s of the aposymbiotic Mytilus edulis and Hinnites 

multirugosus of 0.16 + 0.05 and 0.28 + 0.03 pmolC/gww/h, 
r e s p e c t i v e l y . These f i x a t i o n r ates are comparable to those 
recorded f o r i s o l a t e d g i l l s of the symbiotic l u c i n i d s 
Lucinoma borealis and Myrtea spinifera (Dando et al., 1985; 
Dando et al., 1986a). In c o n t r a s t , ^^C O 2 f i x a t i o n r ates i n the 
g i l l s of the aposymbiotic Corbula gibba were an order of 
magnitude lower (Dando et al., 1985). 

In summary, the r e s u l t s of t h i s study suggest that 
b a c t e r i a i s o l a t e d from f r e s h l y c o l l e c t e d Codakia orbiculata 

are capable of anaerobic CO2 f i x a t i o n u t i l i z i n g energy 
released from o x i d a t i o n of ( l o s s of e l e c t r o n s from) SGES and 
u t i l i z i n g an e l e c t r o n acceptor which has yet to be i d e n t i f i e d . 
The i s o l a t e d b a c t e r i a l symbionts are able to use o x i d a t i o n of 
both sulphide and t h i o s u l p h a t e to f u e l anaerobic i^COa 
f i x a t i o n . 
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3 . 4 . 5 . N i t r a t e and N i t r i t e R e s p i r a t i o n i n Whole Codakia 

orbiculata 

This study demonstrated that the b a c t e r i a l symbionts of 
Codakia o r b i c u l a t a were capable of n i t r a t e and n i t r i t e 
r e s p i r a t i o n in vivo, whesn the b i v a l v e s were maintained i n o x i c 
or anoxic c o n d i t i o n s . N i t r i t e r e s p i r a t i o n occurred only i n 
b i v a l v e s incubated, i n o x i c or anoxic c o n d i t i o n s , w i t h 
sulphide. Experiments using anoxic suspensions of i s o l a t e d C. 

orbiculata b a c t e r i a l sjnnbionts, discussed-:earlier, a l s o 
demonstrated th a t the sjnnbionts were capable of n i t r i t e 
r e s p i r a t i o n only i n the presence of sulphide. This has a l s o 
been reported f o r the i n t a c t Solemya reidi symbiosis i n the 
presence of sulphide (Wilmot and V e t t e r , 1992). The r e s u l t s of 
the whole b i v a l v e n i t r i t e r e s p i r a t i o n experiments demonstrate, 
t h e r e f o r e , t h a t the symbionts must have access to sulphide in 

vivo and t h a t they o x i d i z e sulphide. Gaseous H2S may d i f f u s e 
across membranes and may be transported across c e l l s through 
binding to s p e c i f i c hemoglobin (Kraus and Wittenberg, 1990; D. 
Kraus, pers. comm.). 

There proved to be no s t a t i s t i c a l l y s i g n i f i c a n t 
d i f f e r e n c e between the n i t r i t e r e s p i r a t i o n rates i n the b x i c 
and anoxic incubations i n the presence of sulphide. These 
r e s u l t s suggest that the in vivo symbionts' exposure to low 
l e v e l s of oxygen d i d not r e s u l t i n immediate or s i g n i f i c a n t 
r e p r e s s i o n of n i t r i t e reductase. This has a l s o been observed 
f o r a few f r e e - l i v i n g b a c t e r i a (Robertson and Kuenen, 1984; 
Robertson et al., 1988). A decrease i n n i t r i t e r e s p i r a t i o n 
rates might be expected i n o x i c c o n d i t i o n s s i n c e t h i o s u l p h a t e 
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may be produced as a r e s u l t of host o x i d a t i o n of sulphide 
(Gary et a l . , 1989; Wilmot .and V e t t e r 1 9 9 2 ) and t h i o s u l p h a t e 
does, not s t i m u l a t e n i t r i t e r e s p i r a t i o n . The s i m i l a r i t y of 
n i t r i t e r e s p i r a t i o n r a t e s measured i n the whole animal under 
anoxic and o x i c c o n d i t i o n s i n t h i s study suggests f u r t h e r 
research i n t o the r o l e of t h i o s u l p h a t e and sulphide i n the 
sjnnbionts physiology in vivo i s required. However, the 
demonstration t h a t the .symbionts have access to sulphide when 
the host i s i n o x i c c o n d i t i o n s reveals t h a t host o x i d a t i o n of 
sulphide (to t h i o s u l p h a t e ) i s not 100% e f f i c i e n t . This was 
hypothesized e a r l i e r on the basis of sul p h i d e - b i n d i n g 
hemoglobin i n l u c i n i d g i l l s (Kraus and Wittenberg, 1990). 

In Codakia orhiculata h a b i t a t , the low n i t r i t e l e v e l s i n 
sediment i n t e r s t i t i a l water (<0.3 pM) and o v e r l y i n g seawater 
(<0.01 pM) (McGlathery, 1992) suggest the symbionts o b t a i n 
n i t r i t e from b a c t e r i a l n i t r a t e r e s p i r a t i o n in vivo, r a t h e r 
than d i r e c t l y from the environment. In n i t r i t e incubations 
using whole b i v a l v e s , n i t r i t e must enter the b a c t e r i o c y t e 
e i t h e r from the blood or d i r e c t l y from seawater. 

The b a c t e r i a l sjnnbionts of Codakia orhiculata were found 
to r e s p i r e n i t r a t e in vivo, i n the absence of an e x t e r n a l 
sulphur source. This f i n d i n g suggests that the b a c t e r i a in 
vivo, s i m i l a r to suspensions of i s o l a t e d b a c t e r i a , are able, to 
use SGES as a substrate f o r n i t r a t e r e s p i r a t i o n . In the i n t a c t 
symbiosis, n i t r a t e must enter the b a c t e r i o c y t e e i t h e r from the 
blood or d i r e c t l y from seawater. 

Thiosulphate s t i m u l a t e d n i t r a t e r e s p i r a t i o n i n the i n t a c t 
symbiosis i n anoxic c o n d i t i o n s . Since t h i o s u l p h a t e does not 
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have a gas phase and, t h e r e f o r e , does not d i f f u s e across c e l l s 
as f r e e l y as sulphide ( H 2 S ) (Holmes ahd Donaldson, 1969; 
Wilmot ahd V e t t e r , 1992), these r e s u l t s suggest the presence 
of an a c t i v e t r a n s p o r t mechanism ( V e t t e r , pers. comm.). I t 
should a l s o be noted t h a t Codakia orbiculata g e n e r a l l y has 
access to t h i o s u l p h a t e i n concentrations <10 pM in situ 

(Chapter 2). Hence, t h i o s u l p h a t e u t i l i z e d by b a c t e r i a l 
symbionts in vivo i s b e l i e v e d to a r i s e predominately from host 
o x i d a t i o n of- sulphide (Powell and Somero, 1985; Anderson et 
al., 1987; Cary et al., 1989; O'Brien and V e t t e r , 1990; 
Bagarinao, 1992). 

Whole Codakia orbiculata were incubated a n o x i c a l l y w i t h 
n i t r a t e and a range of sulphide concentrations. Because host 
sulphide o x i d a t i o n (host mitochondria or hematin-granule 
o x i d a t i o n ) r e q u i r e s oxygen, these mechanisms could not 
f u n c t i o n under anoxic c o n d i t i o n s (Cary et al., 1989; Powell 
and Arp, 1989; O'Brien and V e t t e r , 1990; Wilmot and V e t t e r , 
1992). Hence, sulphide was not o x i d i z e d to t h i o s u l p h a t e and 
was the only exogenous sulphur source a v a i l a b l e . Because 
there was no s t a t i s t i c a l l y s i g n i f i c a n t d i f f e r e n c e between the 
n i t r a t e r e s p i r a t i o n (net n i t r i t e accumulation) rates measured 
i n the 0 pM, 50 pM and 250 pM sulphide anoxic i n c u b a t i o n s , 
there was no d i r e c t proof that sulphide was used as a 
substrate i n n i t r a t e r e s p i r a t i o n i n the i n t a c t sjmibiosis. 
Sulphide l e v e l s i n the surrounding medium decreased s l i g h t l y , 
suggesting e i t h e r some sulphide u t i l i z a t i o n or bin d i n g of 
sulphide to SGES to form p o l y s u l p h i d e s . 
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The low r a t e of n i t r i t e accumulation i n the i n c u b a t i o n 
medium i n the presence of sulphide, as suggested f o r 
suspensions of i s o l a t e d b a c t e r i a l ssTribionts, may be due to 
d e n i t r i f i c a t i o n without accumulation of the n i t r i t e 
i ntermediate. Both suspensions of i s o l a t e d b a c t e r i a and the 
symbionts in vivo, demonstrated n i t r i t e r e s p i r a t i o n i n the 
presence of sulphide. As discussed e a r l i e r , concentrations of 
n i t r a t e i n seawater (1-AO pM) have been found to have l i t t l e 
or no i n h i b i t o r y e f f e c t on n i t r i c oxide r e d u c t i o n (Packard e t 
a l . , 1983) and i t i s , t h e r e f o r e , u n l i k e l y that the 100 pM 
concentration of n i t r a t e used i n these experiments i n h i b i t e d 
n i t r i t e r e d u c t i o n . Further experiments which measure the 
products of n i t r i t e r e d u c t i o n , as suggested f o r the i s o l a t e d 
b a c t e r i a experiments, are required to confirm the hypothesis 
that d e n i t r i f i c a t i o n occurs i n whole Codakia orhiculata i n the 
presence of sulphide. 

The l a c k of s t a t i s t i c a l d i f f e r e n c e i n net n i t r i t e 
accumulation r a t e s between the 0 pM, 50 pM and 250 pM sulphide 
incubations suggests sulphide concentrations up to 250 pM do 
not i n h i b i t n i t r a t e or n i t r i t e r e s p i r a t i o n . Sulphide 
i n h i b i t i o n of host metabolism seems u n l i k e l y at these 
concentrations (<250 pM), which are comparable to those found 
i n the b i v a l v e s ' h a b i t a t (Ghapter 2). The r a t e of net n i t r i t e 
accumulation i n the 1000 pM sulphide i n c u b a t i o n was near zero, 
however, and s t a t i s t i c a l l y lower than those obtained using 
incubations w i t h other sulphide concentrations. This suggests 
sulphide i n h i b i t i o n of the host b i v a l v e metabolism. In t h e i r 
h a b i t a t , the b i v a l v e s are exposed to sulphide concentrations 
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lower than 10.00 pM (Chapter 2). Although some sulphide may be 
bound to i n t r a c e l l u l a r hemoglobin i n the g i l l s (Kraus and 
Wittenberg, 1990), host defences'may be overloaded i n the 
absence of a d d i t i o n a l d e t o x i f i c a t i o n mechanisms r e s u l t i n g from 
the l a c k of exogenous bxygen. C i l i a l a c t i v i t y i n i s o l a t e d 
g i l l s of the l u c i n i d Lucinoma borealis demonstrated decreased 
a c t i v i t y when exposed to 300 pM sulphide and complete 
i n h i b i t i o n at 1000 pM sulphide (Dando et al., 1986a)". Solemya 

reidi, found i n high-sulphide sediments (o f t e n >1 mM) 
(C h i l d r e s s and L o w e l l , 1982), has been shown to switch to 
sul p h i d e - s t i m u l a t e d anaerobiosis at sulphide concentrations 
>100 ,pM (Anderson et al., 1990). 

When whole Codakia orbiculata were maintained under 
anoxic c o n d i t i o n s , the b a c t e r i a would have been exposed to 
anoxic c o n d i t i o n s in vivo. When whole C. orbiculata were 
maintained under o x i c c o n d i t i o n s , the symbionts would probably 
have had access to only low l e v e l s of oxygen in vivo, as 
discussed e a r l i e r , as a r e s u l t of host oxygen demand, the 
l u c i n i d g i l l s t r u c t u r e and the presence of oxygen-binding 
hemoglobin ( F i s h e r and Hand, 1984; D i s t e l and Felbeck, 1987; 
Kraus and Wittenberg, 1990). Some oxygen would be a v a i l a b l e to 
the b a c t e r i a , however, f o r aerobic r e s p i r a t i o n . The r e s u l t s of 
t h i s study r e v e a l that the b a c t e r i a l sjnoabionts were capable of 
n i t r a t e r e s p i r a t i o n in vivo when the whole b i v a l v e s were 
maintained under o x i c c o n d i t i o n s . The presence of oxygen, as 
discussed i n Section 3.4.3., does not completely i n h i b i t 
n i t r a t e r e s p i r a t i o n i n a l l b a c t e r i a . I s o l a t e d b a c t e r i a l 
symbionts of Lucinoma aequizonata, and whole L. aequizonata. 
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demonstrated only s l i g h t l y lower n i t r a t e r e s p i r a t i o n r a t e s to 
n i t r i t e when maintained under o x i c c o n d i t i o n s (Hents'chel et 

al., 1993). • 
The n i t r a t e r e s p i r a t i o n rates f o r whole Codakia 

orhiculata maintained under o x i c c o n d i t i o n s i n the absence of 
exogenous t h i o l , or i n the presence of t h i o s u l p h a t e , were 
s t a t i s t i c a l l y lower than rates measured i n comparable, but 
anoxic, c o n d i t i o n s . N i t r a t e r e s p i r a t i o n may be p a r t i a l l y 
i n h i b i t e d by the presence of oxygen, t h e r e f o r e . I s o l a t e d 
symbionts from C. orhiculata maintained f o r 10 days i n 
oxygenated and n i t r a t e - f r e e seawater a l s o demonstrated reduced 
n i t r a t e r e s p i r a t i o n r a t e s . Access to both oxygen and n i t r a t e 
suggests that C. orhiculata b a c t e r i a l sjmibionts may r e s p i r e 
both oxygen and n i t r a t e when maintained under these 
c o n d i t i o n s . C o - r e s p i r a t i o n of oxygen and n i t r a t e has been 
recorded f o r f r e e - l i v i n g b a c t e r i a (Bonin and G i l e w i c z , 1991) 
and f o r Solemya reidi i s o l a t e d symbionts (B. Javor, pers. 
comm.). Aerobic and anaerobic r e s p i r a t i o n may be u t i l i z e d by 
the symbionts a l t e r n a t e l y , dependent on a v a i l a b i l i t y of 
e l e c t r o n acceptors. 

In c o n t r a s t to the above r e s u l t s , the ra t e s of n i t r a t e 
r e s p i r a t i o n to n i t r i t e under o x i c c o n d i t i o n s w i t h sulphide 
were s t a t i s t i c a l l y higher than those measured under anoxic 
c o n d i t i o n s w i t h sulphide. This i s s u r p r i s i n g , i n i t i a l l y , i n 
l i g h t of the p o t e n t i a l f o r co-occurring a e r o b i c and anaerobic 
r e s p i r a t i o n under o x i c c o n d i t i o n s and the p o s s i b i l i t y of 
s l i g h t i n h i b i t i o n of n i t r a t e reductase by oxygen, which, as 
suggested f o r the othei: o x i c i n c u b a t i o n s , may r e s u l t i n a 
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reduced n i t r a t e r e s p i r a t i o n r a t e . In a d d i t i o n , n i t r i t e 
r e s p i r a t i o n occurred i n i n t a c t sjmibioses i n both anoxic and 
o x i c incubations w i t h sulphide and i t would be expected, 
t h e r e f o r e , that the n i t r a t e r e s p i r a t i o n r a t e (as measured by 
the net n i t r i t e accumulation rate) would be lowered by n i t r i t e 
r e d u c t i o n . 

A p o s s i b l e e x p l a n a t i o n f o r the observed high r e s p i r a t i o n 
r a t e s , however, i s that the presence of oxygen i n the 
inc u b a t i o n medium allowed.host o x i d a t i o n of sulphide to 
th i o s u l p h a t e (Wilmot and V e t t e r , 1992) and the r e s u l t i n g 
supply of t h i o s u l p h a t e , transported to the sjmibionts, 
s t i m u l a t e d n i t r a t e r e s p i r a t i o n . As discussed i n Chapter 1, 
host c e l l m i t o c h o n d r i a l o x i d a t i o n i s b e l i e v e d operative i n the 
l u c i n i d s (Cary et al., 1989). In a d d i t i o n , t h i o s u l p h a t e 
s u p p l i e d to the symbionts would not st i m u l a t e n i t r i t e 
r e s p i r a t i o n . However, the n i t r i t e r e s p i r a t i o n r a t e s i n whole 
C. orhiculata i n o x i c c o n d i t i o n s w i t h sulphide revealed that 
some sulphide reached the symbionts, suggesting that some 
d e n i t r i f i c a t i o n , and f u r t h e r r e d u c t i o n of n i t r i t e produced by 
th i o s u l p h a t e - s t i m u l a t e d n i t r a t e r e s p i r a t i o n , may occur. The 
net accumulation of n i t r i t e suggests t h a t these processes are 
l e s s s i g n i f i c a n t than n i t r a t e r e s p i r a t i o n s t i m u l a t e d by 
th i o s u l p h a t e . Access to exogenous sulp h i d e , r a t h e r than 
t h i o s u l p h a t e , may be p r e f e r a b l e f o r the i n t a c t symbiosis when 
oxygen i s a v a i l a b l e . Gaseous H 2 S , u n l i k e the charged 
t h i o s u l p h a t e molecule (Holmes and Donaldson, 1969), f r e e l y 
d i f f u s e s across host c e l l s and r e s u l t s i n an increased 
i n t e r n a l supply of reduced sulphur. I f oxygen i s a v a i l a b l e . 
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presumably the t o x i c e f f e c t s of sulphide would be mediated by 
host o x i d a t i o n , i n a d d i t i o n to hemoglobin-binding and 
b a c t e r i a l u t i l i z a t i o n . 

Sulphide l e v e l s i n the in c u b a t i o n media, a f t e r adjustment 
f o r chemical o x i d a t i o n , decreased r a p i d l y i n the o x i c 
in c u b a t i o n s . This may be a t t r i b u t e d to a combination of d i r e c t 
u t i l i z a t i o n , of sulphide, host o x i d a t i o n of sulphide to 
th i o s u l p h a t e and p o s s i b l y , non-enzjnnatic o x i d a t i o n (Powell and 
Arp, 1989.) and some b i n d i n g to SGES ( V e t t e r , pers. comm.). 
The r e l a t i v e importance of d i r e c t uptake of sulphide across 
the g i l l and t h i o s u l p h a t e formation by host o x i d a t i o n , to the 
sulphur metabolism of the i n t a c t symbiosis has yet to be 
determined. 

The r e s u l t s of these i n v e s t i g a t i o n s i n t o symbiont 
r e s p i r a t i o n and sulphur u t i l i z a t i o n and the hypotheses put 
forward are summarized i n Chapter 4. 
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GHAPTER 4 

AEROBIG AND ANAEROBIC RESPIRATION, AND 
SULPHUR SUBSTRATE UTILIZATION, IN BACTERIAL 

SYMBIONTS OF THE LUCINID BIVALVE, CODAKIA ORBICULATA 

IMPLICATIONS FOR THE INTACT SYMBIOSIS 
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4.1 SUMMARY 
The i s o l a t e d b a c t e r i a l symbionts of Codakia orbiculata 

have the a b i l i t y to r e s p i r e n i t r a t e and n i t r i t e , i n a d d i t i o n 
to oxygen. N i t r a t e r e s p i r a t i o n i n Lucinoma aequizonata and 
Solemya reidi symbionts has been suggested to be advantageous 
to the symbioses as a r e s u l t of reduced competition, between 
sjnnbiont and host, f o r oxygen (Wilmot and V e t t e r , 1992; 
Hentschel et al., 1993). G e r t a i n l y , L. aequizonata i s found 
i n low oxygen environments where oxygen may become l i m i t i n g 
(Gary et al., 1989). The o v e r l y i n g waters of the h a b i t a t of C. 

orbiculata, which the clam can access w i t h i t s ' i n h a l a n t tube, 
are saturated w i t h oxygen and i t seems u n l i k e l y that oxygen 
a v a i l a b i l i t y would be l i m i t e d i n t h i s environment. N i t r a t e and 
n i t r i t e r e s p i r a t i o n were found to occur i n whole C. orbiculata 

maintained i n o x i c (>80% oxygen), i n a d d i t i o n tO anoxic, 
c o n d i t i o n s . This suggests that the advantages of n i t r a t e 
r e s p i r a t i o n to the sjrmbiosis may not be s t r i c t l y l i m i t e d to a 
redu c t i o n i n competition f o r oxygen w i t h the host clam but, 
i n s t e a d , may occur even when oxygen i s r e a d i l y a v a i l a b l e i n 
the h a b i t a t . 

I t seems probable t h a t , regardless of e x t e r n a l oxygen 
concentrations, the endosymbionts are maintained i n a low 
oxygen environment. The s t r u c t u r e of the l u c i n i d g i l l ( F i s h e r 
and Hand, 1984; D i s t e l and Felbeck, 1987) suggests th a t the 
oxygen l e v e l i n the water which reaches the b a c t e r i o c y t e s w i l l 
have been g r e a t l y reduced. The presence of oxygen-binding 
i n t r a c e l l u l a r hemoglobin i n the g i l l may keep the p a r t i a l 
pressure of oxygen low i n the v i c i n i t y of the b a c t e r i o c y t e s 
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and t h i s " h a s been suggested to be advantageous f o r b a c t e r i a l 
chemoautotrophic processes (Dando et al., 1985; Kraus and 
Wittenberg, 1990). Reduced competition between oxygen and 
carbon d i o x i d e f o r the same a c t i v e s i t e on RuBPG/0, which 
e x h i b i t s both oxygenase and carboxylase a c t i v i t i e s ( C h o l l e t , 
1977) would b e n e f i t b a c t e r i a l carbon d i o x i d e f i x a t i o n . Hence, 
oxygen a v a i l a b l e f o r the symbionts may be l i m i t e d and the 
a b i l i t y to u t i l i z e an a l t e r n a t e e l e c t r o n acceptor may be 
required. The standard f r e e energy gained from oxygen as the 
terminal e l e c t r o n acceptor i s greater than from n i t r a t e 
(Stouthamer, 1988), suggesting the p o t e n t i a l advantages to the 
chemoautotrophic sjonbiosis, of maintaining the b a c t e r i a i n a 
low oxygen environment in vivo, must be s u b s t a n t i a l . 

In the i s o l a t e d symbiont r e s p i r a t i o n experiments, aerobic 
r e s p i r a t i o n r a t e s were higher than n i t r a t e r e s p i r a t i o n r a t e s . 
In both aerobic and anaerobic r e s p i r a t i o n experiments, 
b a c t e r i a l suspensions were su p p l i e d w i t h an excess of e l e c t r o n 
acceptor. N i t r a t e l e v e l s i n i n t e r s t i t i a l water i n the h a b i t a t 
of Codakia orhiculata were as high as 36 pM but mean 
concentrations ranged from 0.46-5.45 pM, w h i l e oxygen 
a v a i l a b l e i n the o v e r l y i n g water was >100%. This suggests that 
n i t r a t e was l e s s a v a i l a b l e to the symbioses in situ than 
oxygen. I t i s d i f f i c u l t to hypothesize regarding the 
s i g n i f i c a n c e of symbiont aerobic r e s p i r a t i o n in vivo, however, 
i n l i g h t of the p o t e n t i a l l y low oxygen environment of the 
symbionts in vivo. To determine the r e l a t i v e importance of 
aerobic and anaerobic r e s p i r a t i o n to the symbionts in vivo, i t 
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i s c r i t i c a l to define the a v a i l a b i l i t y of s p e c i f i c e l e c t r o n 
acceptors in vivo. 

I t has been demonstrated that n i t r a t e r e s p i r a t i o n i n the 
i s o l a t e d b a c t e r i a l sjnnbionts of Solemya reidi and Lucinoma 

aequizonata i s only s l i g h t l y i n h i b i t e d by the presence of 
oxygen (Wilmot and V e t t e r , 1992; Hentschel et al., 1993; B. 
Javor, pers. comm.). The a b i l i t y to r e s p i r e n i t r a t e under o x i c 
c o n d i t i o n s i s uncommon and, i n a d d i t i o n to these b i v a l v e 
symbionts, has been reported i n only a few f r e e - l i v i n g 
b a c t e r i a (Robertson and Kuenen, 1984, Robertson et al., 1988). 
Although Codakia orbiculata i s o l a t e d symbionts were not t e s t e d 
f o r n i t r a t e r e s p i r a t i o n under o x i c c o n d i t i o n s , b a c t e r i a 
i s o l a t e d from C. orbiculata maintained f o r 10 days i n 
oxygenated, n i t r a t e - f r e e seawater were able to r e s p i r e n i t r a t e 
i n the presence of t h i o s u l p h a t e . N i t r a t e r e s p i r a t i o n measured 
i n the i n t a c t symbiosis i n o x i c c o n d i t i o n s suggests that 
n i t r a t e r e s p i r a t i o n i n the symbionts i s not completely 
repressed i n the presence of low l e v e l s of oxygen. 

I t i s p o s s i b l e t h a t the Codakia orbiculata symbionts 
u t i l i z e a combination of aerobic and anaerobic r e s p i r a t i o n to 
maximize energy production. C o - r e s p i r a t i o n of n i t r a t e and 
oxygen has been demonstrated f o r Solemya reidi sjmibionts and 
some f r e e - l i v i n g b a c t e r i a (Bonin and B i l e w i c z , 1991; Wilmot 
and V e t t e r , 1992; B. Javor, pers.comm.). A l t e r n a t i o n of 
aerobic and anaerobic r e s p i r a t i o n i s a l s o a p o s s i b i l i t y , 
dependent on i n t e r n a l a v a i l a b i l i t y of e l e c t r o n acceptors. 
Although an a b i l i t y to maintain both r e s p i r a t o r y chains i s 
suggested f o r the C. orbiculata symbionts, t h e i r a b i l i t y to 
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c o - r e s p i r e , e i t h e r i s o l a t e d or in vivo, r e q u i r e s f u r t h e r 
experimentation. 

I n v e s t i g a t i o n s i n t o sulphur substrate u t i l i z a t i o n i n the 
i s o l a t e d b a c t e r i a l sjmbionts of Codakia orbiculata revealed 
that s t o r e d g l o b u l a r elemental sulphur can be used as an 
energy source f o r carbon d i o x i d e f i x a t i o n and as a sulphur 
substrate f o r aerobic and n i t r a t e r e s p i r a t i o n . S i m i l a r l y , 
n i t r a t e r e s p i r a t i o n was measured i n f r e s h l y c o l l e c t e d whole 
b i v a l v e s i n the absence of exogenous sulphur. Stored g l o b u l a r 
elemental sulphur disappeared from .the g i l l s w i t h i n 72 hours 
i n the absence of exogenous reduced sulphur. Despite the high 
sulphate r e d u c t i o n rates and accumulation of d i s s o l v e d 
sulphide i n the Thalassia testudinum sediment h a b i t a t of C. 
orbiculata, h a b i t a t data suggests s p a t i a l heterogeneity w i t h i n 
the environment. The v a r i a t i o n i n SGES l e v e l s i n the g i l l s of 
f r e s h l y - c o l l e c t e d C. orbiculata a l s o suggested that some 
b i v a l v e s may l a c k access, t e m p o r a r i l y , to exogenous reduced 
sulphur. 

Thiosulphate s t i m u l a t e d anaerobic carbon d i o x i d e 
f i x a t i o n , aerobic r e s p i r a t i o n ahd n i t r a t e r e s p i r a t i o n i n 
i s o l a t e d symbionts, and n i t r a t e r e s p i r a t i o n i n the i n t a c t 
symbiosis. Thiosulphate i n the i n t e r s t i t i a l water of Codakia 

orbiculata h a b i t a t was present i n low l e v e l s only (0.66-32.27 
pM) and i t seems u n l i k e l y , t h e r e f o r e , that th.iosulphate 
u t i l i z e d by the sjnnbiosis i s obtained e x t e r n a l l y . As 
discussed at length i n Chapter 1, host m i t o c h o n d r i a l o x i d a t i o n 
of sulphide to t h i o s u l p h a t e i s well-documen"ted f o r Solemya 
reidi (Powell and Somero, 1986; Anderson et a l . , 1987,; O'Brien 
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and V e t t e r , 1990; Wilmot and V e t t e r , 1992) and has been 
suggested f o r l u c i n i d b i v a l v e s (Gary et a l . , 1989). In l i g h t 
of t h i o s u l p h a t e s t i m u l a t i o n of C. orblculata symbiont 
r e s p i r a t i o n and anaerobic carbon d i o x i d e f i x a t i o n , and the low 
l e v e l s of t h i s t h i o l i n the h a b i t a t , host o x i d a t i o n of 
sulphide would seem to be a s u i t a b l e hypothesis f o r the supply 
of t h i o s u l p h a t e f o r the C. orbiculata symbiosis. 

D i s s o l v e d s u l p h i d e , present in"abundance i n the Codakia 

orbiculata h a b i t a t , a l s o s t i m u l a t e d anaerobic carbon d i o x i d e 
f i x a t i o n and aerobic r e s p i r a t i o n i n i s o l a t e d b a c t e r i a l 
symbionts but there was no d i r e c t proof t h a t sulphide was used 
as a sulphur substrate i n n i t r a t e r e s p i r a t i o n i n any of the 
experiments. However, only s u l p h i d e - s t i m u l a t e d n i t r i t e 
r e s p i r a t i o n . Because n i t r a t e r e s p i r a t i o n rates were determined 
by measuring n i t r i t e accumulation i n the i n c u b a t i o n medium, i t 
i s suggested that sulphide s t i m u l a t e d d e n i t r i f i c a t i o n , a 5-
e l e c t r o n t r a n s f e r from n i t r a t e to N2 which would y i e l d more 
energy f o r the b a c t e r i a , was o c c u r r i n g . Complete 
d e n i t r i f i c a t i o n would r e s u l t i n no net accumulation of 
n i t r i t e . Further research, i n which the end-products of 
d e n i t r i f i c a t i o n are measured, i s req u i r e d to t e s t t h i s 
hypothesis. 

The r e s u l t s of the n i t r i t e r e s p i r a t i o n experiments i n the 
i s o l a t e d b a c t e r i a and the whole b i v a l v e demonstrate that the 
symbionts have access to sulphide in vivo. Although the t o x i c 
e f f e c t s of sulphide suggest that host o x i d a t i o n of su l p h i d e , 
to non-toxic t h i o s u l p h a t e , would be advantageous when oxygen 
i s a v a i l a b l e , the a b i l i t y of the i n t a c t sjnnbiosis to r e s p i r e 
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n i t r i t e when incubated i n o x i c c o n d i t i o n s suggests that host 
o x i d a t i o n mechanisms may not be 100% e f f i c i e n t . Some sulphide 
undoubtedly reaches the sjnnbionts in vivo, p o s s i b l y by 
d i f f u s i o n or by hemoglobin-binding. 

I n c o n t r a s t to the low or undetectable n i t r a t e 
r e s p i r a t i o n r a t e s f o r Codakia orbiculata i s o l a t e d b a c t e r i a , or 
the whole animal, when incubated a n o x i c a l l y w i t h s u l p h i d e , the 
n i t r a t e r e s p i r a t i o n rates of the i n t a c t symbiosis incubated i n 
o x i c c o n d i t i o n s w i t h sulphide were high. I t i s suggested that 
sulphide i s o x i d i z e d to t h i o s u l p h a t e , probably by host 
mitochondria, p r i o r to reaching the symbionts. The net 
accumulation of n i t r i t e i n the inc u b a t i o n medium i s a r e s u l t , 
t h e r e f o r e , of thiosulphate-.stimulated n i t r a t e r e s p i r a t i o n . 
Thiosulphate d i d not s t i m u l a t e n i t r i t e r e s p i r a t i o n . Because 
some sulphide w i l l reach the symbionts, i t i s probable that 
d e n i t r i f i c a t i o n , and r e s p i r a t i o n of n i t r i t e produced by 
th i o s u l p h a t e - s t i m u l a t e d n i t r a t e r e s p i r a t i o n , a l s o w i l l occur. 
The measurable net n i t r i t e accumulation suggests, however, 
that t h i o s u l p h a t e - s t i m u l a t e d n i t r a t e r e s p i r a t i o n i s most 
s i g n i f i c a n t . 

The a b i l i t y to u t i l i z e sulphide and a l t e r n a t e e l e c t r o n 
acceptors may have aided these b a c t e r i a - b i v a l v e symbioses i n 
c o l o n i z i n g h a b i t a t s u n a v a i l a b l e to other organisms. L u c i n i d 
b i v a l v e s have o f t e n been noted as the dominant i h f a u n a l 
species ( A l l e n , 1958; Jackson, 1972; Monnat, 1970; Ghapter 2) 
i n t h e i r h a b i t a t , The sediment chemistry of the Thalassia 

testudinum sediment h a b i t a t s i n Bermuda support the hypothesis 
that a supply of oxygen, n i t r a t e and sulphide may be optimal 
f o r the symbiosis. Oxygen i s a v a i l a b l e from the sediment-
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surface water v i a the clams' i n h a l a n t tubes, yet sediments are 
s u l p h i d e - r i c h w i t h a high sulphate r e d u c t i o n r a t e . Gaseous H2S 
i n the i n t e r s t i t i a l water, u n l i k e t-hiosulphate, can d i f f u s e 
f r e e l y i n t o host c e l l s , r e s u l t i n g i n a ready supply of 
i n t e r n a l reduced sulphur (Holmes and Donaldson, 1969; Wilmot 
and V e t t e r , 1992). A v a i l a b l e oxygen would a l l o w host o x i d a t i o n 
of sulphide to noh-toxic t h i o s u l p h a t e f o r t r a n s p o r t to the 
b a c t e r i a l symbionts. The b a c t e r i a l symbionts, u t i l i z i n g oxygen 
or n i t r a t e as an e l e c t r o n acceptor, can f u r t h e r o x i d i z e 
t h i o s u l p h a t e . N i t r a t e i s a v a i l a b l e i n i n t e r s t i t i a l waters i n 
concentrations x5 greater than those i n the sediment-surface 
water. 

In c o n c l u s i o n , t h i s study has demonstrated aerobic 
r e s p i r a t i o n , u t i l i z i n g s u l p h i d e , t h i o s u l p h a t e or stored 
g l o b u l a r elemental sulphur, i n the i s o l a t e d symbionts of 
Codakia orhiculata. N i t r a t e r e s p i r a t i o n , i n the presence of 
t h i o s u l p h a t e or SGES, and n i t r i t e r e s p i r a t i o n , i n the presence 
of sulphide, have a l s o been demonstrated f o r the i s o l a t e d and 
in vivo symbiohts. Hypotheses regarding sulphide s t i m u l a t i o n 
of d e n i t r i f i c a t i o n , host o x i d a t i o n of sulphide to t h i o s u l p h a t e 
and c o - r e s p i r a t i o n of n i t r a t e and oxygen by the symbionts have 
been put forward. However, the c o n d i t i o n s to which the 
symbionts are exposed in vivo remain unknown, l e a v i n g the 
r o l e s of aerobic and anaerobic r e s p i r a t i o n i n the in vivo 

physiology of the symbionts open to controversy and i n need of 
f u r t h e r research. In a d d i t i o n , the r e l a t i v e c o n t r i b u t i o n s of 
sulphide and t h i o s u l p h a t e to the in vivo sulphur metabolism of 
the b a c t e r i a l symbionts remain to be q u a n t i f i e d . 
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APPENDIX 1 
COMPARISON OF METHODS FOR THE EXTRACTION 

OF INTERSTITIAL WATER 
INTRODUCTION 

I n t e r s t i t i a l water from B a i l e y ' s Bay was c o l l e c t e d i n 
August 1990 usi n g three methods: l y s i m e t e r , syringe and 
c e n t r i f u g a l f i l t r a t i o n . Because d i s s o l v e d sulphide r e a c t s 
spontaneously w i t h oxygen (Chen and M o r r i s , 1972), methods f o r 
the c o l l e c t i o n of i n t e r s t i t i a l water f o r sulphide analyses 
must prevent oxygen contamination of the sample. The f o l l o w i n g 
comparison of methods determined which method r e s u l t e d i n the 
l e a s t oxygen contamination and i n the most r e p r e s e n t a t i v e 
d i s s o l v e d sulphide concentrations. The sample volumes obtained 
by each method are a l s o compared 

Because of the nature of the sampling methods, 
i n t e r s t i t i a l water could not be c o l l e c t e d from e x a c t l y the 
same l o c a t i o n w i t h i n the bed using each of the 3 methods. As a 
r e s u l t , s p a t i a l heterogeneity of d i s s o l v e d sulphide l e v e l s 
w i t h i n the seagrass sediments i s inherent i n the data. 
Numerous r e p l i c a t e s were taken using each technique, however, 
and the data was then reduced to the mean (+ 1 s.d.) f o r each 
technique and each sediment depth. The means were compared and 
sampling techniques which r e s u l t e d i n c o n s i s t e n t l y lower 
d i s s o l v e d sulphide l e v e l s , suggestive of contamination w i t h 
oxygen during sampling, were considered i n f e r i o r . 
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METHODS AND MATERIALS 
Lysimeters 

The l y s i m e t e r s are TFE t e f l o n tubes which were i n s e r t e d 
i n t o the sediment and which c o l l e c t e d i n t e r s t i t i a l water 
through polycarbonate f r i t s i n the sides of the tubes. At the 
top of the l y s i m e t e r i s a stop-cock to which a 60-ml syringe 
was attached. The syringe was used to apply a vacuum to p u l l 
water across the f r i t s i n t o a c o l l e c t i n g chamber, up a Tygon 
tube and i n t o the syr i n g e . I n d i v i d u a l l y s i m e t e r s c o l l e c t e d 
i n t e r s t i t i a l water from e i t h e r 5, 10, 20, or 30 cm sediment 
depth, determined by the distance between the f r i t and the top 
of the l y s i m e t e r . The l y s i m e t e r s were f i l l e d w i t h 
deoxygenated, FSSW immediately p r i o r to i n s t a l l a t i o n . This 
water was e x t r a c t e d u s i n g the syringe and discarded p r i o r to 
sample c o l l e c t i o n . Lysimeters were i n s e r t e d 24 hours p r i o r to 
sample e x t r a c t i o n to al l o w e q u i l i b r a t i o n . The average volume 
of sample c o l l e c t e d was 50-60 ml. A d e t a i l e d d e s c r i p t i o n of 
sample c o l l e c t i o n using l y s i m e t e r s i s given i n Methods and 
M a t e r i a l s i n Chapter 2 and i s not repeated here. 

Three sets of l y s i m e t e r s were i n s e r t e d randomly i n t o the 
sediments, w i t h one member of each set c o l l e c t i n g i n t e r s t i t i a l 
water from e i t h e r 5, 10, 20, or 30 cm sediment depth. Hence, 3 
r e p l i c a t e samples were c o l l e c t e d from each sediment depth. 
Syringes were placed i n an A r g o n - f i l l e d , a i r - t i g h t container 
immediately a f t e r sampling and t r a n s f e r r e d to an A r g o n - f i l l e d 
glove bag on r e t u r n to the la b o r a t o r y . The sample was f i l t e r e d 
through 0.22-pm Nuclepore f i l t e r and 5 r e p l i c a t e 1-ml samples 
were taken from each sample. 
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A l l i n t e r s t i t i a l water samples were preserved using 20 p i 
of 2 M z i n c acetate and were analyzed w i t h i n 5 days f o r 
d i s s o l v e d sulphide using the c o l o u r i m e t r i c assay of Gl i n e 
(1969) ( r e f e r to M a t e r i a l s and Methods i n Ghapter 2 f o r 
d e t a i l e d methodology). 

Syringes 
Three cores were taken from the seagrass bed sediment 

using P l e x i g l a s s core tubes (7.5 cm i n s i d e diameter). The 
core tubes had holes d r i l l e d every 5 cm down the length of the 
tube f o r syringe i n s e r t i o n and e x t r a c t i o n of i n t e r s t i t i a l 
water. Holes were covered w i t h duct tape during sampling. 
Gore tubes were capped immediately a f t e r sampling, caps were 
taped to prevent water l o s s , and tubes are kept v e r t i c a l f o r 
re t u r n to the l a b o r a t o r y . For a d e t a i l e d d e s c r i p t i o n of the 
method of core c o l l e c t i o n , see Methods and M a t e r i a l s i n 
Ghapter 2. 

The cores were processed immediately upon r e t u r n to the 
lab o r a t o r y . Sediment cores were kept v e r t i c a l , u sing r i n g 
stands, f o r processing i n an A r g o n - f i l l e d glove bag. The 
syringe needle was pushed through the duct tape and 
i n t e r s t i t i a l water was syringed from the sediments at 5 cm 
sediment depth. Due to blockages i n the needle (a v a r i e t y of 
gauge needles were t r i e d w i t h s i m i l a r r e s u l t s ) , t h i s procedure 
had to be repeated s e v e r a l times to o b t a i n 5 ml of i n t e r s i t i a l 
water. As per the l y s i m e t e r samples, a l l syringe samples were 
f i l t e r e d through a 0.22-pm Nuclepore f i l t e r i n t o acid-washed 
s c i n t i l l a t i o n v i a l s . The f i l t e r e d sample was then subdivided 
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i n t o 5 r e p l i c a t e l-ml samples which were preserved using 20 p i 
of 2 M z i n c acetate. A n a l y s i s of d i s s o l v e d sulphide followed 
the procedure of C l i n e (1969), as presented i n Cha.pter 2. 

C e n t r i f u g a t i o n 
Three cores were removed from the l u c i n i d sediment 

h a b i t a t using p l e x i g l a s s core tubes (7.5 cm diameter). These 
cores were capped immediately upon r e t r i e v a l , caps were taped 
to ensure no leakage and were kept v e r t i c a l f o r r e t u r n to the 
lab o r a t o r y . Once again, r e f e r to the methods s e c t i o n i n 
Chapter 2 f o r d e t a i l e d methodology. 

Cores were placed i n the j a c k apparatus below the Argon-
f i l l e d glove bag and sediment samples were extruded i n t o the 
glove bag f o l l o w i n g the procedure o u t l i n e d i n M a t e r i a l s and 
Methods i n Chapter 2. Cores were sectioned as f o l l o w s : 0-5 cm, 
5-10 cm and 10-15 cm. I n t e r s t i t i a l water was e x t r a c t e d using 
modified 50-ml p l a s t i c c e n t r i f u g e tubes w i t h caps. The tubes 
had been cut i n t o two s e c t i o n s which could be re-connected by 
a custom-designed, 0-ring sealed, PVC connector. A 0.22-pm 
Nuclepore f i l t e r was placed on top of the connector ( i n the 
top s e c t i o n of the tube) and held i n place w i t h another 0-ring 
pushed down the tube. Sediment (approximately 35 ml) was 
packed i n t o the top of the c e n t r i f u g e tube and the tube was 
capped and c e n t r i f u g e d at 5000 rpm f o r 10 min us i n g an lEC 
C l i n i c a l c e n t r i f u g e ( i n the glove bag). This method y i e l d e d 5-
9 ml of f i l t e r e d , i n t e r s t i t i a l water per tube, depending on 
sediment water content. The i n t e r s t i t i a l water i n the bottom 
s e c t i o n of the tube was r e - f i l t e r e d through a 0.22 pm f i l t e r 
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i n t o an acid-washed, s c i n t i l l a t i o n v i a l p r i o r to s u b d i v i s i o n 
i n t o 5 r e p l i c a t e l-ml samples. Samples were preserved w i t h 20 
p i of 2 M z i n c acetate and analyzed using the c o l o u r i m e t r i c 
assay of C l i n e (1969), as reported i n Chapter 2. 

RESULTS 
Dis s o l v e d sulphide concentrations i n i n t e r s t i t i a l water 

c o l l e c t e d using l y s i m e t e r s , syringes and by c e n t r i f u g a t i o n are 
presented i n Table I . The l a r g e standard d e v i a t i o n s around the 
means are i n d i c a t i v e of the s p a t i a l heterogeneity at a given 
depth. The number of r e p l i c a t e s (n) r e f e r s to the number of 
i n d i v i d u a l l y s i m e t e r or core samples analyzed; each r e p l i c a t e 
represents a d i f f e r e n t l o c a t i o n w i t h i n the Thalassia 

testudinum sediments. The maximum depth a t which sulphide was 
measured w i t h the syringe and c e n t r i f u g a t i o n techniques was 10 
cm, sin c e the cores d i d not penetrate s u f f i c i e n t l y to take a 
20 cm sample f o r comparison w i t h the l y s i m e t e r samples. While 
heterogeneity of the sulphide concentrations i n the sediments 
must be taken i n t o account, the sulphide l e v e l s i n the 
ce n t r i f u g e d samples were c o n s i s t e n t l y at l e a s t one order of 
magnitude lower than those i n l y s i m e t e r and syringe samples. 
Dis s o l v e d sulphide i n the l y s i m e t e r and syringe samples were 
comparable. 
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Table.I. D i s s o l v e d sulphide (pM) i n i n t e r s t i t i a l water 
c o l l e c t e d using l y s i m e t e r s , syringe and c e n t r i f u g a l 
e x t r a c t i o n . Data are presented as means + 1 s . d. • 

Method Sediment 
Depth 
(cm) 

n Sulphide 
(pM) 

Lysimeter 5 3 219.85 + 110 .48 
10 3 236.64 + 143 .54 
20 3 88.73 31 .03 
30 3 14.21 + 6 .96 

Syringe 5 3 181.11 + 169 .99 
10 3 137.73 + 46 .01 

C e n t r i f u g a l 5 3 4.52 + 0 .32 
E x t r a c t i o n 10 3 13.13 + 8 .40 

DISCUSSION 
Results i n d i c a t e that the c e n t r i f u g a t i o n method of 

e x t r a c t i o n of i n t e r s t i t i a l water r e s u l t e d i n the lowest 
concentrations of d i s s o l v e d sulphide. This suggests t h a t , 
despite using the A r g o n - f i l l e d glove bag, o x i d a t i o n of 
sulphide was o c c u r r i n g . I t i s p o s s i b l e that fragments of 
seagrass roots or rhizomes released compounds which o x i d i z e d 
the sulphide. Although the variances around the means were 
l a r g e , i n d i c a t i v e of the heterogeneity of d i s s o l v e d sulphide 
i n the i n t e r s t i t i a l waters, the syringe e x t r a c t i o n and 
lys i m e t e r methods y i e l d e d comparable l e v e l s of d i s s o l v e d 
sulphide. 

Although d i s s o l v e d sulphide concentrations of samples 
c o l l e c t e d using the l y s i m e t e r and the syringe techniques were 
comparable, the p r a c t i c a l advantages of the l y s i m e t e r 
technique were numerous. Most importantly, 50-60 ml of 
i n t e r s t i t i a l water could be c o l l e c t e d from each l y s i m e t e r . 
This was s u f f i c i e n t volume f o r r e p l i c a t e samples f o r a n a l y s i s 
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of d i s s o l v e d s u l p h i d e , ammonia, n i t r a t e , n i t r i t e and d i s s o l v e d 
i r o n . Syringe e x t r a c t i o n y i e l d e d small volumes (<6 ml) of 
i n t e r s t i t i a l water. Lysimeters were easy to i n s t a l l and 
i n t e r s t i t i a l water could be c o l l e c t e d to 30 cm sediment depth. 
In c o n t r a s t , the core tubes r a r e l y penetrated beyond lO cm 
sediment depth. C o l l e c t i o n of the i n t e r s t i t i a l water samples 
was r e l a t i v e l y r a p i d and simple using the l y s i m e t e r s , i n 
comparison w i t h e x t r a c t i o n of i n t e r s t i t i a l water from sediment 
cores. E x t r a c t i n g water from the sediment using a syringe was 
p r o b l e m a t i c a l due to the needle b l o c k i n g w i t h sediment. The 
advantage of the syringe method was that a sample could be 
c o l l e c t e d from a s p e c i f i c l o c a t i o n i n the sediment core. 
However, these samples were always <1 ml and the syringe 
needle had to moved to s e v e r a l l o c a t i o n s to o b t a i n adequate 
i n t e r s t i t i a l water volume to run r e p l i c a t e samples. 

In summary, the r e s u l t s of t h i s comparative study suggest 
l y s i m e t e r s are s u i t a b l e f o r the c o l l e c t i o n of i n t e r s t i t i a l 
water f o r a n a l y s i s of d i s s o l v e d sulphide and are a p r e f e r a b l e 
method of sampling to s y r i n g e and. c e n t r i f u g a l e x t r a c t i o n . 
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