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ABSTRACT: Sulfide oxidation activity was quantified for different tissues of the polychaetes Nereis 
diversicolor and N virens. Blood, intestinal wall and intestinal fluid of both species catalyzed sulfide 
oxidahon. N. dvers~color showed a sign~flcantly higher activity than did N. virens. Sulfide oxidation 
activity in the blood correlated with the concentration of 'brown pigment' N. diversicolor was more 
tolerant to long-term exposure to hypoxia and to hypoxia in the presence of sulfide than N. virens, and 
was twice as tolerant as N. virens to short-term exposure to high concentrations of sulfide. Results are 
discussed in terms of habitat preferences and competitive interactions. 

INTRODUCTION 

The discovery of the macrofauna associated with 
sulfide-emitting deep-sea hydrothermal vents (Lons- 
dale 1977, Corliss et  al. 1979, Edmond et  al. 1982) has 
stimulated research on physiological adaptations to 
sulfide in aerobic marine organisms. The effluent dis- 
persal of hydrothermal vents is rich in hydrogen sul- 
fide, and sulfide is known to be  extremely toxic to most 
aerobic organisms in nanomolar to micromolar concen- 
trations (National Research Council 1979). Toxicity is 
due  to the inhibition of metalloenzymes, notably cyto- 
chrome oxidase and blood pigments (Evans 1967). The 
vent fauna is found in the unstable mixture of sulfide 
from the vent dspersal  and oxygen from the surround- 
ing deep sea. Aerobic life therefore depends on the 
ability to detoxify hydrogen sulfide, as it is impossible 
to prevent it from entering the organism (Powell et al. 
1979). Different mechanisms for sulfide detoxification 
in hydrothermal vent animals have been described; 
these include endo- and ectosymbiontic sulfide-oxidiz- 
ing bacteria, and enzymatic sulfide oxidation involving 
blood pigments and animal enzymes of the midgut 
gland and mitochondrial oxidation (e. g. Jones 1985). 

Sulfide has always been a component of the bio- 
sphere and it is omnipresent in sedments  and in anoxic 
water (Fenchel & Riedl 1970), and all benthic animals 
may to a varying degree be  exposed to the compound 
in the external environment. Actually, all metazoa 
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seem to be capable of catalyzing sulfide oxidation since 
it is produced as a by-product in the degradation of 
sulfur-containing proteins, certain coenzymes and 
metabolites, and sulfide is produced by microbial fer- 
mentation in the alimentary canal (Siege1 1975). Thus a 
sulfide oxidase, related to that of Thiobacillus, oxidiz- 
ing sulfide to thiosulfate, has been demonstrated In the 
liver and kidney of rats (Baxter et al. 1958a, b, Sorbo 
1958) and, exposed to sulfide, dogs and rats have been 
shown to excrete sulfate in the urine (Dziewiatkowski 
1945, Yokoyama et al. 1971, Curtis et al. 1972). Sulfide 
is also oxidized by blood plasma of vertebrates (Hag- 
gard 1921, Evans 1967). 

Marine sediments are typically anoxic a few mm or 
cm beneath the surface and contain high (up to 10 mM) 
concentrations of sulfide (Fenchel & Riedl 1970), and 
under some circumstances the sulfide zone may extend 
up into the water column (Fenchel 1969, Jsrgensen 
1977, Hansen et al. 1978). The sulfide is principally 
produced by sulfate-respiring bacteria, but a small 
fraction derives from the fermentation of proteins (Fen- 
chel 1969). Invertebrates that burrow in sediments are 
therefore likely to be exposed to sulfide and even tube- 
dwelling forms which maintain their tubes oxidized by 
irrigation (Meyers et al. 1987, 1988) will be exposed 
when establishing themselves in the sediment. 

There is evidence that animals living in sulfide-rich 
sediments show an increased tolerance to this toxic 
compound (Jacubowa & Malm 1931, Theede et al. 
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1969, Oertzen & Schlungbaum 1972). Enzymatic 
catalysis of sulfide oxidation has also been demon- 
strated in Arenicola marina (Patel & Spencer 1963b), in 
representatives of the meiofauna (gnathostomulids, 
turbellanans and gastrotrichs) (Powell et  al. 1979, 
1980), in crustaceans (Vetter et  al. 1987), in molluscs 
(Anderson et al. 1987, Powell & Somero 1985, 1986, 
Powell & Arp 1989) and in echiuroids (Powell & Arp 
1989), while high tolerance to sulfide is also indicated 
in tubificids and priapulids (Degn & Kristensen 1981, 
Oeschger & Schmaljohann 1988). 

Finally, representatives of a variety of phyla harbor 
sulfide-oxidizing bacteria (including pogonophorans, 
molluscs, oligochaetes, nematodes, and ciliates) either 
as ectosymbionts or in specialized tissues (e.g. 
Cavanaugh 1985, Southward 1987). In evaluating the 
adaptive significance of the symbiotic relationships, 
most emphasis has been that of host nutrition, but the 
bacteria must also function by detoxifying sulfide, thus 
protecting the host. It is possible that during the evolu- 
tion of these relationships, detoxification initially rep- 
resented the adaptive significance for the animal host. 

Sulfide toxicity and detoxification have many impor- 
tant implications for the ecology of benthic animals and 
pose several unresolved physiological problems. Here I 
describe the ability to detoxify sulfide in 2 congeneric 
polychaetes in relation to their distribution in nature. 

The tube-dwelling nereid polychaetes Nereis (Nean- 
thes) virens Sars and Nereis (Hediste) diver-sicolor Mul- 
ler occur abundantly in coastal sediments of Northern 
Europe (Hartmann-Schroder 1971). N. vlrens prefers 
oxidized sandy substrates (Rasmussen 1973, Kristensen 
1988) while N. diversicolor is usually found in the 
innermost parts of estuaries and fjords in different 
types of sediment, but it prefers silty sediments with a 
high content of organic matter (Rasmussen 1973, Kris- 
tensen 1988). 

The objectives of the present study were to quantify 
the activity of sulfide detoxification in different tissues 
in the 2 species and to compare their ability to detoxify 
sulfide, in relation to their respective tolerances to 
sulfide exposure and their distribution In nature. 

MATERIALS AND METHODS 

Sampling. Nereis diversicolor and N. virens were 
sampled in Vellerup Bay, Isefjorden, Denmark, at  
water depths of 0.3 to 1.3 m. In the laboratory they 
were kept in tanks with natural sediment and running 
seawater (7 to 10 "C, S:  28 k l %o) for up to 2 wk prior to 
the experiments. They were fed pieces of mussel 1 or 2 
times weekly 

Sulfide oxidation activity. Catalysis of sulfide oxida- 
tion was quantified on homogenates of body wall, 

intestinal wall, or whole specimens, on blood, and on 
fluid samples of the coelomic cavity or from the anterior 
region of the intestine. All types of samples were pre- 
pared in a buffer (pH 8.0, 50 m%? TRIS/HCl and 0 .1  '!b 
of the laboratory detergent 'Prox'). Samples were cen- 
trifuged for 10 min at  1700 X g to remove particles. 
Sulfide oxidation was measured colormetrically at 
20 "C using benzyl viologen (1.1' dibenzyl-4.4'-bipy- 
ridinium), which is colorless when oxidized and purple 
when reduced. In the assay it acts as a n  alternative to 
O2 as electron acceptor from sulfide (E', = -0.36 mV), 
but it is rapidly reoxidized in the presence of oxygen 
(Peck 1968). The colormetrlc analysis was thus per- 
formed under anoxic conditions. The reduction of ben- 
zyl viologen was measured using a spectrophotometer 
(Unicam SP 1800) at a wavelength of 578 nm and an 
extinction coefficient of 8.65 absorbance units mM-' 
cm-' (McKellar & Sprott 1979). Results were corrected 
for blank oxidation and expressed as pmoles of sub- 
strate converted to product per minute per fresh weight 
of biological matenal at 20 ' C .  Substrate concentrations 
were 5 .5  mM or less as the non-enzymatic sulfide oxi- 
dation and concomitant reduction of benzyl viologen 
becomes appreciable at  higher sulfide levels (Powell & 
Somero 1985). The reaction mixture contained 40 mM 
glycine/NaOH buffer pH -- 9.0, 2 mM benzyl viologen, 
0 to 5.5 mM Na2S, and 100 to 200 yl sample in a total 
volume of 2 ml. Concentrations of Na,S were deter- 
mined by potentiometric titration with AgN03 using an 
Ag-AgS electrode and a potentiometer (Radiometer 
ion85). The term 'sulfide' here refers to all species of 
sulfide present in the reaction mixture (H+, HS-, and 
S2-). All biological materials show some sulfide oxida- 
tion acti.irity due to non-specific catalysis by proteins 
and metal ions. Therefore, a benzyl viologen assay of 
sulfide oxidation activity (sulfide concentration = 

5 mM) in homogenates of Mytilus edulis L, which lives 
in sulfide-free environments, was performed to define a 
basal level of sulfide oxidation activity in animal tissue. 
The activity in M. edulis was 0.20 k 0.05 (SE) @m01 
min-' FW g-l, i .e .  the same basal level a s  found in 
Mercenaria mercenaria by Powell & Somero (1985). 

Blood. Pure vertebrate hemoglobin exposed to sul- 
fide will form sulfhemoglobin, which cannot carry oxy- 
gen (Haggard 1921, Sorbo 1958, Patel & Spencer 
1963b, Wells & Pankhurst 1980). In whole blood, how- 
ever, a factor resident in the plasma protects the 
hemoglobin, and the blood oxidizes sulfide to the level 
of elemental sulfur and thiosulfate, until lethal doses of 
sulfide are reached (Sorbo 1958). Blood from the 
polychaetes Arenicola manna and Abarenicola affinis 
does not form sulfhemoglobin (Patel 8i Spencer 1963a, 
Wells & Pankhurst 1980). Instead, the hemoglobin in A. 

marina forms a pigment, which Patel & Spencer (1963a) 
termed 'brown pigment' According to Patel & Spencer 
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the pigment catalyzes the oxidation of sulfide to ele- 
mental sulfur and thiosulfate and can be taken as a 
biochemical adaptation to high concentrations of sul- 
fide. However, the pigment is not formed by the hemo- 
globin in A. affinis and the biological significance of the 
pigment is refuted by Wells & Pankhurst (1980) (see 
'Results and discussion' for further details). According 
to Pate1 & Spencer (1963a) the brown pigment can be  
quantified relative to normal hemoglobin on the basis 
of optical density. Hernoglobin from annelids shows 
characteristic absorption maxima at 574 and 538 nm 
which are markedly decreased when brown pigment is 
formed. This, together with a slight effect of brown 
pigment on the absorbance a t  510 nm makes it possible 
to use the following ratios a s  indices of the hemoglobin 
purity and the proportion of brown pigment. The rela- 
tive purity of hemoglobin (RPH) is calculated as the 
optical density ratio 538 nm:280 nm and the relative 
proportion of brown pigment (RPB) as the optical 
density ratio 510 nm:538 nm. The significance of 
brown pigment for the sulfide oxidation activity in the 2 
nereids was tested by comparison with A. marina and  
human blood. In order to make this comparison the 
ratio of RPB:RPH was used to compensate for any 
differences in sampling efficiency The sulfi.de oxida- 
tion activity was measured with the benzyl viologen 
assay at  a sulfide concentration of 5 ml4. 

Long-term tolerance. Experiments were performed 
in open flow systems using natural sediment in the 
aquaria (Fig. 1). This made it possible to study the 
effect of hypoxia separately from the effect of sulfide. 
Although chemically unstable, a mixture of sulfide and 
oxygen can be maintained in an  open flow system, 
which is impossible under static conditions. Poly- 
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hg. 1. Experimental set up for the study of long-term tolerance 
to hypoxia and sulfide in Nereis diversicolor a n d  N. virens 

chaetes were kept for 1 wk at  100 % oxygen saturation 
prior to experiments. One flow system was kept hypoxic 
(i. e ,  ca 10 O/O oxygen saturation), one hypoxic with 
sulfide, and one normoxic (control). Thirty specimens 
were used in each flow system. A fresh sulfide stock 
solution (5 mM) was prepared every day by the addi- 
tion of Na2S to deoxygenated seawater. To prevent 
oxygen diffusion from the air, the surface of the stock 
solution was covered with paraffin oil. The amount of 
oxygen and sulfide in the flow system was controlled 
by adjustments of the appropriate valves (see Fig. l ) ,  
and measured daily as p 0 2 ,  Eh, and sulfide, by means 
of polarographic oxygen sensors (YSI model 57), Pt 
electrodes, and Ag-AgS electrodes, respectively. The 
pH value (Radiometer PHM80) of the flow system was 
measured occasionally. The same set of measurements 
was performed in the hypoxic flow system and in the 
control flow system. At a fixed time each day, the 
behavior of the polychaetes was observed and dead 
individuals counted and removed. A specimen was 
considered to be above the sediment when half of it 
was visible. Specimens were considered dead when 
failing to respond when touched or to recover within 
2 h in normal seawater. At the start and finish of the 
experiments, sulfide oxidizing ability was measured 
using the benzyl \riologen technique. One group of 
polychaetes was also allowed 1 wk of recovery in nor- 
mal seawater before measurement. 

Short-term tolerance. Experiments were performed 
in a static system without sediment. Containers (vol: 
200 ml) with 100 m1 anoxic seacvater and a n  increasing 
series of sulfide concentrations were used. The sulfide 
concentrations in the tanks were determined continu- 
ously during the experiments with AgS-S electrodes 
mounted in the lids of the tanks. In each experiment 10 
polychaetes were used. They were incubated for 30 
min and allowed 2 h of recovery in fresh seawater 
before mortality was determined. The mortalities in 
both normoxia and anoxia were used as controls. 

RESULTS AND DISCUSSION 

Enzymatic sulfide oxidation in different tissues 

Samples of body wall, gut wall, intestinal fluid, 
blood, and coelomic fluid from Nereis diversicolor 
showed different levels of sulfide oxidation activity 
(Fig. 2 ) .  Apart from the coelomic fluid which does not 
catalyze sulfide oxidation, all sample types exhibited 
Michaelis-Menten kinetics (Table l ) .  Blood, intestinal 
fluid, and intestinal wall had the highest activities. The 
maximal catalytic rate (V,,,,) of the body wall was not 
significantly different from the basal level and the 
observed activity reflects a non-specific catalysis. 
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Fig. 2. Nereis djversjcolor. Sulfide oxidation activity in 
homogenates of different tissues as a function of sulfide 
concentration. (L) Coelomic fluid; (m) body wall; (c) 
intestinal wall; (m) blood; (G) intestinal fluid. Best fit 

0.5 1.0 1.5 2.0 2.5 curves were calculated using a non-linear regression 
Qaalfide concentratlon (mM) program 

The sulfide oxidation activity at 5 mM sulfide for 
different tissues of Nereis diversicolor and N. virens 
kept under normoxia is shown in Table 2. The body 
wall and coelomic fluid of the 2 species did not 
catalyze sulfide oxidation significantly above the basal 
level. As in the case of N. diversicolor, the blood, 
intestinal fluid, and intestinal wall of N. virens showed 
the capability of sulfide detoxification, but at a signifi- 
cantly lower level. Sulfide detoxification is localized in 
distinct tissues or body fluids, but this information is 
lost when working with homogenates of whole ani- 
mals (Table 2), whch ,  therefore, is an  inappropriate 
way of screening sulfide detoxification activity. Sulfide 
oxidation activity of the blood of the 2 species showed 
Michaelis-Menten kinetics (Fig. 3). The slope of the 
regression line and the intercept in N. diversicolor are 
0.43 k 0.02 (SE) and 0.44 f 0.04 (SE), respectively ( R ~  
= 0.88; p < 0.001), giving a half-saturation constant 
(K,) = 1.0 mM and V,,, = 2.3 pm01 min-' FW g- ' .  In 
N. virens the slope of the regression line and the 
intercept are 2.39 k 0.16 (SE) and 0.68 +- 0.19 (SE) 
respectively (R2 = 0.93; p < 0.001), giving K, = 

3.5 mM and V,,,,, = 1.5 pm01 min-' FW g-'. This sug- 
gests that N. diversicolor is superior to  N. virens 
regarding catalytic sulfide oxidation. Human blood 
(Fig. 3) yields a slope of the regression line and an 

intercept of 5.30 5 0.41 (SE) and 0.46 f 0.37 (SE), 
respectively (R2 = 0.93; p < 0.0001), giving K, = 
11.5 mM and V,,, = 2.2 pm01 min-' FW g-'. 

The intestinal fluid of the 2 species catalyzes the 
oxidation of sulfide (Table 2). As in the case of the 
blood, the intestinal fluid of Nereis diversicolor 
oxidized sulfide with a significantly higher activity than 
did the intestinal fluid of N. virens. In both species it 
had a black transparent color and foamed easily, pos- 
sibly indicating presence of bile. Microscopic observa- 
tions revealed only few rod-shaped bacteria with a 
length of 3 to 5 pm. 

Table 1. Nerejs diversicolor. Michaelis-Menten kinetics of 
homogenates of different tissues. The half-saturation constant 
(K,,) and the maximal catalytic rate (V,,,,) were calculated 

using a non-linear regression program 

Sample K, v,, R 2  p-value 
(mM) (pm01 min.' 

g- l )  

Coelom~c flu~d - - - 
Intestinal wall 0.89 k 1.15 0.44 & 0.25 0.92 ~ 0 . 0 0 1  
Body wall 1.05 k 0.52 0.21 -C 0.05 0.98 ~ 0 . 0 0 1  
Blood 0.68 k 0 22 1.57 -C 0.20 0.97 <0.001 
Intestinal fluid 0.56 k 0 14 3.95 i 0.36 0.99 ~ 0 . 0 0 1  
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Table 2. Nereis diversicolor and N. virens. Sulfide oxidation activity at 5 mM sulfide in homogenates of different tissues under 
different long-term experimental conditions. Activities are expressed in pm01 min-'. g-' and presented with standard errors. 

Number of samples in parentheses 

Experimental Blood Intestinal Intestinal Body Coelomlc Whole 
condition fluid wall wall fluid specimen 

N. diversicolor 

Normoxia 2.18 f 0.31 (28) 5.69 ? 1.42 (3) 0.48 f 0.12 (3) 0.31 f 0.05 (3) 0.06 f 0.06 (3) 0.36 f 0.05 (13) 
Hypoxia 0.51 f 0.10 (8) 0.53 5 0.23 (3) 0.02 f 0.01 (3) 0.09 f 0.02 (3) 0.19 f 0.09 (3) - 
Hypoxia + sulfide 0.18 -+ 0.04 (8) 4.40 5 1.50 (4) 0.10 f 0.06 (2) 0.22 f 0.09 (3) 0.22 f 0.22 (3) - 
Post hypoxia + 
sulfide 1.80 5 0.61 (4) - - - 

N. virens 

Normoxia 0.62 f 0.05 (8) 0.91 + 0.24 (3) 0.28 f 0.02 (3) 0.10 + 0.01 (3) 0.07 t 0.07 (3) 0.08 0.01 (4)  
Hypoxia 0.59 f 0.12 (4) 0.72 + 0.32 (3) 0.16 !c 0.04 (3) 0.07 + 0.00 (3) 0.12 f 0.03 (3) - 
Hypoxia + sulfide 0.57 f 0.06 (3) 1.15 f 0.35 (3) 0.66 + 0.04 (3) 0.07 + 0.01 (3) 0.32 f 0.11 (3) - 
Post hypoxia + 
sulfide 0.60 t 0.07 (3) - - - - 

Significance of brown pigment 

The relative purity of hemoglobin, the relative pro- 
portion of brown pigment, and the sulfide oxidation 
activity at 5 mM sulfide in blood from Nereis diver- 
sicolor, N. virens, Arenicola marina, and a human 
sample are shown in Table 3. A correlation analysis 
of the sulfide oxidation activity versus the ratio 
RPB:RPH gives a near to perfect correlation (R2 = 

0.99; p < 0.005). N. virens possessed relatively little 
brown pigment relative to hemoglobin and had a sul- 
fide oxidation activity close to that of human blood. 
The blood of A. manna and N. diversicolor had 
higher brown pigment to hernoglobin ratios and 
showed significantly higher sulfide oxidation activity. 

N. diversicolor had more brown pigment relative to 
hemoglobin and a higher sulfide oxidation activity 
than A. marina. 

Pate1 & Spencer (196313) believed the brown pig- 
ment to be present in vitro as well as in vivo and to 
form autocatalytically from hernoglobin by irrevers- 
ible oxidation when the blood is exposed to sulfide. 
They believed the catalytic effect to be due to a loose 
association of prosthetic groups and protein, making 
the pigment behave like free heme, which is known 
to catalyze sulfide oxidation (Sorbo 1958). However, 
in the blood of the related polychaete Abarenicola 
affinis no oxidized heme compounds are present or 
formed during exposure to sulfide and the brown pig- 
ment is refuted, and considered an artefact due to 

Fig. 3. Nereis diversicolor, N. virens, Horno 
sapiens. Double-reciprocal (Lineweaver- 
Burk) plot of sulfide oxidation activity of 
blood as a function of sulfide concen- 
tration. (m) N. diversicolor; (0) N. virens; (0) 

human blood. Best fi t  straight linies were 
calculated using a linear regression pro- 

gram 
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sample preparation (Wells & Pankhurst 1980). 
Although oxidized heme compounds have been sug- 
gested to occur in annelids only in individuals kept 
under poor laboratory conditions (Mangum 1976), the 
diversity of adaptations to sulfide (see e .g .  Childress 
et al. 1987, Powell et al. 1987) means that the ab- 
sence of such a pigment in one species is not evi- 
dence that it is absent in other species. Patel & 

Spencer (1963b) found no difference in sulfide oxida- 
tion activity between pure hematin and the brown 
pigment. In fact, the photometric quantification of the 
pigment is based on wavelengths corresponding to 
the absorption maxima of hematin (Patel & Spencer 
1963a). This makes it possible that the sulfide oxida- 
tion activity observed by Patel & Spencer and in the 
present study is in fact catalyzed by hematin. The 
term 'brown pigment' may therefore not describe any 
real phenomenon. Hematin-catalyzed sulfide oxida- 
tion has recently been demonstrated in the echiuran 
Urechis caupo and in the bivalves Solemya reidi, 
Calyptogena magnjfica and Lucinoma annulata 
(Powell & Arp 1989). The finding that the present 
sulfide oxidation activity correlates to the relative 
content of a brown pigment is valid whether the 
heme is free or loosely bound to a protein. 

Tolerance to long- and short-term exposure to sulfide 
and to hypoxia 

Long-term survival 

The physical and chemical conditions in the expen- 
ments on long-term tolerance to hypoxia and to sulfide 
are listed in Table 4 .  Tolerance to hypoxia and hypoxia 
plus sulfide expressed as surviving indi.viduals (%) as a 
function of exposure time is shown in Fig. 4. The 
observed differenccs in sulfide oxidation activity in the 
2 species arc reflected in their long-term tolerances to 
sulfide. In Nerels diversjcolor practically all specimens 
survived for at  least 16 d. Mortality was higher under 
hypoxia plus sulfide than under hypoxia alone. In N. 
virens, mortality occurred within 2 d under hypoxia as 
well as under hypoxia plus sulfide. After 6 d ,  mortality 
was highest for the sulfide-treated worms. In hypoxia 
with sulfide, 50 '10 of N. virens were dead within 8 d as 
compared to ca 24 d (extrapolated from Fig. 4) for N. 
diversicolor. In the control experiment (normoxia) sur- 
vival was l00 % (not shown). Thus, N, diversicolor is 
more tolerant to hypoxla and to sulfide than is N. 
virens, but in both species mortality is increased when 
sulfide is present. The flow-through experiments repre- 

Table 3. Nereis diversicolor, N. virens, Arenicola marina and Homo sapiens. Relative purity of hemoglobln and brown pigment 
together with sulfide oxidation activity a t  5 mM sulfide in blood. Number of samples in parentheses 

Sample 
type 

Relative purity of Relative proportion of Rat10 of RPB to RPH Sulfide oxidation activity 
hemoglobin (RPH) brown pigment (RPB) a t  5 mM sulfide 

A'rreis diversicolor (n = 5) 0.10 t 0.02 0.37 + 0.02 
Nereis virens (n = 5) 0.21 t 0.01 0.37 + 0.01 
Arenicola marina (n = 3) 0.16" 0.48d 
Homo sapiens (n = 2) 0.28 + 0.01 0.34 & 0.01 

" Data from Patel & Spencer (1963al 

Table 4 .  Nereis dir~ersicolor and N. virens. Experimental conditions in long-term tolerance experiments to hypoxia and sulfide 
(with standard error). nd: not detectable 

Oxygen partial Redox Sulfide PH 
pressure potential concentration 

(Torr) (mV) (!(M) (-logIH'1) 

Hypoxla + sulfide 
N. diversicoloi- 24 + 5 
N. virens 1 5 t  1 

Hypoxia 
:V diversicolor 
N. vlrens 

Normoxia (control) 
N. di~.ersicolor 
N. \.irens 
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Time (days) 

Fig. 4. Nereis diversicolor and N. virens. Long-term survival a s  
a function of exposure time. N. diversicolor: (D) hypoxia, (m) 
hypoxla with presence of sulfide. N. virens: (c) hypoxia, (e) 

hypoxia with presence of sulfide 

sent a more realistic simulation of the situation in sedi- 
ments than do experiments using static conditions. 
Still, the present hypoxia plus sulfide results accord 
with the trends found by Theede et al. (1973) and the 
hypoxia results accord with those of Kristensen (1983a). 

Behavior during long-term exposure 

Exposure to hypoxia and sulfide changed the behavior 
of both species. They stopped feeding. Also, when 
exposed to hypoxia with sulfide or hypoxia alone they left 
the sediment as seen in Fig. 5. The rate at  which they left 
the sediment differed in the 2 species. In the hypoxia 
experiment with Nereis diversicolorca 8 % of the experi- 
mental population were seen on the sediment surface 
after 10 d.  When hypoxia was accompanied by sulfide ca 
35 O/O of the specimens were seen on the sediment surface 
in a comparable period. After 10 d of hypoxia and 
hypoxia with sulfide, 17 % and 100 % respectively of N. 
virens were present on the sediment surface. The most 
significant difference in the behavior of the 2 species was 
in the hypoxia plus sulfide experiment, where all N. 
virenswere seen on the surface after ca 9 d .  In the control 
experiments (normoxia) less than 7 % appeared on the 
surface. N. diversicolor always come to the sediment 
surface head first, in contrast to N. virens, which come up 
tail first. In both species the individuals seen on the 
sediment surface were relatively inactive. 

Sulfide oxidation activity during long-term exposure 

The benzyl viologen assays from the long-term toler- 
ance experiments are shown in Table 2. No adaptation 
was found for the 2 species. In fact, the sulfide oxidation 
actlvity found in Nereis diversicolorblood under hypoxia 

Time (days) 

Fig. 5. Nereis diversicolor and N. virens. Percentage found 
above the sediment as a function of exposure time to hypoxia 
and hypoxia with presence of sulfide. N. diversicolor, broken 
lines: (c) hypoxia, (m) hypoxia with presence of sulf~de. N. 
virens, solid lines: (0) hypoxia, (a) hypoxia with presence of 

sulfide. L n e s  fitted by eye 

and hypoxia plus sulfide was significantly lower than the 
activity under normoxia. The post hypoxia and sulfide 
measurement (Table 2) shows that the sulfide oxidation 
activity in the blood after recovery was the same as in the 
prior experiment, indicating no autocatalysis of brown 
pigment. In N. diversicolor blood, the higher sulfide 
oxidation activity is lost during hypoxia and sulfide. 
Whether the physiological reason is insufficient supply of 
oxygen for the oxidation of sulfide to thiosulfate or merely 
a general exhaustion of the polychaete is not known. 
However, the result shows that the high sulfide oxidation 
activity in N. diversicolor can only be maintained when 
oxygen is available. The assay of N. virens blood did not 
show any significant alterations, suggesting that the 
sulfide oxidation activity observed in the blood of this 
species is in part due to some non-specific activity (i. e. 
metal ions and proteins). The decrease in sulfide oxida- 
tion activity in the intestinal and body wall may be due to 
a similar mechanism as in the blood; however, the sample 
size is small so conclusions should be made with reserva- 
tion. No significant changes were observed for the 
intestinal wall, body wall, and coelomic fluid in either of 
the 2 species. The decrease in sulfide oxidation activity in 
the intestinal fluid is explainable from the observati.on 
that all individuals stopped feeding during the experi- 
ments. Therefore, most specimens used in the assay did 
not contain the characteristic flujd observed in the 
intestine under normoxia. 

Survival during short-term exposure 

The acute toxicity of sulfide to the 2 species is 
shown in Fig. 6. Concentration is expressed as mM 
FW g-l ,  since the size of the polychaetes is important 
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Fig. 6. Nerels diversicolor and N. virens. Mortality after short- 
term exposure to anoxia and sulfide as a function of sulfide 
concentration per g fresh weight. (a) N. diversicolor; (=) N. 
virens. Solid lines fitted by eye, broken lines show LDS,-, of the 

2 species 

due to the short exposure time when small individuals 
tend to die first. The mean fresh weights of Nereis 
diversicolorand N. virenswere 410.80 + 36.40 mg ind.-' 
and 693.77 + 87.37 mg ind.-l, respectively. This 
way of representing the data emphasises the differ- 
ence between the species, but even when the data is 
expressed in terms of sulfide concentration, ignoring 
the size differences, N. diversicolor shows a higher 
survival. The LD50 in N. diversicolor and N. virens is 
ca 54 mM g-' and 26 mM g-l,  respectively. Thus, the 
acute toxicity of sulfide in N. virens is about twice that 
of N. diversicolor. The experiments were performed 
under anoxic conditions and the acute toxicity may 
reflect a situation in whlch the polychaetes are estab- 
lishing themselves in tubes penetrating anoxic parts of 
the sediment. Survival was 100 % in both control 
experiments. 

Ecological implications 

The distributions of Nereis diversicolor and N. virens 
are known to be limited by environmental factors such 
as sediment, temperature, and salinity (Hartmann- 
Schroder 1971, Kristensen 1983b, 1988), but coexist- 
ence is physiologically possible in a wide range of 
these conditions. However, in nature, the species show 
habitat separation due to interference competition, that 
is, interspecific aggression and territorial behavior 
(Kristensen 1988, who described the relation by writ- 
ing: 'Nere~s diversicolor only stays where it is allowed 
to stay'). In Vellerup Bay, there is a broad zone of 
overlap between the 2 species, due to migration from 
high density areas. The distribution of the species 
within this zone is not explainable only in terms of 

sediment grain size, salinity and temperature. The 
areas where N. diversicolor is allowed to stay is con- 
ditioned by some additional environmental factor. Du- 
ring a preliminary study of the sampling area, sulfide 
was found to be very inhomogeneously distributed and 
N. diversicolor was generally in the sulfide-rich 
patches. That is to say, the higher sulfide detoxification 
in N. diversicolor allows it to stay in patches where the 
exposure to sulfide is too high for N. virens. The disper- 
sal of the 2 species within the zone of possible coexist- 
ence observed by Kristensen (1988) and myself is thus 
explainable in terms of sulfide. 

Severe hypoxia in marine habitats is a correlate of 
the presence of sulfide and so it is reasonable to assume 
that the ability to withstand hypoxia correlates with 
tolerance to sulfide. In the present study, Nereis diver- 
sicolor was shown to survive hypoxia with presence of 
sulfide for at least 3 wk while N. virens survived only ca 
10 d under the same conditions. In contrast to N. virens, 
N. diversicolor is thus able to inhabit more nutrient- 
enriched environments where fluctuation in oxygen 
tensions and exposure to sulfide may occur. 

The sulfide oxidation activity found in the fluid from 
the anterior region of the intestine in both nereids 
could have physiological importance in sulfide detox- 
ification, as both species ingest sediment. The intes- 
tinal wall absorbs hydrogen sulfide 100 times faster 
than oxygen (Denis & Reed 1927). Any hydrogen sul- 
fide present in the ingested sediment will thus be a 
physiological problem. If the polychaete at  the same 
time has acid digestion the problem becomes even 
greater due to the pH dependence of the sulfide 
species. In the oesophagus of Nereis virens excretion 
of trypsin has been shown by Michel & DeVillez 
(1979), indicating alkaline digestion in this species. No 
information on the digestion in N. diversicolor could 
be found in the Literature. However, neglecting the 
possible importance of pH, N. diversicolor is in nature 
exposed to higher sulfide concentrations in the intes- 
tine than N. virens, as the former lives in more 
reduced sediments than the latter. This corresponds to 
the present results, where N. diversicolor has a signifi- 
cantly higher sulfide oxidation activity in the intestinal 
fluid than does N. virens. The actual site of this sulfide 
detoxification is not known. The presence of enzymes 
or any biological correlation between the pH, the con- 
centration of bacteria, and the sulfide oxidation activ- 
ity of the intestinal fluid of the 2 species is to be 
evaluated in future studies. 
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