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ABSTRACT. The ostracod Cyprideis torosa, Jones 1850 is one of the most abundant species of benthic 
fauna in the shallow water areas of the Baltic Sea, even in sulphidic habitats. lnvestigations of the phys- 
iological basis of the high resistance to hypoxia and hydrogen sulphide show that the ostracod is indeed 
able to oxidize penetrating sulphide to non-toxic thiosulphate and sulphite and to el~minate the oxida- 
tion products rather quickly. This detoxification, however, is not effective enough to prevent an 
increase of sulphide in the ostracod's body. In spite of valve closure and consequently d low apparent 
diffusion coefficient of about 8 X 10-7 cm2 S-', sulphide concentration in the tissues increases rapidly. 
Ambient sulphide concentration (1 mM sulphide) was reached within 2 h, due to the small size of the 
ostracod. High succinate values in the tissues during sulphide exposure indicate that C. torosa is able 
to switch over to anaerobiosis, even under oxic conditions (70% air saturation). Obviously. C. torosa can 
resist long-term sulphidic conditions due to its high capacity for long-term anaerobiosis. 
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INTRODUCTION 

Hydrogen sulphide is known to be highly toxic to 
eukaryotic organisms because it inhibits cytochrome c 
oxidase, the last step of the respiratory chain (National 
Research Council 1979, Bagarinao 1992). Hydrogen 
sulphide is considered to be  a n  important ecological 
factor for marine benthic organisms (Vismann 1991b, 
Giere 1992, Grieshaber et  al. 1992). Animals living in 
sulphidic habitats have developed strategies to cope 
with hypoxia and sulphide, e .g .  a high capacity for 
long-term anaerobiosis (Theede et  al. 1969, Theede 
1973) and well-developed mechanisms for sulphide 
detoxification (for reviews see Somero et  al. 1989, Vis- 
mann 1991b, Bagarinao 1992). 

The ostracod Cyprideis torosa Jones, 1850 is one of 
the most abundant species of benthic fauna in the shal- 
low coastal habitats of the Baltic Sea (Hermann & Heip 

1982). Here, hydrogen sulphide in the sediment is 
detectable in considerable concentrations throughout 
the year (up to 5 mM sulphide, J. Rethmeier pers. 
comm.). In field experiments, where hypoxia and high 
sulphide concentrations were induced artificially, the 
ostracod was the most tolerant species of the commu- 
nity (I. Gamenick unpubl. data). In the laboratory, C. 
torosa was found to be highly resistant to hydrogen 
sulphide in tolerance experiments: 50% of the ostra- 
cods survived at 1 mM as well as at 1.8 mM sulphide 
for 3 wk (Gamenick et  al. in press). 

The body length of adult Cyprideis torosa is only 
about 1 mm, therefore they are considered by some 
authors to be meiofauna (Hermann et al. 1983). Due to 
the small size of the organism, ~t can be expected that 
hydrogen sulphide wlll penetrate rapidly into the tis- 
sues (Powell 1989). In this study the significance of sul- 
phide diffusion and posslble consequences for the effi- 
ciency of detoxification mechanisms were examined 
by exposing C, torosa to various hypoxic-sulphidic and 
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oxic-sulphidic conditions for different periods of time. 
In this context, the ecological role of anaerobic metab- 
olism as a physiological adaptation to hydrogen sul- 
phide for C. torosa will be discussed. 

MATERIAL AND METHODS 

Animals. Live specimens of Cyprideis torosa were 
collected from the shallow eulittoral of Wismar Bay, 
Germany (Southern Baltic Sea), by the sieving of sedi- 
ment through a 250 pm sieve. The ostracods were kept 
in aquaria with natural sediment and aerated seawater 
(14%0 S. 16°C) until used for the experiments. 

Expt 1: Incubation at hypoxia combined with 1 mM 
sulphide. For each experimental run, 100 specimens of 
Cyprideis torosa (about 30 mg fresh mass) were 
inserted into a 60 m1 jar containing incubation 
medium. In order to prepare the incubation medium, a 
sulphide stock solution (100 mM, pH 7.9) was made 
from Na2S.9H20 crystals in artificial seawater (14%0 S). 
The stock solution was added to artificial oxygen-defi- 
cient seawater (14% S, bubbled with pure nitrogen, 
buffered with 10 mM HEPES, pH 7.9) to a final con- 
centration of about 1 mM sulphide (990 * 75 pM, pH 
7.84 2 0.14). During the experiments sulphide concen- 
trations decreased by not more than 10 % of the initial 
value. The oxygen concentration in the incubation 
fluid was always below the detection limit of the oxy- 
gen electrode (1 pM 02). To prevent aeration, the 
sealed jars were placed in a 1 1 container filled with 
hypoxic seawater with continuous nitrogen inflow and 
kept at 16'C for different periods of time: 1, 2, 6 ,  12, 
and 24 h (1 d) and 2, 3, and 7 d. For each time period, 
3 to 9 replicates were processed. 

Expt 2: Incubation at  oxia combined with 1 mM sul- 
phide. Oxic incubations (air saturation of 70.2 k 2.6 % = 

198 * 7 pM 02) for 24 h with 1 mM sulphide (1046 * 
131 pM, pH 7.88 + 0.03) were conducted in a flow- 
through system in a constant temperature bath at  
16°C. The incubation medium was taken from two 1 1 
bottles, one containing aerated seawater (pH 7.8, 
buffered as described above) and the other a 100 rnh4 
sulphide stock solution (pH 7.9, prepared as described 
above and kept hypoxic with overlying nitrogen). 
From these bottles, the solutions were simultaneously 
pumped throu.gh a mixing chamber and then a cham- 
ber (1 ml) containing Cyprideis torosa, resulting in a 
total flow rate of 83 m1 h-', also passing a sulphide- 
insensitive polarographic oxygen sensor (connected to 
a recorder) and a pH electrode, both monitoring con- 
tinuously. For sulphide measurements, 100 p1 medium 
was sampled from the system every 3 to 6 h. The 
experiments were conducted 3 times with 100 C. 
torosa each for 1,  6, and 24 h. 

Expt 3: Recovery. In order to study recovery from 
sulphidic conditions Cypndeis torosa were preincu- 
bated under hypoxia (02 < 1 pM) and 1 mM sulphide 
for 1 d as described above (Expt l ) .  Subsequently, the 
medium was replaced by previously aerated artificial 
seawater without sulphide, and the C. torosa were ex- 
posed to this medium for l ,  2, 6, 24, and 36 h. Each ex- 
perimental run was repeated twice with 100 C, torosa. 

Expt 4: Influence of bacteria. Dense colonies of bac- 
teria occurred inside the valves of the ostracods. In 
order to study the possible thiosulphate production of 
these bacteria, incubations with antibiotics were con- 
ducted. Cyprideis torosa were preincubated in nor- 
moxic seawater with chloramphenicol, gentamycin, 
and streptomycin (each 10 mg ml-l) for 24 h. After this 
treatment electron microscopy photographs showed 
lysed bacteria ( R .  Windoffer pers. comm.). Then the 
ostracods were exposed to hypoxia and 1 mM sulphide 
(920 100 pM, as described for Expt 1) with antibiotics 
for 1, 2, 6, 12, 24 h and for 3 d with 3 to 6 replicates (100 
C. torosa each). 

Expt 5: Anaerobic metabolism. In order to study 
anaerobic metabolism, Cyprideis torosa were exposed 
for 24 h to the following conditions: normoxia (283 pM 
02), hypoxia (02 < 1 PM), 70% air saturation (198 * 
7 pM 02)( using a gas mixing pump, and 70 % air satu- 
ration with 1 mM sulphide (1076 + 110 pM), using the 
flow-through system as described for Expt 2. Each 
incubation was repeated 3 times with 300 C. torosa 
(about 90 mg fresh mass). 

pH, oxygen and sulphide concentrations. At the 
beginning and end of each hypoxic incubation, pH was 
measured using a pH electrode (Ingold). Oxygen was 
determined with a polarographic, sulphide insensitive 
oxygen sensor (Orbisphere). The detection limit of the 
oxygen electrode was 1 pM O2 (0.3 % air saturation). In 
this study the terms 'normoxic', 'oxic', and 'hypoxic' 
correspond to 100% (283 pM 02), 70% (198 pM 02), 
and ~ 0 . 3 %  air saturation (02 < l PM), respectively. In 
the flow-through system, pH and oxygen were moni- 
tored continuously. Sulphide concentrations of the 
medium were measured photometrically using the 
methylene blue nethod (Gilboa-Garber 1971) rnodl- 
fied by Howarth et al. (1983). Sulphide occurs in differ- 
ent ionic forms, depending on the pH of the medium. 
This study refers to 'sulphide' as the sum of S2-, HS-, 
and undissociated H2S unless mentioned explicitly. 

Sulphide, thiosulphate and sulphite concentrations 
in tissues. The concentrations of sulphide and its oxi- 
dation products in the tissues of Cyprideis torosa were 
analysed by high-performance liquid chromatography 
(HPLC) using a modified method accord~ng to Newton 
et al. (1981) and Vetter et al. (1989). The samples (100 
C. torosa) were rinsed with oxygen-deficient seawater, 
dried with filter paper, weighed, and homogenized in a 
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glass homogenizer (2 n ~ l )  with 20 p1 monobromobi- 
mane (30 mM) and 200 1.11 HEPES (200 mM, pH 8.0). 
After incubation for 10 min at  room temperature in 
darkness, tissues and valves were separated by short 
centrifugation (-10 000 X g). Incubation of l10 p1 of the 
supernatant with 100 p1 acetonitrile was performed at 
56°C (10 min) for protein precipitation. Del-ivates were 
stabilized by adding 290 1.11 methane sulphonic acid 
(25 mM). Before analysis, samples were centrifuged 
again, and 20 p1 of the supernatant was separated by 
Kontron-HPLC equipment (Data System 450-MT, Kon- 
tron Instruments, Munich, Germany) using an acetic 
acid methanol gradient (column: Sperisorb C18-1-5p, 
Latek, Eppelheim, Germany). Fluorescence detection 
of derivates was measured at  380 nm excitation and 
480 nm emission wavelength. Standards were pre- 
pared accordingly. The concentration of the sulphide 
standard was checked by iodometrical titration (Amer- 
ican Public Health Association 1976, Jander & Jahr 
1986). Concentration of thiosulphate and sulphite stan- 
dards were determined gravimetrically. 

Succinate. The succinate concentration in the tissues 
of Cyprideis torosa was taken as  a n  indicator of anaero- 
bic metabolism. Immediately after exposure, each sam- 
ple (300 C. torosa) was frozen in liquid nitrogen. The 
frozen specimens were homogenized on ice in 10 vol- 
umes (m/V)  of 0.33 M perchloric acid with a glass 
homogenizer. After centrifugation ( l 0  min at  -10 000 X 

g), the supernatant was neutralized with 5 M KOH and 
3 M KHC03 and centrifuged again (2 min at -10 000 X g). 
The concentration of succinate in the supernatant was 
determined enzymatically according to Beutler (1985) by 
measuring NADH consumption at 340 nm using pyru- 
vate kinase/lactate dehydrogenase and succinyl-CoA- 
synthetase (Boehringer Mannheim, Germany). 

Dry mass, valve mass, and water content. A11 data 
are given on a dry mass basis. For calculation of the dry 
mass, specimens of Cypr-ideis torosa were dried at 
60°C for 1 d (dry mass including valves) followed by 
combustion at  550°C for 2 h (ash mass including 
valves). Since ash mass is negligible in comparison to 
valve mass, ash mass including valves was equated to 
valve mass. Water content of the tissues was calculated 
from the ratio of dry mass without valves to fresh mass 
without valves. The preparations were carried out 1 
time with 54 C. torosa and 3 times with 20 C. torosa. 

Statistics. All data are given as means with standard 
deviation. Their significance was analysed using the 
nonparametric U-test of Mann & Whitney with a signif- 
icance level of 5 % (ClauR & Ebner 1982). 

Calculation of apparent diffusion coefficient. The 
sulphide influx data measured in this study were used 
as an  estimation of the apparent diffusion coefficient 
for total sulphide by including the following assump- 
tions. According to Fick's second law, the time rate of 

concentration changing along the diffusion distance X 

where c is the concentration, t the time, and D the dif- 
fusion coefficient. For a sphere the time rate is given by 
(Berg 1993) 

where r is the radius. It can be assumed that sulphide 
accumulation over time in the tissues follows 
Michaelis-Menten kinetics: 

where c, is the outer concentration of sulphide and t 
the time after which c,/2 is attained inside. Maximal 
diffusion takes place when t t :  

Substituting Eq.  (4) into Eq. (2) gives 

Substitution with 

and integration from 0 to u(r)  and from 0 to the effec- 
tive radius re respectively leads to 

Maximal diffusion occurs at the beginning when the 
inner concentration c, = 0. Therefore 

The effective radius re can be calculated from the 
water content W, the fresh mass of the animal m, and 
the density of water p: 
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3 wm rk, = 3 -- ( I )  
\ 4  prc 

The half-saturation period r was estimated by uslng 
the reciprocal form of Eq. (3) as linear curve fitting 
(Lineweaver-Burk-Plot): 

1 r l  1 - - - -- +-  
c c, t c, 

l /c  was calculated from the sum of sulphide, thiosul- 
phate, and sulphite concentrations after hypoxic incu- 
bation times, t by considerat~on of stoichiometric ratios 
and control values. 

RESULTS 

Expt 1: Incubation at hypoxia combined with 
1 mM sulphide 

Exposure to hypoxia with 1 mM sulphide caused high 
sulphide concentrations in the tissues of Cyprideis 

torosa (Fig l a ) .  Within 1 h, sulphide concentrations 
increased significantly from 0 22 2 0.07 to 4.76 + 
0.99 pm01 g-l dry mass (dm).  The maximum value of 
7.44 + 1.32 pm01 g-' dm was reached after 2 h. After 7 d 
of exposure, the mean sulphide concentration in the t ~ s -  
sues was 6.68 + 0.20 pm01 g-' dm. Thiosulphate (SzO3?-) 
reached a maximum concentration of 2.50 + 0.72 pm01 
g-' dm after 6 h (Fig. lb ) .  During the following 7 d of in- 
cubation, the content decreased to 0.64 + 0.26 pm01 g-' 
dm. As a further oxidation product, sulphite (SO3?-) was 
detectable in low concentrations with a maximum of 
0.56 + 0.19 pm01 g-' dm after 6 h. 

Expt 2: Incubation at oxia combined with 1 m M  
sulphide 

Sulphide concentrations in the tissues increased 
quickly up to 5.60 + 1.82 pm01 g-' dm after 1 h. An even 
higher value of 7.09 + 0.71 pm01 g-' dm was reached 
after 24 h (Fig. l a ) .  However, there were no significant 
differences between oxic and hypoxic incubations. In 

contrast to sulphide, thiosulphate concentra- 
tion of 30.92 + 3.90 pm01 g-l dm after 1 d of 
oxic incubation was significantly higher 
than in Expt 1 (Fig. lb ) .  Mean concentra- 
tions of sulphite were low, with a maximum 
value of 0.90 a 0.19 pm01 g-' dm after 1 d of 
incubation. 

Time [hours] 

Fig. 1 .  Cyprideis torosa. Concentration of (a) sulphide and (b) thlosul- 
phate in the tissues of ostracods after hypox~c (02 < 1 PM) and o x ~ c  
incubation (198 pM 02) with 1 mM sulphide (16"C, 14%0S). Mean val- 
ues In pm01 g.' dry mass t SD. Numbers indicate replicates with 

100 C. torosa. 'Significant difference to control (p S 0.05) 

Expt 3: Recovery 

After exposure to hypoxia with 1 mM sul- 
phide and subsequent change to normoxic 
seawater without sulphide, the concentration 
of sulphide in the tissues decreased during 
the first 2 h from 6.52 + 2.21 to 3.25 +- 
0.48 pm01 g-' dm (Fig. 2). Thiosulphate con- 
tent increased in the first hour from 1.31 + 
0.84 up to 1.64 * 0.49 pm01 g-' dm, then 
decreased within the next hour to 0.38 + 
0 18 pm01 g-' dm where it stabilized for the 
next 36 h (Fig. 2). The same pattern was 
found for sulphite. 

Expt 4: Influence of bacteria 

Treatment with antibiotics did not influ- 
ence the concentrations of sulphide (Fig. 3a) 
and thiosulphate (Fig. 3b) in the tissues dur- 
ing hypoxic-sulphidic exposure. Thus, the 
contribution of bacteria inside the carapax 
during hypoxia is negligible. 
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Tlme [hours] 

Fig. 2. Cj~prjdeis torosa. Concentration of su lph~de  and thiosulphate In 
the tissues of ostracods after 1 d hypoxic-sulphidic incubation (1 mM sul- 
phide) and subsequent exposure to normoxic seawater. For further 

details see  Fig. 1 

Expt 5:  Anaerobic metabolism 

After 1 d exposure to normoxia (100% air 
saturation), low succinate concentrations of 
16.3 0.6 pm01 g-' dm were found in the tis- 
sues of Cyprideis torosa (Fig. 4). At reduced 
oxygen concentration of 70% air saturation, 
succinate values remained at the same level 
(16.4 -+ 1.0 pm01 g-' dm).  However, at hypoxia 
(02 < 0.3% air saturation) succinate levels 
increased significantly up to 53.4 + 6.1 pm01 
g- '  dm, indicating the onset of anaerobic 
pathways. In oxic conditions in the presence 
of sulphide (70% air saturation, 1 mM sul- 
phide), succinate production increased signif- 
icantly to 38.3 +. 3.9 1.lmol g.' dm. This demon- 
strates that C. torosa switched to anaerobiosis 
under sulphidic conditions, even though 
oxygen was available. The lower succinate 
content in comparison to hypoxic condition 
shows that this change of metabolism was not 
complete. 

Dry mass, valve mass, and water content 

Valve mass contributed 37.8 + 5.2% (n = 4 

g-' fresh mass without valves. Assuming a 
density of water of 1 kg 1-' and a water con- 
tent of 0.865, 945 nmol g..' fresh mass in the 
tissues equalled 1092 pm01 1-', which corre- 
sponded to the concentration of 1 m h l  sul- 
phide of the incubation medium. The fresh 
mass of 1 C. torosa without valve was 0.181 
+ 0.052 mg (n = 4 with 114 C. torosa in, total). 

Calculation of apparent diffusion 
coefficient 

Taking the water content W = 0.865, the 
fresh mass of 1 Cyprideis torosa m = 
0.181 mg and the density of water p = 1 g 
cm-3, Eq. (?), therefore, gives an  effective 
radius re = 0.033 cm. Linear curve fitting of 
hypoxic incubations (Eq. 8) resulted in a 
half-saturation period of 7 = 0.125 h = 450 S. 
With these data an apparent diffusion coef- 
ficient of total sulphide D = 8.1 X 10-' cm2 S- '  

for C. torosa was calculated (Eq.  6).  

a 
Hypoxic incubation M h  1 mM YS 

1 1, I ,,,,,,~th~~t antibiotics 

9 

I I l 

11 with addition of antibiot~cs 

b Hypox~c incubation wnh 1 mM H,S 

A 

with 114 Cyprideis torosa in total) to the fresh 
mass of the ostracods. Dry mass without 

1 
0 I t -h 

valves was 8.2 + 1.8% of the fresh mass 0 1 2 3 

including valves and 13.5 +. 3.8 % (n = 4)  of the Time [days] 

fresh mass without valves, leading to a tissue 
Fig. 3.  Cyprideis torosa. Concentration of (a) sulphide and (b) thiosul- 

water 'Ontent of 86'5%' Therefore' a maxi- phate in the tissues of ostracods after hypoxic-sulphidic lncubation 
mum !-lmo1 (1 , M  sulphide) without and with antibiotics (chloramphenicol., qen-  

dm (Fig. l a )  corresponded to 945 nmol tarnycin, sireptohycln; each 10 rng ml-l). For further deiails see F ;~ .  1 
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Normoxia Oxia Oxia + 1 mM H 3  Hypox~a 

Fig. 4. Cyprideis torosa. Succinate concentration in the tissues 
of ostracods after 1 d of normoxic (283 pM 02), oxic 
(198 PM 02), oxic-sulphidic (198 pM O2 + 1 mM sulphide), 
and hypoxic (02 < 1 pM) incubations (16"C, 14%0 S). Mean 
values in pm01 g-' dry mass + SD (n = 3 with 300 C. torosa 
each). 'Slgn~ficant difference with respect to oxic incubation; 
'signif~cant difference with respect to hypoxic incubation 

(p 5 0.05) 

DISCUSSION 

The ecologically important ostracod Cyprideis torosa 
is a widespread and dominant species in the sediment 
of shallow brackish water habitats (Hermann & Heip 
1982). Tolerance experiments showed that this species 
can withstand hypoxia combined with extremely high 
concentrations of 1 mM and 1.8 mM hydrogen sulphide 
for weeks (Gamenick et al. in press), whereas other 
crustaceans like Crangon crangon or Corophium volu- 
tator, which occur in the same habitat (Gamenick & 

Giere 199.51, are known to be very sensitive to hypoxia 
and sulphide. For the shrimp C. crangon, a mean lethal 
time (LT50) of only 2 h was recorded in tolerance exper- 
iments under hypoxia as well as under hypoxia with 
200 pM sulphide (Theede et al. 1969). Hagerman & Vis- 
mann (1995) demonstrated a high sensitivity to oxygen 
deficiency and hydrogen sulphide in C. crangon as 
well. For the amphipod C. volutator, a mean survival 
time of 4 h at hypoxia and of 2 h at hypoxia with 90 phl  
sulphide was found (Gamenlck et al, in press). In con- 
trast to these species, the ostracod C. torosa is a pioneer 
organism which can colonize azoic, highly sulphidic 
sediment patches within 2 d. Thus, it has to cope with 
hydrogen sulphide penetrating into its tissues. 

Sulphide influx data from this study (Fig. l a )  were 
used for an estimation of the diffusion coefficient. This 
calculation takes into account not only sulphide d~ffu- 
sion through the body wall but also all d.iffusion barri- 
ers inside the whole organism. Therefore, it is an 
apparent diffusion coefficient summing up the diffu- 
sion through the valves and through soft membranes 

inside the tissues. Differences between internal and 
external pH are included in the calculation by using 
total sulphide data (sum of S?-, H S  and undissociated 
H2S, which is the primary diffusion species according 
to Powell 1989). Moreover, elimination of penetrated 
sulphide by oxidation to thiosulphate and sulphite is 
considered. Taking the ostracod's body as a sphere is 
appropriate because diffusion depends on surface area 
to volume ratio (Fick's first law) and a sphere is the 
geometrical body with the lowest area to volume ratio. 
Therefore, the calculation used in this study represents 
the most favourable case. However, for an exact deter- 
mination of the half-saturation period, T, more short- 
term sulphide exposure data are needed; therefore, 
only a rough estimation of the diffusion coefficient was 
possible. 

1n comparison to the diffusion coefficient for other 
species, the estimated coefficient of 8.1 X 10-' cm2 S-' 
for Cyprideis torosa is very low. Julian & Arp (1992) 
found a diffusion coefficient of 3.8 X 10-6 cm2 S-' for the 
body wall of the echiurid worm Urechis caupo (calcu- 
lated from the sulphide permeability given by the 
authors and a diffusion distance of 0.2 cm). Volkel & 
Grieshaber (1992) gave a diffusion coefficient for 
undissociated H2S of 4 X I O - ~  cm2 S-' for the body wall 
of the peanut worm Sipunculus nudus. Powell (1989) 
assumed the diffusion coefficient of H2S be equal to 
that of oxygen in water (DHZS = DO2 = 5 X 10'6 cm2 S-'). 
However, these data are difficult to compare because 
the authors only considered the diffusion through the 
body wall and Julian & Arp (1992) referred to total sul- 
phide, whereas Volkel & Grieshaber (1992) and Powell 
(1989) regarded undissociated H2S. Due to its neutral 
charge, undissociated H2S diffuses much easier than 
HS- leading to different diffusion coefficients. Never- 
theless, it can be supposed that sulphide diffusion into 
the body of C. torosa is lower than ~ n t o  soft-bodied 
macrofauna species like U. caupo and S. nudus. 

In spite of the high sulphide oxidation rate and the 
low sulphide diffusion coefficient, which is probably 
due to valve closure, Cyprideis torosa is not able to 
maintain a lower sulphide level inside when external 
sulphide conta~nination lasts longer ihan 2 h. After this 
time, an equilibrium between sulphide concentrations 
inside and outside of the ostracod is attained. This is a 
consequence of the small size of the organism. Small 
organisms like C. torosa have a high surface area to 
volume ratio, leading to high diffusion of hydrogen sul- 
phide into the tissues, even with a low diffusion coeffi- 
cient. Eq. (6) shows that T is proportional to re2; in other 
words, a small radius will lead to a very short time for 
attaining c,/2 at a given diffusion coefficient. Powell 
(1989) even postulated that meiofaunal species living 
in sulphidic habitats have a sulphide insensitivity be- 
cause these organisms are so small that a sulphide 
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detoxification system running at physiologically rea- 
sonable rates could never maintain internal sulphide 
concentration below toxic levels. The 'thiobios-con- 
cept', which provoked hlghly controversial discussions 
in the literature (Fenchel & Riedl 1970, Boaden & Platt 
1971, Reise & Ax 1979, 1980, Boaden 1980, Powell 
1989, Giere 1992), moreover required sulphide as an 
ecological necessity for organisms living in the anoxic, 
h~ghly sulphidic deeper layers of the sediment. C. 
torosa lives on the sediment surface so that it stays in 
contact with the normoxic environment and only tem- 
porarily experiences high sulphide concentrations. 
Therefore, it cannot be considered as a 'thiobiotic' 
organism but can be classified according to Giere 
(1992) as a sulphide-tolerant, oxiphilic species. 

If oxygen is available, Cyprideis torosa produces 
high concentrations of thiosulphate within short time 
periods (Fig. lb ) .  The oxidation of sulphide to thiosul- 
phate (and to sulphite in lower quantities) is known for 
several macrofauna species as an important detoxifica- 
tion mechanism (Vismann 1991a, Jahn et al. 1992, 
Oeschger & Vetter 1992, Volkel & Grieshaber 1992, 
Windoffer & Jahn 1995, Theede et al. 1996). In contrast 
to sulphite (S032-), each thiosulphate molecule (S2Os2-) 
represents the detoxification of 2 sulphide molecules. 
Therefore, thiosulphate is the favoured detoxification 
product, especially under low oxygen conditions 
(Somero et al. 1989, Vismann 1991b). Sulphite is prob- 
ably an intermediate oxidation product. O'Brien & Vet- 
ter (1990) showed for the bivalve Solemya reidi that 
sulphide is first oxidized to sulphite. Then a second 
molecule of sulphide is added to form thiosulphate. 
However, the sulphide diffusion rate into the ostracod 
is higher than the oxidation rate to thiosulphate, indi- 
cating that these animals are not capable of detoxify- 
ing hydrogen sulphide as effectively as described for 
macrofaunal organisms. For some eukaryotic organ- 
isms, an exploitation of sulphide oxidation for ener- 
getic purposes has been described (Powell & Somero 
1986, Oeschger & Vismann 1994, Volkel & Grieshaber 
1994, Oeschger & Tschischka 1995, Tschischka & 

Oeschger 1995). Maybe sulphide-driven ATP produc- 
tion, which is nevertheless only possible at low sul- 
phide concentrations, is one reason for maintaining 
high sulphide oxidation rates. However, if sulphide 
contamination is too high, or lasts for too long a time, 
the aerobic metabolism of C. torosa will be blocked. 

At hypoxia (02 < 1 PM), the ostracods use anaerobic 
pathways, leading to an accumulation of succinate 
(Fig. 4), which is quite common during environmental 
anaerobiosis in marine invertebrates. However, for 
many crustaceans succinate is only a minor end prod- 
uct of anaerobiosis (Zebe 1982, Gade 1983, Grieshaber 
et al. 1994, Hagerman & Vismann 1995). The formation 
of lactate, as the typical end product of anaerobiosis for 

crustaceans, was not tested for Cyprideis torosa but the 
succinate accumulation shows that this pathway is at  
least important for the ostracods. Probably, this is an 
environmental adaptation because the formation of 
succinate instead of lactate ylelds more ATP per mole 
of glucose (Fields 1983, Grieshaber et  al. 1994). Small 
decreases in environmental oxygen content do not 
exert a negative effect on C. torosa. The ostracods are 
able to maintain a fully aerob~c metabolism at least 
down to 70% air saturation. Succinate production dur- 
ing oxic sulphide incubation demonstrates that C. 
torosa switches to anaerobiosis in spite of the presence 
of oxygen. Similar observations have been made for 
other marine invertebrates (Jahn et al. 1992, 1993, 
Oeschger & Vetter 1992, Volkel & Grieshaber 1992, 
1994, Dubilier et  al. 1994). Grieshaber et  al. (1992) and 
Oeschger & Vetter (1992) called this phenomenon 'sul- 
phide-dependent anaerobiosis' and differentiated it 
from environmental anaerobiosis. However, even if an 
effect of hydrogen sulphide on other enzymes is 
known, its toxicity is mainly due to the inhibition of 
cytochrome c oxidase and consequently the blocking 
of aerobic metabolism (Bagarinao 1992). Thus, hydro- 
gen sulphide must also lead to anaerobiosis under oxic 
conditions and 'sulphide-dependent anaerobiosis' cor- 
responds to environmental anaerobiosis. 

In the field, high hydrogen sulphide concentrations 
often occur in combination with oxygen deficiency 
when aerobic metabolism is impossible. Consequently, 
the inhibition of cytochrome c oxidase will have no 
effect on energy metabolism so that sulphide toxicity 
will be less significant to the organism. Species like 
Cyprideis torosa l iv~ng in these variable habitats are 
able to use anaerobic pathways for long time periods. 
Thus, they can survive until the environmental condi- 
tions improve or they can escape. It is known that C. 
torosa maintains its mobility when exposed to sulphide 
(Gamenick et  al. in press). The high capacity for long- 
term anaerobiosis with continued mobility is probably 
one of the most important prerequisites for survival in 
s'ulphidic habitats when the mitochondrial electron 
transport chain is blocked. 

Since temporal and spatial fluctuations of hypoxic 
and sulphidic conditions are common in shallow water 
habitats, it is advantageous for Cyprideis torosa to be 
able to quickly respond to environmental change. The 
recovery experiments show a decline of internal sul- 
phide concentration (Fig. 2), partly due to removal by 
diffusion and partly due to oxidation of internal sul- 
phide to thiosulphate. The detoxification of residual 
sulphide in the tissues leads to an increase of thiosul- 
phate content in the first hour, after which thiosulphate 
also declines. Obviously, the ostracods are able to oxi- 
dize sulphide effectively when oxygen conditions 
improve and then remove the oxidation products. 
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