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ABSTRACT: Nematodes of the family Stilbonematinae are known for their hlghly specific association 
with ectosymbiotic bacteria. These worms are members of the meiofauna in marine, sulfide-rich sedi- 
ments, where they migrate around the redox boundary layer. In this study, bacterial ectosymbionts of 2 
species of marine nematodes, Stilbonema sp. and Laxus oneistus, were shown to be capable of the res- 
piratory reduction of nitrate and nitrite (denitrification). The use of these alternative electron acceptors 
to oxygen by the bacteria allows the anlmals to migrate into the deeper, anoxic sedirnents, where they 
can exploit the sulfide-rich patches of the deeper sediment layers. The accumulation of thiols (sulfide, 
thiosulfate, sulfate and glutathione) in body tissues of the worms was determined following incubation 
in the presence of various electron donors (sulfide, thiosulfate) and acceptors (nitrate). In their 
chemoautotrophic metabolic potential, the ectosymbionts of the 2 nematode species were found to 
resemble the phylogenetically related, intracellular symbionts of macrofaunal hosts of deep-sea 
hydrothermal vents and other sulfide-rich habitats. 
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INTRODUCTION 

Stilbonematinae (Nematoda, Desmodorida) are a 
small subfamily of marine, free-living nematodes, 
whch are remarkable for their highly specific, obliga- 
tory association with ectosymbiotic bacteria. Worms of 
this family are members of the meiofaunal community 
inhabiting sulfide-rich sands, where they are found to 
cluster around the redox potential boundary layer (Ott 
& Novak 1989, Ott et al. 1991). Their habitat is charac- 
terized by the simultaneous access to sulfide, which is 
microbially produced through the action of anaerobic, 
sulfate-reducing bacteria, and to oxygen, which is 
mixed into the sediments from the overlying ocean 
water (Fenchel & Riedl 1970). The result is a complex 
3-dimensional redox landscape, which is variable both 

in time and space. Sulfide and oxygen are toxic to all 
organisms, the former through its reversible inhibition 
of the enzyme cytochrome c oxidase at even nanomo- 
lar concentrations and the latter through the formation 
of oxygen radicals, such as the hydroxyl radical (OH-) 
and hydrogen peroxide ( H 2 0 2 )  In the natural habitat, 
sulfide concentrations of up to several mM have been 
measured in patches whereas oxygen is generally 
depleted below the first few cm of sediment depth. The 
animals inhabiting these environments are known to 
possess strategies to overcome the toxic effects of sul- 
fide, including enzymatic and non-enzymatic detoxifi- 
cation mechanisms as well as mechanisms for sulfide 
exclusion (Somero et al. 1989, Vismann 1991). 

In contrast to most nematodes, which are remarkably 
free of epigrowth, stilbonematid worms are covered 
with a dense bacterial coat in a species-specific and 
highly structured manner. So far, 3 different types of 
bacterial coats have been described. Worms of the 
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genera Stilbonema and Leptonemella have a multilay- 
ered coat of coccoid bacteria (Ott et al. 1991, Polz et al. 
1992). The bacterial coat of the genera Laxus, Robbea 
and Catanema is a monolayer of rod-shaped bacteria, 
which are individually attached to the worms' cuticule. 
The third type of bacterial coat is seen in worms of the 
genus Eubostnchus where the filamentous bacteria are 
up to 100 pm long (Polz et al. 1992, Berger et al. 1996). 
Representatives of the described genera and several 
other symbiotic meiofaunal inhabitants are found at 
the collection site on Carrie Bow Cay, Belize, Central 
America. 

In addition to the morphological characterizations, 
biochemical studies have confirmed the chemoautotro- 
phic nature of symbionts (Polz et al. 1992). The identi- 
fication of key enzymes, such as RUBISCO (ribulose 
1 ,5  bisphosphate carboxylase/oxygenase), points to- 
wards autotrophic CO, fixation via the Calvin Benson 
cycle. The presence of the enzymes ATP-sulfurylase 
and sulfite oxidase combined with the presence of high 
amounts of elemental sulfur in the tissues of these 
worms provide strong evidence for the ability to gener- 
ate energy from reduced sulfur compounds. Thirdly, 
nitrate reductase activity was measured in the worms. 
However, whether this is of assimilatory or dissimila- 
tory (respiratory) function has not been determined. 
Moreover, physiological studies addressing the rate of 
oxygen respiration have shown that the respiration rate 
can be significantly stimulated by sulfide (Schiemer et 
al. 1990). This was taken as an indication that sulfide 
serves as an energy source for these symbioses. 

The phylogenetic identity of the bacteria of Laxus 
oneistus has been elucidated using the 16s  rRNA 
approach combined with in situ hybridization tech- 
niques (Polz et al. 1994). It was shown that the sym- 
bionts of L. oneistus form the base of a phylogenetic 
cluster including chemoautotrophic symbionts of 3 bi- 
valve families and of the deep-sea hydrothermal vent 
tube worm Riffia pachyptila. None of the bacteria from 
this taxonomic cluster have been cultured to this date. 
These studies confirmed also that the bacterial coat of 
L. oneistus consists of a bacterial monoculture, a spec- 
ulation which had been made previously based on the 
strikingly uniform morphology of the bacterial coat. 

Several hypotheses about the benefit the worms may 
derive from this symbiotic interaction exist. It has been 
proposed that the worms obtain most of their nutrition 
by grazing on their epibionts (Wieser 1959, Ott & 

Novak 1989, Ott et  al. 1991). Supporting evidence 
comes from TEM observations which show bacteria in 
the gut of the animals similar to those seen on the cuti- 
cle (Ott et al. 1991). A nutritional benefit of the sym- 
bionts to the host was confirmed using stable carbon 
isotope ratios (Ott et al. 1991). The low isotope signa- 
ture of aposymbiotic stilbonematid worms compared to 

other nonsymbiotic nematodes implies that they must 
live almost exclusively off their chemoautotrophic bac- 
teria. 

The following study aims to further characterize the 
chemoautotrophic potential of these symbioses with 
specific emphasis on the metabolism of nitrogen and 
sulfur. A second goal was to elucidate the interaction 
between bacteria and hosts with the specific focus on 
the nature of the bacterial coat. 

METHODS 

Animal collection. This study was performed at the 
Smithsonian Field Station on Carrie Bow Caye, an 
island located on the Belize Barrier Reef, Central 
America (16" 48' N, 88" 05' W) .  Stilbonematids were 
collected from a coral sand bar at the north end of the 
island between 30 and 50 cm depth (Ott & Novak 
1989). Approximately 5 1 of sediment were collected 
with a bucket and the worms were extracted by gently 
shaking 200 m1 portions in seawater and pouring the 
supernatant through a 63 pm mesh screen. The worms 
were handpicked with the aid of a dissecting micro- 
scope and sorted according to species. Laxus oneistus 
and Stilbonema sp. were among the most abundant 
species of the nematode meiofauna, but infrequently, 
other symbiont-containing worms were also found. 
Batches of 50 worms were then transferred into watch 
glasses with glassbeads in order to prevent clumping 
of the worms, due to their thigmotactic behaviour. 

Nitrate respiration. Following collection, the worms 
were maintained overnight in seawater, which greatly 
improved the reproducibility of the data. Unless other- 
wise stated, batches of 100 specimens were incubated 
in HPLC glass scintillation vials plus glass beads 
containing 5 m1 of 0.2 pm filtered seawater at ambient 
temperature (approx. 30°C). The seawater had been 
degassed with N2 gas for 30 min prior to use. At inter- 
vals, 300 p1 aliquots were wthdrawn with a syringe 
under a constant stream of N2 and subsequently ana- 
lyzed as described below. The rates of nitrate and 
n ~ t n t e  respiration were measured after addition of 
nitrate (50 pM, 100 pM, 1 mM) or nitrite (40 FM) to the 
incubation medium. Stimulation of nitrate respiration 
by thiols was measured in batches of 25 worms in sea- 
water containing 1 mM nitrate after addition of sulfide 
or thiosulfate to a final concentration of 200 pM. Here, 
the nitrite standard curve was prepared in the pres- 
ence of 200 pM sulfide or 200 pM thiosulfate. Nitrate 
respiration in white versus pale worms was measured 
in batches of 25 worms in seawater containing 1 mM 
nitrate. Several other symbiotic nematodes from the 
Carrie Bow Cay sandbar were also tested for their abil- 
ity to respire nitrate. The incubations were performed 
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in Eppendorf tubes containing 100 p1 degassed sea- 
water with l mM nitrate. Individual worms were added 
under a constant stream of N2 and the concentration of 
nitrite was determined after 24 h in the supernatant. 

The concentration of nitrite was measured spec- 
trophotometrically at 543 nm after reaction with 
sulfanilamide ( l  % in 1N HC1) and NED (0.01 % [w:v] 
N-[l-napthyll-ethylene-diamine dihydrochloride). The 
concentration of nitrate was determined after reduc- 
tion to nitrite with a flow-through column containing 
copper-coated cadmium chips (Gieskes & Peretsman 
1986). The concentration of oxygen was measured with 
a polarographic oxygen sensor (YSI Instruments). The 
calibration of the sensor was carried out with air-satu- 
rated seawater and with seawater made anoxic by 
addition of sodium sulfite. The spectrophotometric 
determination of sulfide was performed following the 
method of Cline (1969). 

Oxidation of thiols. Following 24 h maintenance in 
microoxic seawater (<20% oxygen conc.), the worms 
were transferred into 5 m1 incubation vials containing 
anoxic seawater to which different electron donors 
(200 pM sulfide, 1 mM thiosulfate) and electron accep- 
tors (1 mM nitrate) had been added. After 6 h incuba- 
tion, batches of 20 Stilbonema sp. or 50 Laxus oneistus 
were removed, homogenized in the respective buffers 
and stored in liquid NZ. The concentrations of sulfide, 
thiosulfate, sulfate, oxygen in the incubation medium 
were determined at the beginning and end of each 
experiment. 

Internal sulfide, thiosulfate and glutathione concen- 
trations were determined by HPLC in the laboratory of 
Professor Grieshaber, Heinrich-Heine University in 
Diisseldorf, Germany, after Fahey & Newton (1987). 
The homogenisation buffer (160 mM HEPES, 16 mM 
EDTA, pH 8.0) contained acetonitnle (50%) and mono- 
broniobimane (3 mM) which had been added to the 
buffer immediately prior to homogenisation. After a 
30 min storage period of the samples in the dark, 1 part 
methanesulfonic acid (30 mM final conc.) was added 
and the samples were frozen in liquid N2. The HPLC 
analyses were carried out on a L-6200 Intelligent 
Pump high-performance Liquid chromatograph (Merck- 
Hitachi), equipped with a Fluorescence Spectropho- 
tometer F-1050 (Merck/Hitachi) with 380 nm excita- 
tion/480 nm emission filters; the data were processed 
with a Merck-Hitachi MODEL 0-6000 Chromatogra- 
phy (Data Station Software). For separation a Merck 
LiChrospher 60 RP-select B column with 5 pm particle 
size and 12.5 cm length was utilized. 

The sulfate concentration was determined by Ion- 
Chromatography (Koop 1984). The animals were fixed 
with 30 p1 acetonitrile and formaldehyde (2% final 
concentration), homogenized in a 100 p1 glass rnicro- 
honiogenizer and stored in liquid N2. The samples 

were centrifuged immediately before analysis for 
15 min at  14 500 X g. All analyses were carried out on a 
Dionex (DX-100) Ion-Chromatograph (Dionex, Sunny- 
vale. USA) with a DIONEX AS-4a column, a AG4a pre- 
column at room temperature. The solvent consisted of 
Na2C03 (1.8 mM) and NaHC03 (1.7 mM) and was 
pumped with a flow rate of 1.8 m1 min-l. To attain a low 
baseline conductivity a DIONEX micromembrane sup- 
pressor AMMS 1 with H2S04 (25 mM) as regenerens 
was used. Detection was carried out with a bipolar 
pulsed conductivity cell (active volume = 1.25 pl). 
Calibration was performed with a standard solution of 
0.05 and 0.5 mM Na SO,. 

Statistical analyses of significance regarding the 
internal thiol concentrations after different incubation 
conditions were performed using the the Student's 
t-test (unpaired, 2-tailed with p < 0.05%). In order to 
determine the percentage of sulfide and thiosulfate in 
the worms' bodies and in the bacterial coats, the mean 
values of the biometrical data (Wieser 1960, Schiemer 
et al. 1990) were used. 

Determination of metabolic rates. The rates of 
nitrate and nitrite respiration were calculated from the 
data presented in Fig. 1. The rate of sulfide oxidation 

time (h) 

Fig. 1. Stilbonema sp. (a) Average rates of (0) nitrate con- 
sumption and (.) nitrite production in anaerobic incubations 
containing 100 pM nitrate of 100 Stilbonema worms each 
(n = 3 ~t SE). (b) Average rates of nitrite consumption (a) in 
anaerobic incubations containing 42 pM nitrite (n = 3 t SE) 
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was measured in the presence of 200 pM sulfide and 
1 mM nitrate in incubations of 100 worms (n = 3, data 
not shown). The rate of sulfide loss due to chemical oxi- 
dation was determined in incubations without worms 
and was subtracted out as the background. Four ali- 
quot samples were taken over the course of 10 h and 
the concentration of sulfide was determined spec- 
trophotometrically. The rate of CO2 fixation was deter- 
mined after addition of 100 pCi NaHI4CO3 ml-' to incu- 
bations of 20 worms in an  incubation volume of 0.5 m1 
seawater containing 1 mM nitrate. At time intervals of 
2, 4 and 8 h, batches of worms were homogenized in a 
glass homogenizer in 100 p1 0.6 M HC104 and frozen in 
liquid N1. The samples were then evaporated under 
a fumehood, neutralized by addition of KOH, centri- 
fuged at l 0  000 X g for 15 min and the radioactivity was 
counted in a liquid scintillation counter. 

Symbiont culture. Samples containing symbiotic 
bacteria which had been stripped off Laxus oneistus 
and Stilbonema sp. worms were stored in 15% sterile 
glycerol at -80°C. Upon return to the laboratory, 3 m1 
cultures of Zobell marine media were inoculated and 
shaken at room temperature (21°C) (D. Hughes pers. 
comm.). Stationary phase cultures were plated on 
Zobell Marine Agar plates (Difco 2216). Following 
single colony isolation, chromosomal DNA was ex- 
tracted using standard phenol-chloroform protocols 
and precipitated with EtOH. The closer examination 
of the 16s  rRNA gene sequence of the isolates by PCR 
amplification of the 16s  rRNA gene fragment with uni- 
versal primers and sequence analysis confirmed that 
none of the isolates were symbionts of either L. oneis- 
tus  or Stilbonema sp. (Martin Polz pers. comm.). 

Worm recolonisation experiments. The bacterial coat 
of Laxus oneistus was removed by a 30 min incubation 
in 5 ng ml-' benzalkonium chloride (Zephirol, Bayer- 
Leverkusen). The bacterial coat of Stilbonema sp. was 
removed by sonification with 3 X 10 s pulses of the 
lowest setting. The animals retained < 5 % ,  estimated 
by eye, of the original coat and survived the sonifica- 
tion treatment without apparent signs of damage. 
Worms from which the coat has been mechanically 
removed are herein called 'aposymbiotic'. The dye 
safranine-o-chloride stained the bacterial coat selec- 
tively red and was used for visualisation of the 
different treatments. 

After visual inspection, animals with different 
degrees of coat loss ranging from about <S to >80%, 
estimated by eye, were used. They were placed in 96- 
well microtiter dishes which were filled with glass 
beads or with sand grains from their habitat. The 
dishes were then placed in 10 1 buckets which had 
been half filled with sand, and into which a hose with 
running seawater had been placed. A few crystals of 
sulfide were placed into the sand as a sulfide source. In 

addition, worms which already had small holes in the 
coat after collection were used in order to control for 
possible damage following sonification or treatment 
with detergents. Single worms as well as groups of 2 to 
3 worms were placed into each well. Different types of 
water, such as surface seawater, porewater from the 
collection site or seawater containing symbiotic bac- 
teria were added to the incubation wells. The condition 
of the worms was inspected daily under a dissecting 
microscope and under a light microscope for 7 d .  

RESULTS 

Nitrate respiration 

When Stilbonema sp. worms were incubated anaer- 
obically in the presence of 100 pM nitrate, nitrite ap- 
peared in the incubation medium at a rate of 6.2 pm01 
nitrite g-' wwt h-' (n = 3 + SE) (Fig. l a ,  Table 1). Essen- 
tially the same rate was obtained in a concentration of 
50 PM nitrate (n = 3, data not shown). When incuba- 
tions were done without worms (n = 3),  or without 
nitrate (n = 3), nitrite was not formed. Also, when 
nonsymbiotic nematodes of approximately the same 
size from the same habitat were used, nitrite was not 
formed. Moreover, nitrite was not formed in the pres- 
ence of inhibitors of the respiratory chain, azide 
(150 pM, n = 1) or cyanide (5 mM, n = 1). Nitrite was 
formed at a much lower rate under aerobic conditions 
(0.2 pm01 nitrite g-l wwt h-') in 2 out of 3 incubations 
(data not shown). 

The conversion of nitrate to nitrite was not stoichio- 
metric, i.e. more nitrate was consumed than nitrite was 
formed. When stilbonematid worms were incubated 
in the presence of nitrite, it disappeared at a rate of 
2.2 pm01 g-' wwt h-' (Fig. l b ,  Table 1 ) .  Nitrite did not 
disappear in the absence of worms (n = 3). The rate of 
nitrate respiration was higher in white animals than in 
pale animals (Fig. 2). In Stilbonema sp., sulfide or thio- 
sulfate did not stimulate nitrate respiration under the 
given experimental conditions (Fig. 3a). An inverse cor- 
relation was observed between the rate of nitrate res- 
piration and the numbers of worms per experiment. 

Table 1. Stilbonema sp. and Laxus oneistus. Cornpanson of 
metabolic rates. nd: not determined 

Metabolic pathway Stilbonema sp. Laxus oneistus 
(pm01 wwt h-') 

Nitrate respiration 6.2 3 9 
Nitrite respiration 2 .2  4 4 
Sulfide oxi.dation 2.5 n d 
Carbon fixation 1.8 nd 
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Fig. 2. Stilbonerna sp. Average rates of nitrate respiration in 
anaerobic incubations of 25 Stilbonerna worms of (.)white or 

(0) pale color appearance (n = 2) or ( n ) without worms 

Higher nitrate respiration rates were obtained with 
25 worms 5 ml-' incubation volume (Fig. 3a) than with 
100 worms 5 ml-' incubation volume or 200 worms 
5 ml-' incubation volume (data not shown). Therefore 
the calculated rates (Fig. 1, Table 1) are likely to be 
underestimates of the true metabolic potential. 
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Fig. 3. Thiol stimulation of nitrate respiration in (a) Stilbonema 
sp. and in (b) Laxus oneistus. (e) 200 p M  sulfide, (A) 200 p M  

thiosulfate or (m) no thiols added, (n = 2) 
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When batches of 100 Laxus oneistus were incubated 
anaerobically in the presence of nitrate (50, 100 PM), 
nitrite appeared at a rate of 3.9 pm01 g-' wwt h-' 
(n = 3), (Table 1). When incubated in nitrite (40 pM), it 
disappeared at a rate of 4.4 pm01 g-' wwt h-' (n = 3), 
(Table 1). Nitrate respiration was stimulated by sulfide 
but not by thiosulfate (Fig. 3b). 

Nitrite was produced by Stilbonema sp. (0.23 to 
0.55 nmol worm-' h-', n = 2), Laxus oneistus (0.15 
to 0.56 nmol worm-' h-', n = 3), Eubostrichus dianae 
(0.16 to 0.55 nmol worm-' h-', n = 6), and the symbiotic 
oligochaete Inanidrilus sp. (1.02 to 1.78 nmol worm-' 
h-', n = 3) , whereas nitrite did not appear in incuba- 
tions of the symbiotic nematode Eubostrichus para- 
sitiferus (n = 7) and in nonsymbiotic worms (n = 19) 
(data not shown). 

Laxus oneistus 

/l* 
/' 

A / 

Oxidation of thiols 

- m 

The concentrations of sulfide, thiosulfate and glu- 
tathione in the tissues of Stilbonema sp. decreased to 
about half after 24 h incubation in the absence of an 
externally provided thiol source (Table 2). When trans- 
ferred to a medium containing sulfide, a statistically 
significant increase of internal sulfide and thiosulfate 
was observed (Student's t-test p < 0.05 %). The incuba- 
tion in thiosulfate resulted in a significant increase of 
internal thiosulfate levels. In the presence of nitrate, 
only thiosulfate but not sulfide accumulated in the 
tissues. The internal glutathione levels decreased 
following any incubation condition compared to 
freshly collected animals. The thiol concentrations of 
aposymbiotic worms were significantly less than those 
of symbiotic animals. When aposymbiotic worms were 
transferred to sulfide-containing seawater there was a 
significant increase in internal sulfide and thiosulfate 
concentrations which was accompanied by the death 
of all experimental animals. 

The internal thiol stores of Laxus oneistus behaved 
essentially the same in response to the incubation 
conditions as those of Stilbonema sp. (Table 3). The 
noticeable exception were the internal thiosulfate 
levels which did not drop following microoxic mainte- 
nance, reached highest levels after the sulfide + nitrate 
treatment and were higher in aposymbiotic worms 
than in symbiotic ones. 

In Stilbonema sp., most of the sulfide (78.1 %) and 
thiosulfate (76.6%) was present in the bacterial coat 
(Table 4 ) .  In contrast, in Laxus oneistus, less than half 
of the sulfide (43%) and 0% of the thiosulfate was 
present in the bacterial coat. Aposymbiotic Stilbonema 
sp. and L. oneistus contained significantly less thiol 
concentrations in their tissues than nonsymbiotic 
worms from the same habitat (Fig. 4). 
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Table 2. SUbonema sp. Internal sulfide, thiosulfate, sulfate and glutathione concentrations. Values were determined in freshly 
collected animals, after 24 h maintenance in rnicrooxlc seawater (approx. 20% oxygen saturation) and after subsequent 
incubation m anaerobic seawater containing different electron donors (200 pM sulfide, 1 mlM thiosulfate) and acceptors (1  m M  
nitrate) Internal thlol contents were also determned Ln aposymbiotic Stilbonema sp. whlch had been stripped of their symbiont 
coat and were treated as above (all values in p 0 1  g-' wwt, n = 3 to 7 + SD, except for sulfate, where n = 2). nd: not determined. 
'Statistically significant difference compared to freshly collected Stilbonema sp.; "statistically significant difference compared 
to Stilbonerna sp. maintained under microoxic conditions; "'statistically significant difference compared to freshly collected, 

aposyrnbiotic Stilbonerna sp. (Student's t-test, unpaired, 2-tailed with p < 0.05 %) 

Incubation condition Internal thiol concentrations (pm01 g-1 wwt) 
Sulfide Thiosulfate Sulfate Glutathione 

Freshly collected Stilbonema sp. 0.56 + 0.15 0.89 + 0.38 nd 0.17 * 0.05 
After 24 h microoxic maintenance 0.34 + 0.03 0.37 + 0.03 0.91 * 0.01 0.1 1 * 0.02 
-, Sulfide 0.49 + 0.05" 1.01 + 0.16" 1.04 * 0.06 0.04 * 0.05' 
+ Sulfide + nitrate 0.41 * 0.06 0.86 + 0.31 0.79 + 0.04 0.07 * 0.04 ' 
+ Thiosulfate 0.41 * 0.07 1.02 * 0.29" 1.90 * 0.24" 0.06 * 0.02' 
+ Thiosulfate + nitrate 0.39 * 0.07 1.46 + 0.8 1 .70 * 0.03 0.08 * 0.01 ' 

Freshly collected, aposymbiotic Stilbonema sp. 0.19 * 0.06' 0.23 + 0.03' nd 0.08 * 0.01 
After 24 h mlcrooxic maintenance 0.18 * 0.03 0.3 + 0.12 0.57 * 0.01 nd 

--t Sulfided 0.56 i 0.17"' 1.21 + 0.75"' 1.67 * 0.11 0.11 * 0.07 
aNote that all aposymbiotic worms were killed 

Worm recolonisation 

In Stilbonema sp., the bacterial flakes produced by 
sonification reattached to the cuticule in the form of 
patches. However, there were no signs indicating that 
the bacterial coat, once lost or partially stripped, could 
be re-grown. Small holes in an otherwise intact coat of 
symbionts showed no signs of closure over a period of 
7 d. Towards the end of 1 wk incubation time, some 
specimens started to become overgrown with a differ- 
ent, heterogeneous bacteria population which did not 
show the characteristic organisation and uniformity of 
the symbiont coat. Therefore, these were taken as 
signs of deterioration of the animals. 

ratory reduction to ammonia). The energy yield using 
nitrate is less than with oxygen, but it is energetically 
superior to fermentation processes. It allows the bacte- 
ria to utilize the respiratory chain even under anaero- 
bic conditions. Because nitrate is used as an alternative 
to oxygen, nitrate respiration is, with a few notable 
exceptions (Hentschel & Felbeck 1995), an anaerobic 
process. 

Our studies show that the symbionts of Stilbonema 
sp. are capable of the respiratory reduction of nitrate 
and nitrite under anaerobic conditions. The fact that 
nitrate is not reduced quantitatively to nitrite (Fig. la)  
together with the disappearance of nitrite (Fig. lb)  
shows that the symbionts are capable of denitrification, 

DISCUSSION Table 3. Laxus oneistus. Internal sulfide, thiosulfate, and glutathione contents 
(all values in pm01 wwt, n = 2 to 4 + SD) nd: not determined. 'Statisti- 

Metabolism of nitrogen cally significant difference compared to freshly collected Laxus oneistus; 
"statistically significant difference compared to Laxus oneistus maintained 
under microoxic~conditions (Student's t-test, unpaired, 2-talled with p c 0.05%) 

The respiration of nitrate is a wide- 
spread phenomenon among bacteria, 
but has never been shown in higher 
organisms (Knowles 1982, Stewart 
1988). In anaerobic respiration, nitrate 
or other inorganic electron acceptors 
(i.e. sulfate and iron) are used in the 
absence of oxygen as a terminal elec- 
tron acceptor in the respiratory chain. 
Nitrate can be respired to nitrite 
(nitrate respiration) or further through 
other intermediates to nitrogen gas 
(denitrification) or to ammonia (respi- 

Internal thlol concentrations (pmol g-1 wwt) 
Incubat~on condtion Sulfide Thiosulfate Glutathione 

Freshly collected Laxus oneistus 0.70 + 0.06 0.66 -t 0.04 0.13 * 0.03 
After 24 h rnicrooxic maintenance 0.40 + 0.03' 0.71 * 0.20 0.10 + 0.03 

+ Sulfide 0.99 + 0.51" 1.18 + 0.21" 0.10 * 0.01 
+ Sulfide + Nitrate 0.53 * 0.13 1.94 -r 0.50" 0.07 * 0.00 
--t Thiosulfate 0.55 * 0.08 1.47 t 0.20" 0.07 5 0.01 

Freshly collected, symbiont-free 
Laxus oneistus 0.37 i 0.02' 0.82 t 0.04 0.09 i 0.02 

After 24 h microoxic maintenance 0.4 0.7 nd 
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Table 4.  Stilbonema sp and Laxus oneistus. Percentage of 
biomass, internal sulfide and thiosulfate concentration in 
aposymbiotic worms and in the respective bacterial fraction 

Nematode species Biomass Sulfide Thiosulfate 
("/.l ("/.l ("/.l 

St~lbonerna Worms 65.4 21.9 23.3 
Symbionts 34.6 78.1 76.6 

Laxus Worms 86.4 56.7 100 
Symbionts 13.3 43.3 0 

with nitrogen gas being a possible end product. The 
respiratory nature of this process is confirmed by its 
inhibition by azide and cyanide. Moreover, nitrate res- 
piration is inhibited by oxygen which is another indi- 
cation of the respiratory nature of this process. 

When collected from their natural habitat, most 
worms have a 'shiny white' appearance whereas 'pale' 
worms are found much less frequently. In a similar 
symbiosis of the marine gutless oligochaete Inanidrilus 
leukodermatus (formerly Phallodrilus leukodermatus, 
Annelida), similar color differences have been corre- 
lated with the presence of energy-rich storage com- 
pounds, like polythionates and polyhydroxybutyrate 
(Giere et al. 1991). White worms gradually turn pale 
after 32 h exposure to aerated seawater, a process 
which could be reversed by subsequent incubation in 
sulfide-containing seawater. In our experiments, only 
white stilbonematid worms were capable of respiring 
nitrate in the absence of externally added thiols 
(Fig. 2) .  This suggests that the symbionts of white 

sulfide thiosulfate glutathione 
nonsymbnotic nematodes 

aposymblotic Stilbonerne 

aposymbiotic Laxus onersfus 

Fig. 4.  Concentrations of sulfide, thosulfate, and glutathione 
in nonsymbiotic nematodes in the tissues of aposymbiotic Slil- 
bonema sp, and aposymbiotic Laxus oneistus from the same 

habitat (pmol thlol \W, n = 3 z SE) 

worms are able to utilize internal stores (elemental 
sulfur, polythionates) as electron donors for respira- 
tion, whereas pale worms are unable to respire nitrate 
for the lack of a suitable electron donor. 

Nitrate respiration was not stimulated by sulfide 
or thiosulfate in Stilbonema worms (Fig. 3a). A possible 
explanation for this somewhat unexpected result could 
be that since only white worms were used for these 
expenments, further stimulation by externally pro- 
vided thiols was not possible. A similar phenomenon 
has been observed in incubations of gills of the bivalve 
Lucjnoma aequizonata in which nitrate respiration 
could only be stimulated by sulfide in black gills (lack- 
ing sulfur) but not in yellow gills (containing sulfur) 
(U. Hentschel unpubl.). 

The symbionts of Laxus oneistus are also capable of 
respiring nitrate and nitrite. One noticeable difference 
from Stilbonema sp, is that nitrate respiration was stirn- 
ulated b y  sulfide (Fig. 3b). It is conceivable that the 
symbionts of L. oneistus are more tolerant to higher 
sulfide concentrations. This hypothesis is supported by 
the observation that Laxus are typically found in areas 
of higher sulfide concentrations than Stilbonema sp. 
Alternatively, the data can be explained by physiolog- 
ical differences at the beginning of the experiment. 
Even though both species appeared white, they may 
not have been loaded with the same amounts of inter- 
nal energy reserves. 

The dissimilatory reduction of nitrate appears to be 
common in symbiotic meiofauna in sulfide-rich habi- 
tats since other, less abundant worms from the same 
habitat (Inanidnlus sp., Eubostrichus dianae) were 
shown to respire nitrate as well. Because very high 
concentrations of ammonia (980 pm01 g-' dry wt) had 
been measured previously in the tissues of Inanidrilus 
leukodermatus (Giere et al. 1991), ammonia could 
possibly be the end product of respiratory nitrate 
reduction in I. leukodermatus symbionts. Nitrate respi- 
ration/denitrification has also been demonstrated in 
chemoautotrophic symbionts of the bivalves Lucinoma 
aequizonata (Hentschel et al. 1993, Hentschel & 
Felbeck 1995), Solemya reidi (Wilmot & Vetter 1992, 
Hentschel unpubl. res.) and the deep-sea hydrother- 
mal vent tubeworm Riftia pachyptila (Hentschel & 
Felbeck 1993). 

Several authors have noticed that while the majority 
of symbiotic nematodes and oligochaetes cluster 
around the RDP layer in their natural environment, a 
significant fraction of these animals is often found in 
the deeper anoxic sediment layers (Giere et al. 1982, 
1991, Ott & Novak 1989). This observation has led to 
the hypothesis, that the uptake and oxidation of sul- 
fide must be temporarily uncoupled since oxygen is 
unavailable in the deeper sediments. Consequently, 
the presence of oxygen and sulfide storage systems 
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was proposed (Meyers et al. 1987). Tn light of our find- 
ings that symbionts of 2 host species can oxidize 
sulfide under anaerobic conditions with nitrate as an 
electron acceptor, the occurrence of worms in anoxic 
sediments can be explained. It allows the worms to tap 
into the energy from sulfide-rich pockets located in the 
deeper sediment layers without being dependent on 
oxygen. Thus, it is not energy generation but the 
animal's tolerance to anaerobic exposure and sulfide 
toxicity that is the limiting factor for the survival in 
deeper, sulfidic sediments. 

Metabolism of sulfur 

There are 2 aspects of the biological processing of 
sulfide which need to be taken into consideration: the 
energy generation in bacterial respiration and the toxic 
effects of sulfide upon living organisms. The conclu- 
sion that these symbioses depend on sulfide for energy 
generation has been based on (1) the presence of key 
enzymes of sulfide oxidation, (2) the presence of ele- 
mental sulfur in tissues (Polz et al. 1992), (3) the accu- 
mulation of 35S in, th.e bacterial coat of Eubostrichus sp. 
after incubation in NaI3'S (Powell et al. 1979) (4) the 
high sulfide concentrations in the habitat and, (5) the 
white 'sulfur like' appearance of symbionts (Schiemer 
et al. 1990). In this study we expanded on these results 
and measured, for the first time, thiol metabolism in 
live stilbonematid worms. 

When Stilbonema sp. were incubated in the pres- 
ence of thiols, a marked increase of internal sulfide 
and thiosulfate levels was observed, whereas in the 
absence of thiols during microoxic exposure the inter- 
nal thiol contents decreased (Table 2).  This correlation 
provides in vivo evidence that this symbiosis accumu- 
lates thiols from the environment. Further investiga- 
tions are required to determine whether and to which 
extent these processses are linked to energy genera- 
tion requires further investigations. The role of nitrate 
in this process was questionable as its presence 
resulted in a small, but statistically not significant in- 
crease compared to microoxic maintenance (Table 2).  
Also, nitrate respiration in Stilbonema sp. could not be 
stimulated by thiols (Fig. 3a).  Therefore, the correla- 
tion between nitrate and thiol metabolism could not be 
adequately resolved. 

Upon exposure of Laxus oneistus to thiols, the inter- 
nal thiol concentrations increased essentially in the 
same pattern as was observed for Stilbonema sp. 
(Table 3). The noticeable exception was that the inter- 
nal thiosulfate concentration remained unchanged 
during microoxic exposure. Since all thiosulfate in L. 
oneistus is located in the animal body and not in the 
bacteria (Ta.ble 4 ) ,  it is likely that this thiosulfate pool is 

not available for oxidation by the bacteria. A second 
observation was that L. oneistus worms have higher 
concentrations of thiols in their body than Stilbonenia 
sp. (Fig. 4, Table 4).  This can possibly be related to the 
fact that the monolayer coat of L. oneistus is thinner 
than the mulitayer coat of Stilbonema sp. and may 
therefore provide a less efficient shield against thiol 
accumulation from the porewater. 

Sulfur bacteria are known to reduce glutathione in 
combination with sulfide oxidation for energy genera- 
tion purposes (Gottschalk 1986). Accordingly, when 
Stilbonema sp. were incubated in the presence of re- 
duced sulfur substrates, the concentrations of internal 
glutathione decreased significantly (Table 2). Thus it is 
conceivable that the reduction of glutathione may also 
be due to bacterial metabolism and possibly, to energy 
generation processes. Approximately half of the glu- 
tathione of symbiotic Stilbonema sp, was found to 
reside in the worm. The concentrations, however, were 
low compared to those of nonsymbiotic nematodes from 
the same habitat (Fig. 4) ,  to the GSH concentration 
of the nonsymbiotic marine polychaete Capitella sp. 
(1.4 pm01 g-' wwt) and to the marine oligochaete Tubi- 
ficoides benedii (0.4 pm01 g-' wwt) (Dubilier 1992). 

Interestingly, the incubation of aposymbiotic Stil- 
bone.ma sp. in 200 pM sulfide resulted in the death of 
all animals, whereas this concentration did not affect 
the survival of symbiotic worms under the same ex- 
perimental conditions (Table 2). Also, aposymbiotic 
worms survived fine in sulfide-free seawater for several 
days. With the death of the aposymbiotic animals upon 
exposure to sulfide, a relatively high accumulation of 
internal sulfide and thiosulfate was observed, possibly 
indicating that the aposymbiotic worms were killed by 
sulfide poisoning. Thus, an additional benefit of the 
bacteria to the worm becomes apparent. The bacterial 
coat may provide the worm with an  efficient barrier to 
prevent sulfide poisoning. When the shield is removed, 
the worms may be killed by sulfide concentrations 
which are sublethal in symbiotic animals. The observa- 
tion that freshly collected Stilbonema sp. and Laxus 
oneistus have much lower thiol concentrations in their 
bodies than nonsymbiotic nematodes from the same 
habitat supports the hypothesis that the bacteria pro- 
vide a shield against sulfide poisoning. 

Metabolic rates 

The metabolic rates determined in this study fall 
within the range of activities measured in the marine 
symbiotic worm Inanidrilus leukodermatus (Table 1 ) .  
This oligochaete of slightly larger size than the nema- 
todes harbors extracellular, chemoautotrophic symbionts 
below its cuticule (Giere et al. 1982). The rates of sulfate 
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excretion a n d  CO, fixation in this species amounted to 
7.1 pm01 g-' w w t  h-' (Giere e t  al.  1988) a n d  5 pm01 g-' 
w w t  h-' respectively (Felbeck e t  al.  1983). T h e  O2 respi- 
ration rates a n d  CO2 fixation rates measured in our study 
w e r e  about  10x lower than  i n  a microrespirometry s tudy 
of individual Stilbonematinae (24 pm01 O2 g-l w w t  h-') 
a n d  about  1 0  to 18-fold lower than t h e  CO2 fixation rates 
a s  de te rmined  by Schiemer e t  al. (1990). 

Bacteria-host interact ions 

O u r  studies concerning a possible recolonisation pro- 
cess of aposymbiotic worms were  stimulated by  t h e  
finding that  Laxus oneistus symbionts h a d  a signifi- 
cantly higher  division rate  in  a reas  where  t h e  coat w a s  
disturbed than  i n  intact a reas  (Polz e t  al.  1992). In t h e  
presen t  s tudy w e  found n o  indication that  a recoloniza- 
tion of a n  aposymbiotic worm or, a t  least,  t h e  repair  
of a dis turbed bacterial coat  w a s  possible. Also, our  at-  
tempts  to  culture t h e  symbionts w e r e  unsuccessful. T h e  
rates  of division observed by  Polz e t  al. (1992) a r e  prob-  
ably too low to b e  detected in  our  experiments  with the  
resolution power  of a light microscope. Therefore it ap-  
pears  that  e v e n  though this symbiotic system is poten- 
tially tractable owing to the  extracellular location of the  
symbionts, specific problems like the  symbiont culture 
or the  recolonisation process a r e  not trivial to address .  

In conclusion, the  results of t h e  present  study sug-  
gest  that  these symbioses resemble t h e  chemoau- 
totrophic symbioses from deep-sea  hydrothermal  vents  
a n d  other  reducing habi tats  in  many  ways  including 
the  biochemical a n d  physiological properties of nitro- 
gen and sulfur metabolism. In spite of t h e  simpler 
organisation of this symbiosis, t h e  interaction be tween  
host a n d  bacteria appears  to  b e  very complex. Further  
studies a r e  necessary to begin to  unravel  t h e  mecha-  
nisms of interaction be tween  chemoautotrophic bacte-  
ria a n d  nematode  hosts. 
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