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Summary

We examined the effects of hypoxia and sulphide levels below which anaerobiosis startedRcm). Increased sulphide
on the ventilatory activity of Arenicola marina and  concentrations reduced the ventilation rate and shifted the
determined whether ventilation compensates for oxygen Pcv towards a higher Po, below 10.7kPa. Sulphide
deficiency and affects the mode of energy provisiorA. diffused into the body and was at least partially detoxified
marina ventilated intermittently, irrespective of ambient  to thiosulphate when oxygen was present. Under normoxia,
Po, and sulphide concentration. The ventilation rate was sulphide accumulated in the body wall tissue and coelomic
28.5+16 ml it g-lwet mass during normoxia, but increased  fluid when ambient sulphide levels exceeded 1Mol 71
to 175460 % of this value during moderate hypoxia, during and 216umoll~1, respectively. A decrease irPo, in the
which aerobic energy metabolism was maintained. Below a presence of 27 or 11jdmoll~1 ambient sulphide had no
Po, of 6.2kPa,A. marinareduced the ventilated volume to  significant effect on sulphide accumulation.
54+16 % of the normoxic value and became anaerobic, as
indicated by the accumulation of succinate and strombine.

Incubation with 27 pmol =1 ambient sulphide had no effect Key words: ventilation, sulphide, hypoxia, metabolism, lugworm,
on the normoxic and hypoxic ventilation rates or on théo,  anaerobiosisArenicola marina

Introduction

The lugwormArenicola marina(Polychaeta) is a dominant has been investigated previously. In general, ventilation rate is
member of the macrobenthos of many intertidal flats of thécreased during moderate hypoxia and reduced during severe
North Atlantic (Reise et al., 1994), of adjacent sublittoral areakypoxia. Crayfish, shore crabs and shrimps, for example, are
and of the shallow coastal waters of the Baltic Sea (Groth arable to increase their ventilation rate by as much as 2.5 to three
Theede, 1989). It lives ih-shaped burrows, which extend or even five times the resting level at normoxia when they are
approximately 20 cm into the oxygen-free zone of the sedimemixposed to reduced oxygen partial pressures (for reviews, see
(Theede et al., 1969; Kruger, 1971). When the tide is in, th€aylor, 1982; McMahon, 1988; Taylor, 1988). Studies of the
burrow is ventilated with a current of sea water produced byespiratory responses of molluscs and polychaetes to hypoxia
rhythmic, peristaltic muscular movements of the animal’s bodyave shown that some species, suchrasica islandicaand
wall. The animal extracts both oxygen and nutrients from thélyalinoecia tubicola rely on a continuous increase in their
water (Wells, 1945, 1949b; Krluger, 1964, 1971) and release®ntilatory rate over a wide range of reduced oxygen
waste products into it. During low tide, when no water covergoncentrations (Dales et al., 1970; Taylor and Brand, 1975). In
the sediment, ventilation ceases (Toulmond, 1987), and thedition, other abiotic factors, such as changes in salinity and
oxygen concentration of the burrow water declines (Jonesemperature, affect ventilatory behaviour (Seymour, 1972;
1955; Watling, 1991). As a consequence, less sulphid8humway and Davenport, 1977; Kristensen, 1983) and
becomes oxidised than during high tide and may accumulatberefore influence oxygen extraction and uptake.
within the burrow. ThusA. marinawill experience, amongst Ventilation and respiratory gas exchange have also been
other factors, changes in oxygen and sulphide concentratioims/estigated in tube-dwellingrenicola marinaas a function
with the tidal rhythm, and it is conceivable that the worm mayf ambientPo,, confirming the general mode &$,-dependent
react by changing its ventilatory behaviour to prevent anyentilation and oxygen uptake: i.e. an increase in ventilation
detrimental effects. rate during moderate hypoxia and a reduction during severe

Ventilatory activity is a major and obvious physiological hypoxia (Toulmond and Tchernigovtzeff, 1984). However, the
response of many water-breathing invertebrates. Thmfluence of ventilation on the mode of energy production
ventilatory response to the presence of various abiotic factodhiring oxygen deficiency has not been investigated.
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Furthermore, the effects of sulphide on the ventilation rate anid a flow-through system to keefPo, and sulphide
energy metabolism ok. marinahave not been examined. concentrations constant. The artificial sea water within a 101
Our aim in this study was, therefore, to determineRbe  reservoir was equilibrated at a constapt and a normocapnic

dependent ventilation rate and the effects of sulphide oRco, using a Waosthoff gas-mixing pump (Digamix 2KM
ventilation. In particular, we examined whether ventilation303/a-F, Wd&sthoff, Bochum, Germany). A peristaltic pump
would compensate for a sulphide-induced oxygen deficiencgrew the sea water from the reservoir into the incubation
and what influence th&o,- and sulphide-induced rate of chambewiaa mixing chamber (volume 35 ml). In experiments
ventilation would have on the mode of energy provision. Wevith sulphide, a second peristaltic pump was used to introduce
also investigated whether the uptake of sulphide into ththe sulphide stock solution into the mixing chamber, where the
animal and the detoxification of sulphide to thiosulphate weréwvo solutions were thoroughly stirred. After the addition of
affected by the ventilation &. marina. sulphide, thé®o, in the sea water declined because of the rapid
oxidation of sulphide. To obtain the desir&b, in the
) sulphide-containing incubation medium, the sea water in the
Materials and methods reservoir had to be equilibrated with a higRe,.

Animal collection and maintenance The incubation medium was pumped at a flow rate of
Specimens oArenicola maringL.) were collected between 1.41h1 from the mixing chamber into the glass incubation
1994 and 1996 from an intertidal flat near Zierikzee, Thehamber (volume 700 ml). In addition to the in- and outflow
Netherlands. The animals had a mean fresh mass of 1.7+0.4qgrts, it contained further openings: one for the pH electrode,
(N=70) and were kept in the laboratory for at most 6 weeks at second for thBo, electrode (Cameron Instrument Company,
15+1°C in darkened tanks containing aerated artificial seRort Aransas, Texas, USA) and a third for the cable of the flow
water (435mmol! NaCl, 28 mmoltl MgSQu, 24mmolt!  transducer (see below), the pH-titration tubing and an
MgClz, 10mmoltl CaCh, 10mmoltl KCI, 2mmolfl  additional tube. This additional tube was connected to a
HCOs™, salinity 35%o). For the experiments carried out in asyringe, which served to withdraw seawater samples out of the
sediment tank, lugworms were collected from an intertidal flaincubation chamber every 30min for determinations of the

on the Isle of Cumbrae, Scotland. Immediately after beingulphide concentration of the incubation medium.
transported to the laboratory, animals were transferred into an
aquarium containing sediment from the collecting site and Ventilation measurements
filled with recirculating sea water (salinity 35%., 10+£1°C). In the field, lugworms respire by irrigating their burrow with
After stocking the aquarium, the lugworms burrowed into thesea water. To obtain quantitative information about the effects
sediment. No mortalities were observed during the course @ff abiotic factors on ventilation and gas exchange in the
the experiments. laboratory, defined conditions must be used. Nevertheless, the
experimental apparatus must resemble conditions in nature as
Incubation media closely as possible. Therefore, a worm was placed in a glass
Artificial sea water was used in all experiments. It wadube (length 15cm, internal diameter 5mm), which was open
prepared and aerated 24h prior to each experiment. Whah both ends, located within the incubation chamber, as
sulphide (the term ‘sulphide’ refers here to total dissolvediescribed above. Preliminary experiments using different
sulphide, the sum of #, HS and $°) was used in the kinds of tubes revealed that the lugworms also required a rough
experiments, a stock solution of sulphide was mixed with thenner glass surface on which the setae could meet some
artificial sea water before it flowed into the incubationresistance when the body wall muscles performed ventilatory
chamber. The stock solution was prepared by adding washetbvements. Thus, small pieces of glass were melted onto the
crystals of NaS9H.0 to Np-saturated artificial sea water. The inner surface of the glass tube.
pH of the sulphide stock solution was adjusted to 8.0 with The ventilation current produced by the animal was detected
1 mmol 1 KOH. using an electromagnetic flowmeter (SP 2202, Gould Statham,
Preliminary experiments revealed that the use of buffere@xnard, USA) equipped with a 3mm (i.d.) cannulating flow
sea water (20mmot} Hepes) caused the cessation of thetransducer (Hugo Sachs Elektronik, March, Germany). Data
ventilatory activity of the lugworms. Thus, unbuffered seawere continuously recorded using both an analogue pen
water was used. To keep the pH constant at 8.0, a pH-sta&corder and a computer. The flow transducer was connected
system was applied which consisted of a sulphide-insensitive one end of the artificial burrow and could measure the flow
pH electrode (InLab 412, Mettler Toledo, Steinheim,of water in both directions, i.e. tail-to-head as well as head-to-
Germany) connected to a pH meter (PHM 82 Standard pkhil. To calibrate the flow transducer prior to an experiment,
meter, Radiometer, Kopenhagen, Denmark) and an automatiefined volumes of sea water were pumped through the empty
titrator (TTT 80 titrator and ABU 80 autobirette, Radiometerglass tube and the flow transducer connected to it. The area

Kopenhagen, Denmark). between the recorded signal and the baseline (the signal when
no sea water was passing the flow transducer) was integrated
Flow-through apparatus to calculate the volume of irrigated sea water (ml). On the basis

The ventilation measurements were carried out at 15+1 °Gf this calibration, the actual seawater volume ventilated by the



Ventilation inArenicola marina3179

lugworm during a ventilation event was calculated. For Determination of thiol compounds
the calculation of the mass-specific ventilation rate The concentrations of thiol compounds in the coelomic fluid
(mlh~lglwetmass), the volume of the sea water ventilategnd in the body wall tissue were analysed using high-
during the entire incubation was summed and divided by thgerformance liquid chromatography (HPLC) following
duration (h) of the incubation and the wet mass of the animadierivatization with monobromobimane (Fahey et al., 1981;
) ) ) Newton et al., 1981; Vetter et al., 1989), as modified by Vdlkel
Experimental protocol and calculation of the normalised 5 Grieshaber (1994). For the determination of thiol levels in
ventilation rate the coelomic fluid, a volume of 50 was mixed with a
Twelve hours prior to an experiment, a lugworm was place@uffer solution consisting of 1@ of monobromobimane
within the glass tube, the flow transducer was connected aggdg mmol?, Sigma), 5@l of acetonitrile and 5Ql of
the apparatus was inserted into the incubation chamber. Thgepes/EDTA (160 mmott Hepes, 16mmott EDTA,
experiment was started with a normoxic incubation periogyH 8.0). The freshly dissected piece of tissue was homogenised
followed by hypoxic, normoxic/sulphidic or hypoxic/sulphidic in a buffer solution containing 10 of monobromobimane
incubations. Each incubation period lasted for 8h. After thgag mmolL; Sigma), 5QI of acetonitrile and 100l of
experiment, the animal was removed and weighed, and thepes/EDTA (160 mmott Hepes, 16mmotft EDTA,
tissues were prepared for the determination of levels of sulphgH 8.0) using a glass homogenizer. After a 30 min incubation
compounds and anaerobic end-products as described belown the dark at room temperature (20-22°C), the fluorescent
To estimate the effects of hypoxic and/or sulphidicderivatization products were stabilised by the addition of
treatments on the ventilation volume, the normaliseqoow of methanosu]phonic acid (65 mmo“ and stored at
ventilation rate was calculated. For this calculation, the-8p°C until measured.
ventilation rate during the normoxic incubation without sSulphide and thiosulphate in the tissues were separated
sulphide in every experiment (which will henceforth beysing a Merck/Hitachi L-6200 intelligent pump (Merck,
referred to as the ‘control’ rate) was given a value of 100 %parmstadt, Germany) combined with a Merck LiChrospher 60
The ventilation rate measured during the subsequemp-select-B reversed-phase columrur§ 125 mnx4 mm).
normoxic/sulphidic, hypoxic or hypoxic/sulphidic incubation The thiols were detected with a Merck/Hitachi F-1050
was calculated as a percentage of the preceding normoXigorescence spectrophotometer (excitation wavelength
control value. This data treatment was chosen because of t880 nm, emission wavelength 480nm) and analysed using a
hlgh|y variable normoxic ventilation rates Af marina software package (D-6000 HPLC Manager; Merck, Darmstadt,
) ) ) Germany). The calibration curve was linear between 1 and
Experiments in a sediment tank 100pmol I of thiol compound. Samples containing more than
To determine the extent to which the ventilation pattern of ooumolI-1 were diluted prior to measurement. For statistical
A. marinakept in a glass tube resembles that of a wormanalyses, measured thiol concentrations of less tpamlll~!
ventilating in a natural burrow within the sediment, were taken to bedmoll-L. The sulphide concentration in the
experiments were performed with lugworms kept in a sedimenfcubation medium was determined spectrophotometrically
tank. After placing the animal onto the sediment, it burroweqsing the Methylene Blue method described by Cline (1969),
into the mud. At least 1 day later, the location of the newlas modified by Gilboa-Garber (1971). The calibration curve
established burrow was indicated by a funnel-shapegias linear between 5 and 10®oll~! sulphide. Samples

depression at one end and a faecal pile at the other end. déntaining more than 1Q0moll-! were diluted prior to the
measure ventilatory activity, a glass funnel to which a flomneasurement.

transducer had been connected was pressed into the sediment

above the funnel-shaped depression. The sea water irrigated by ~Determination of levels of anaerobic end-products

the animal within the sediment burrow had to pass through the For the determination of anaerobic end-products, the body
glass funnel, and the flow rate could then be measured by thall tissue was extracted according to Beis and Newsholme

flow transducer. (1975). Succinate was measured spectrophotometrically, as
_ _ described by Beutler (1985). Alanopine and strombine were
Preparation of tissue samples determined by HPLC, as originally described by Siegmund and

At the end of each experiment, the coelomic fluid of theGrieshaber (1983) but using a DX-100 ion chromatograph
lugworm was rapidly collected from a dorsal incision in the(Dionex, ldstein, Germany) without a suppressor unit. The
body wall. For the determination of concentrations of thiolopines were separated isocratically using a 45 °C heated ARH-
compounds, a piece of body wall tissue (10—-30 mg) was al€®01 aromatic acids cation-exchange column (10&&Bmm;
dissected from between the sixth segment and the beginningloteraction, San Jose, USA) with 3x®>mol "1 H,SO; as
the tail. Visually, this region of the body wall tissue does nosolvent. The flow rate was 0.6 mlm#pand the pressure was
vary morphologically along its length. The remaining body8x103kPa. The opines were detected using a conductivity cell
wall tissue was freeze-clamped (Wollenberger et al., 1960) ar{@®ionex, ldstein, Germany) and analysed using a software
stored in liquid nitrogen for the determination of levels ofpackage (Maestro Software, Chrompack, Frankfurt/Main,
anaerobic end-products. Germany). The lower detection limits of succinate and opines



3180 S. E. WOHLGEMUTH, A. C. TAYLOR AND M. K. GRIESHABER

(alanopine and strombine) were 2nmol and 0.1nmolproportional to body mass and followed a logarithmic
respectively. The volume of tissue homogenate used waslationship Y=aWP, wherea is the interceptVis wet mass (g)
10-10Qul in the enzymatic succinate assay (approximatehandbis the slope of the regression line; watt4.24 and=1.02
2-20mg tissue wet mass, respectively) and 40pR06 (r2=0.834,P<0.05)]. The mass-specific ventilation rat&)(of

the opine determination (approximately 3—-15mg tissue weA. marinaduring normoxia was 28.5+16.0 mirg—lwet mass
mass, respectively), depending on the expected metabolift=35 worms), and this increased significantly to 175+60 % and
content. Therefore, the lower detection limits werel69+103% of the control value when tRe, was reduced to
0.1umol glwet mass for succinate and 0.Q88olglwetmass 10.7 and 6.2kPa, respectively (Fig. 2A, circles). Under anoxic

for alanopine and strombine. conditions A. marinareduced its ventilation rate significantly to
o 54+16 % of the control level.
Statistical analyses The Po,-dependent ventilation rate &. marinawas not

Data are given as mean * one standard deviasan).( changed by the addition of Rwoll=! sulphide (Fig. 2A,
Significant differences between means were evaluated Hlyiangles), whereas ventilation rate was decreased forPagst
one-way analysis of variance (ANOVA) using thevalues in the presence of jimoll~1 sulphide (Fig. 2A,
Student—Newman—Keulpost-hoctest at theP=<0.05 level squares). Compared with the values in the absence of sulphide,
with a statistical software package (SigmaStat version 1.01,17umoll™l sulphide decreased the ventilation rate
Jandel Scientific, Corte Madera, USA). significantly atPo, values of 20.8, 10.7 and 0.1 kPa.

A. marinareducedvy to 20—45 % of the control value when
exposed to sulphide concentrations greater thamn@rl-1
Results under normoxia (Fig. 3A). The ventilation rates measured in
Ventilation pattern the presence of 52 and Jjimol I-X sulphide were significantly

A. marinakept in the glass tubes (artificial burrows) showedower than the control value.
an intermittent but regular long-term pattern of ventilatory
activity, i.e. periods of ventilation alternating with periods of Energy metabolism in ventilating lugworms
rest (Fig. 1A). Even when thep, of the sea water was reduced To determine thePo, value below which anaerobiosis
or sulphide was added, the pattern remained the same. In thiarted Pcv) in ventilating lugworms under both hypoxic and
particular experiment shown in Fig. 1A, the worm changed thsulphidic conditions, the levels of the anaerobic end-products
direction of the water flow once during each ventilatory boutsuccinate, alanopine and strombine were measured in the body
In some experiments, no changes in the direction of the waterall muscles. With decreasing oxygen partial pressure and in
flow occurred, and in others completely irregular patternshe absence of sulphide, the succinate content remained at the
could occasionally be observed. The ventilation pattern ofontrol level (0.47+0.3fmol g2wet mass) until théo, was
worms living in sediment burrows was similar (Fig. 1B), reduced from 6.2kPa to anoxia (Fig. 2B, circles). Therefore,
including changes in the direction of water flow (data nothePcu is below 6.2 kPa. The presence ofi@iol I-1 sulphide
shown). It was not, however, as regular and consistent as ttditt not change theéPcv, but the succinate content after

of animals kept in glass tubes. exposure to anoxia in the presence ofi@idl I-1 sulphide was
_ - significantly higher than the value after exposure to anoxia in
Po,- and sulphide-dependent ventilation the absence of sulphide (Fig. 2B, triangles). In the presence of

Under normoxic (control) conditiongy. marinakept in an  117umoll~ sulphide, however, the succinate content
artificial burrow ventilated for 50% of the entire incubationincreased significantly below 10.7 kPa, (Fig. 2B, squares)
period, with a mean ventilation duration of 22.4+15.4MiR35  compared with both the incubations with and without
worms). The whole-animal ventilation rat®) (was directly  27pumol =1 sulphide.

A

Fig. 1. Two examples of intermittent

ventilation patterns oArenicola marinakept

in an artificial burrow (a glass tube) (A) and
a sediment burrow (B). Periods of
ventilation (V) alternated with resting

periods (R). Vertical open arrows correspond : i : — - —
to ventilation rates of 7mimm (A) and e e
0.7 mIimirr® (B). S s i S — —
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Fig. 2. Ventilation rate during, and the levels of anaerobic end-
products after, 8h of incubation 8fenicola marinain an artificial
burrow at various levels dPo, (kPa) in the absence of sulphide
(circles) and in the presence of 27 and {mbll~1 sulphide
(triangles and squares, respectively). (A) Ventilation rate, given as a
percentage of the normoxic control value, and levels of succinate
(B), alanopine (C) and strombine (D) in the body wall tissue
(umol glwet mass). Values are given as mearssot The numbers
next to the symbols give the number of experiments. #, significantly
different from the value at normoxia (20.8kPa); §, significantly
different from the value at normoxia and anoxia; ¥, significantly
different from the corresponding value without sulphide; *,
significantly different from the adjacent, higl®s,, value.
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The levels of alanopine and strombine in the body walthe body wall tissue after
animals were 0.77+0.90 andlL17umoll=! sulphide showed large variability. Of the five

tissue of the control

a significant increase in alanopine content compared with the
hypoxic controls when thEo, was reduced to below 10.7 kPa
(Fig. 2C, triangles and squares). In the absence of sulphide,
the strombine content increased significantly during anoxia
(Fig. 2D, circles). Sulphide concentrations of 27 and
117umoll~1caused an increase in strombine content compared
with the hypoxic controls only at Bo, of 6.2kPa (Fig. 2D,
triangles and squares, respectively).

To isolate the effects of sulphide on the mode of energy
production, we measured the accumulation of anaerobic end-
products in the body wall of lugworms incubated with various
sulphide concentrations under normoxic conditions. Sulphide
concentrations up to 21énol =1 did not alter the succinate or
alanopine contents compared with controls (Fig. 3B,C). The
succinate and alanopine contents were significantly higher than
the control values only when the sulphide concentration in the
normoxic sea water was increased to [@@®! 1. Strombine
appeared to follow the same pattern as succinate and alanopine,
but strombine levels were very variable and the increase was
not significant (Fig. 3D).

Accumulation of sulphide and thiosulphate witAirmarina

The concentrations of sulphide in the body wall tissue and
the coelomic fluid of actively ventilating\. marina were
determined under various oxygen partial pressures and ambient
sulphide concentrations. Sulphide was detected in the body
wall tissue of control animals (27.2x13%umoll™). This
background value, which is probably due to the detection of
the mercapto-groups of body wall proteins instead of free
sulphide (Hauschild and Grieshaber, 1997), was subtracted
from all subsequent body wall tissue values. In the presence of
27 and 11pmoll”l ambient sulphide, the sulphide
concentration in the body wall tissue and in the coelomic
fluid did not increase significantly above the control value
(Fig. 4A,B), although there was a slight increase in sulphide
levels in the coelomic fluid when 1f/oll=! sulphide was
added to anoxic sea water. The mean sulphide concentration in
normoxic exposures with

0.86x1.14umol gt wet mass, respectively (Fig. 2C,D, circles). animals in this data set, three animals accumulated between 50
Reduction of oxygen partial pressure had no effect omand 75umoll1 sulphide, whereas the remaining two
alanopine concentration when sulphide was absent (Fig. 2@ccumulated 160 and 2ftnol I71 sulphide. Interestingly, the
circles). Exposure to 27 and 1iimol 171 sulphide resulted in  ventilation rates of the two animals with the highest sulphide
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Fig. 3. Ventilation rate during, and levels of anaerobic end-products
after, 8h of incubation ofrenicola marinain an artificial burrow at
normoxia in the absence of sulphide and in the presence of various
sulphide concentrationgufiol I71). (A) Ventilation rate, given as a
percentage of the control (no sulphide) value, and levels of succinate
(B), alanopine (C) and strombine (D) in the body wall tissue
(umol gtwet mass). Values are given as mearssot The numbers
next to the symbols give the number of experiments. *, significantly
different from the control value.

(Volkel and Grieshaber, 1994). The concentrations of
thiosulphate in the coelomic fluid and in the body wall tissue
were therefore determined. In the absence of sulphide, a
thiosulphate concentration of 0.90+0 &80l 1= was recorded

in the coelomic fluid, whereas it could not be detected in the
body wall tissue. After incubations with 27 and h7oll-2
ambient sulphide, the thiosulphate concentration in both tissues
did not increase above control values over the whole range
of Po, (Fig.4C,D). However, thiosulphate concentrations
between 3000 and Tonoll™ in the coelomic fluid and
between 1100 and &@nol 171 in the body wall were detected
with decreasindPo, and exposure to 11imol I sulphide.

To investigate the influx of sulphide and its oxidation to
thiosulphate in the presence of a normdig, levels of both
compounds were measured in the tissues after normoxic
incubations with various ambient sulphide concentrations. At
a normoxicPo, and in the presence of sulphide concentrations
above 27umol I71, the sulphide concentrations in the body wall
tissue reached values of 50-1tfol 1. The increase in the
sulphide concentration in the body wall tissue was significant
after exposure to 2ifmoll~l ambient sulphide (Fig. 5A,
squares), whereas it increased significantly in the coelomic
fluid only when the animals were incubated with gatl 11
sulphide (Fig. 5A, circles). The sulphide concentrations in the
coelomic fluid were significantly lower than in the body wall
tissue at every ambient sulphide concentration.

The thiosulphate concentration in the body wall tissue after
normoxic exposure increased significantly in the presence of
216umoll~1 ambient sulphide (Fig. 5B, squares). In the
coelomic fluid, it was significantly elevated at ldidol =1
ambient sulphide and remained elevated with further increases
in sulphide concentration (Fig. 5B, circles). When the ambient
sulphide concentration was raised from 216 to 50611,
the thiosulphate concentrations in the coelomic fluid and the
body wall tissue were significantly reduced to 2.3+1.1 mmol |
and 1.0+0.7 mmolt, respectively.

Discussion
Ventilation pattern
The tube-dwelling polychaet@renicola marinaventilates

concentrations were approximately three times those of two ds burrow with a water current produced by piston-like
the animals with the lower sulphide concentration (ventilatioppumping movements of the body wall muscles (van Dam,
data could not be obtained from the fifth animal), suggestin937; Wells, 1945). van Dam (1937) investigated lugworms
that an increase in ventilation rate increases sulphide exposuvéthin glass tubes and reported a pattern of active ventilation
In A. maring sulphide is oxidised mainly to thiosulphate that was regularly interrupted by periods of inactivity, a pattern



Sulphide (umol 1) Sulphide (umol %)

Thiosulphate (mmol 1-1)

Thiosulphate (mmol 1)

Fig. 4. Concentrations of sulphide (A,B)nfoll™1) and thiosulphate

N
o
|

=
(&)
|

=
o
|

al
|

o
|

Coelomic fluid

! ! !
10 15 20

100

80

60—

40—

20

Body wall

10 15 20

Codlomic fluid

! ! !
10 15 20

2.0

1.5

1.0

0.5

- Body wall

| | |
10 15 20
Po, (kPa)

Ventilation inArenicola marina3183

160
A
—~ 120+ *
ol Body wall
g 80
=
3
= 204
=3
@ 10- Coelomic fluid
0 -
T T T T T T T T T T T
0 100 200 300 400 500
6 -
. B
—
= 1 *
ks ) )
g 44 Coelomic fluid
1
®
5 5.
3
9
E Body wall
0 -

T 1 1 1 1 1
0 100 200 300 400

Sulphide (umol 1)

Fig. 5. Concentrations of (A) sulphideungollt) and (B)
thiosulphate (mmott) in the coelomic fluid (circles) and the body
wall tissue (squares) éfrenicola marinaafter 8 h of normoxia in the
absence of sulphide and in the presence of various concentrations
(umol I7Y) of ambient sulphide. Values are given as meagsis.fThe
numbers next to the symbols give the number of experiments.
*, significantly different from the control (no sulphide) value.

subsequently confirmed by others (Wells, 1949a; Wells and
Albrecht, 1951; Davey et al., 1990). Whether the observations
were relevant to animals under natural conditions was
questioned, however, because the Ilugworms had been
incubated in artificial tubes. Kriger (1964) investigated
lugworms both in artificial tubes and within sediment burrows
in their natural habitat. He also recorded an intermittent
ventilation pattern when the worms were situated in the
artificial tube, but the worms ventilated continuously in their
natural sediment burrows. In contrast, Wells (1949b) measured
an intermittent ventilation pattern in both artificial tubes and
natural sediment burrows. In the present study, we monitored
the ventilation pattern of lugworms kept in a sediment tank.
A. marinashowed an intermittent pattern of ventilation in its
burrow within this sediment tank (Fig. 1B).

Since the aim of the present study was to measure the

(C,D) (mmolY) in the coelomic fluid (A,C) and the body wall tissue ventilation of lugworms in the laboratory under defined and

(B,D) of Arenicola marinaafter 8h of incubation at variouBo,
values (kPa) in the presence of 27 andirh@l 1= ambient sulphide

constant conditions, such as varying ambRmsitand sulphide
concentrations, the use of sediment was disadvantageous

(open and filled circles, respectively). Values are given as meansjgecause sulphide reacts rapidly with iron ions present within the

sp. The tnumbers next to the symbols give the number okediment (Jgrgensen, 1988). The worms were therefore placed
experiments.

in an inert, artificial burrow made from a glass tube. The
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ventilation pattern of lugworms situated in such a tube was alsshich the rate of oxygen consumption declined. In ventilating
intermittent and was similar to, and even more regular than, tHegworms incubated in the experimental apparatus described in
pattern we recorded in worms ventilating in sediment burrowthe present study, an increased ventilation rate prevented the rate
(Fig. 1A). In both the glass tube and the sediment burfow, of oxygen consumption from decreasing until the amidfent
marina could pump water either in a tail-to-head or in thefell below 10.7 kPa (S. E. Wohlgemuth and M. K. Grieshaber,
opposite direction. The direction of pumping was constant on preparation). Apart from th&cr, which represents the
could change within an incubation, which is consistent with théransition from a regulatory to a conforming mode of respiration,
observations of van Dam (1937), Wells and Albrecht (1951 second variable, tHewv, can be defined at which anaerobic
and Krlger (1964). No difference, such as that postulated byetabolism starts (Portner and Grieshaber, 1993).

Kriger (1964), was seen between the ventilation patterns of

lugworms in sediment burrows and in artificial tubes. Energy metabolism when oxygen supply is limiting
o We used the analysis of anaerobic end-products to determine
Po,-dependent ventilation the extent to which a modified ventilation rate affected the

Under normoxic condition8. marinaventilated for 50% of mode of energy production in hypoxia-expos&d marina
the time recorded, corresponding with values reported in earli@entilating under simulated natural conditions. The anaerobic
publications (van Dam, 1937; Seymour, 1972; Davey et almetabolism of many marine invertebrates has been studied in
1990), with a mean mass-specific ventilation r&fg,during  detail (for a review, see Grieshaber et al., 1994\.Imaring
normoxia of 28.5+16.0 mHiglwetmass. The whole-animal the glycolytic end-product alanopine is mainly produced
ventilation rate was directly proportional to body mass. Aduring increased muscular work (Siegmund et al., 1985), while
similar correlation was also found ifNereis succinea strombine is produced during environmental hypoxia (Kreutzer
(Kristensen, 1983y was similar to previously reported values et al., 1989). Succinate can serve as a particularly sensitive
for lugworms of comparable size, which were found to ventilaténdicator of anaerobic mitochondrial metabolism because its
at between 11 and 30mirglwetmass (Wells, 1949a; steady-state levels increase by approximately five- to tenfold
Mangum, 1976; Riisgard et al., 1996), and was comparable withs soon as oxygen becomes limiting in these organelles
that of other polychaetes, suchEgolymnia heterobranchia (Grieshaber et al., 1988).
andDiopatra cuprea(Dales, 1961; Dales et al., 1970). Anaerobic metabolism in ventilating.. marina did not

A. marinaincreasedViy to 170% of the normoxic control commence until the ambieRb, fell below 6.2 kPa, as indicated
level at aPo, of 6.2kPa and reducedy during anoxia. Even by an approximately threefold increase in body wall succinate
in the absence of oxygen, howevey, was still 54 % of the content during anoxia compared wittPa, value of 6.2kPa.
normoxic value (Fig. 2A). Therefore, the endogenousSince the increased ventilation rates that occurr®datalues
pacemaker controlling ventilation, which was postulated bybove 6.2kPa were produced by enhanced muscular Work,
Wells (1949a,b), apparently does not respond to oxygen levedsarinacould have relied on glycolytic energy provision, which
alone and, by maintaining water flow even under anoxia, it maig analogous to a functional anaerobiosis and would be indicated
also serve to ensure the removal of excretion products and by an elevated content of alanopine. Also, strombine would have
sample théPo, of the water overlying the burrow. been produced as soon as the enhanced ventilation rate could no

The effects ofPo, on the ventilation rate in lugworms longer compensate for the oxygen deficiency. However, the
have previously been investigated by Toulmond andilanopine content of the tissue remained at the control level over
Tchernigovtzeff (1984), who found a comparable increase ithe whole range oPo,, and the strombine content was not
ventilation rate to approximately 160% of the control rateelevated until conditions became anoxic, corroborating the mode
when Po, decreased to 10.7 kPa, a subsequent decrease widhenergy provision indicated by the accumulation of succinate.
further reduction in oxygen availability, and a completeThus, thePcy under these experimental conditions is below
interruption below &0, of 2.7 kPa. However, these authors 6.2kPa. In contrast to these findings, Hauschild and Grieshaber
measured the ventilation rate of the lugworms only over &1997) recently gaveRem of between 16 and 10kPa. However,
period of 4h. This might have been too brief a period, sincen that study the lugworms were incubated in an open
Conti and Toulmond (1986) demonstrated the influence afespirometer through which sea water flowed, and they were not,
acclimation to hypoxic conditions on the ventilation ratetherefore, able to change the flow by changing their ventilatory
revealing an enhanced ventilation rate when the animals webehaviour. Moreover, the animals may have been stressed by the
exposed to hypoxia for 25h instead of 3h. The differenflow of sea water through the chamber. It seems reasonable to
incubation times between the present study and that cluggest that increased ventilatory activity during moderate
Toulmond and Tchernigovtzeff (1984) could explain thehypoxia could compensate for the oxygen deficiency and allow
differences between the estimations of the oxygen parti@erobic metabolism to be maintained down to lower ambient
pressures below which the ventilation rate decreased or ceasegygen tensions.

Toulmond and Tchernigovtzeff (1984) also described a
compensatory effect of the increased ventilation rate on the rate  The effects of sulphide on ventilating lugworms
of oxygen consumption ¢&. marinaduring moderate hypoxia Many marine sediments are characterised not only by
and determined a critical respiratd®y, (Pcr) of 16 kPa, below temporary oxygen deficiency but also by the presence of
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sulphide, which may naturally accumulate as a metabolic endulphide in the present study did not differ from that of controls
product of sulphate-reducing bacteria (Jgrgensen and Fenchelen when th€o, of the sea water was reduced. This sulphide
1974; Nedwell, 1982). Sulphide is toxic to aerobic respirationgoncentration is similar to average sulphide concentrations in
mainly because of its reversible binding to cytochrome the burrows ofA. marinain the field, which range from 0 to
oxidase at nanomolar to low micromolar concentrations32umoll= (Vélkel et al., 1995), and with the temporary levels
poisoning the electron transport chain (Nicholls, 1975pf sulphide in stagnant water columns (Rethmeier, 1995).
National Research Council, 1979). Despite the detrimentaiowever, when the ambient sulphide concentrations exceeded
effects of sulphide, several animal species can exist i87pmoll, A. marinareduced its ventilation rate under both
sulphide-rich habitatsA. marina(Groenendaal, 1980; Volkel normoxic and hypoxic conditions compared with controls,
and Grieshaber, 1992) and many other invertebrates (fors that no sulphide-induced compensatory increase in
review, see Grieshaber and Vélkel, 1998) withstand exposureentilation rate was evident. Furthermore, at higher sulphide
to sulphide mainly by oxidising it to less harmful sulphurconcentrations, the main response was apparently to reduce or
compounds, primarily to thiosulphate, and by their ability toto avoid the influx of sulphide into the tube, which is
rely on anaerobic metabolism when sulphide influx exceedgarticularly important when sulphide not only diffuses from the

their capacity for detoxification. surrounding sediment into the burrow but is also present in the
o overlying water and would reach the animal during the course
Ventilation of ventilation.

The effects of sulphide on ventilatory functions have been
investigated for only a few animals. The hydrothermal venficcumulation of sulphide and thiosulphate withirmarina
crab Bythrograea thermydrgnfor example, which may be  Biological membranes are highly permeable to sulphide
exposed to sulphide concentrations as high ag320I-1 in (Beerman, 1924), and the influx of sulphide into the tissues has
the presence of oxygen, maintains its heart and ventilation ratbeen demonstrated fér. marina(Groenendaal, 1981; Volkel
when exposed to sulphide concentrations up to 1.4 mfnoll and Grieshaber, 1992, 1994) and several other invertebrates
(Vetter et al., 1987; Childress and Fisher, 1992). This abilityVismann, 1990; Julian and Arp, 1992). In the present study,
is probably linked to the efficient oxidation of sulphide tosulphide was taken up by ventilatidg marinaexposed to
thiosulphate within the animal’s hepatopancreas (Vetter et a7umol I~ sulphide, and it was oxidised to thiosulphate.
1987). Excised gills of the sulphide-adapted, symbiontSulphide did not accumulate in the tissues until the ambient
harbouring clanSolemya reidimaintained their ciliary activity ~sulphide concentration exceeded lioll~1. The efficient
when exposed to ambient sulphide concentrations up toxidation of sulphide probably explains the maintenance of
250umol 171, although ciliary activity declined during ventilatory activity byA. marinain the presence of 2inol I~
exposure to higher sulphide concentrations (Anderson et akulphide. When 11mol -1 sulphide was added, sulphide was
1987). Since sulphide oxidation i8. reidiis coupled to detected in the tissues by HPLC, albeit at very low
oxidative phosphorylation (Powell and Somero, 1986; O'Brierconcentrations. However, these concentrations may have
and Vetter, 1990), the maintenance of ciliary activity (whichcaused the reduced ventilation rate. Inadequate sulphide
produces ventilation) at low sulphide concentrations and itdetoxification at this ambient sulphide concentration was also
subsequent decline at higher concentrations may be correlatedicated by the accumulation of anaerobic end-products
with sulphide-supported ATP production, which is inhibited byduring moderate hypoxia and anoxia.
mitochondrial sulphide concentrations exceedingurol |1
(Powell and Somero, 1986). Mode of energy production in ventilating lugworms exposed

In the present study, we found that ventilation rate decreasé@ sulphide
at sulphide concentrations abovep2iol I"1. While moderate A wide range of sulphide tolerance has been described for
hypoxia induces hyperventilation, sulphide does notmarine invertebrates. The echiuran wotdrechis caupo
Ventilation was not affected by 2imolI1 sulphide. Sulphide (Encomio and Arp, 1995) and the oligocha&tenodrilus
that had entered the body must have been effectively oxidizdwffmeister{Schneider, 1994), for example, became anaerobic
so that it did not affect aerobic metabolism (see below) an@t sulphide concentrations between 37 andurg6ll?,
hence, no oxygen deficiency occurred that could have inducedhereas the symbiont-harbouring musseblemya reidi
hyperventilation. In fact, when the rate of oxygen consumptioffAnderson et al., 1990) and the oligochadubificoides
of A. marina was recorded using an open respirometerbenedii (Dubilier et al., 1994, 1995) tolerated sulphide
sulphide concentrations up to %ol 11 had no effect, but the concentrations up to 2%0noll™ and 30Qumoll1,
rate of oxygen consumption declined rapidly at higher sulphideespectively, before anaerobic metabolites could be detected.
concentrations (Hauschild and Grieshaber, 1997). TheseIn the presence of sulphide and normoxia, ventilafing
authors calculated the amount of oxygen necessary for sulphidgarina accumulated neither succinate nor opines until the
oxidation in the presence of @mol I-1 ambient sulphide to be sulphide concentration exceeded Rfmoll~l. Although
just 1.4 % of the total oxygen consumed at normoxia and 3.4 %7 umol I sulphide did not affect the ventilation rate or the
of the total oxygen consumed at 5kPg,. Consistent with mode of energy production & maring the animals reduced
these results, the ventilation ratefinmarinawith 27umol =1 their ventilation rate at higher sulphide concentrations and
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therefore avoided exposure to sulphide. This responseentilation rate was maintained, that sulphide was absent from
apparently prevented the tissues from being exposed the animal's tissues, and that aerobic energy production was
sulphide concentrations that would have induced anaerobiosi®aintained. This suggests that sulphide-driven energy
whereadA. marinakept in an open respirometer (in which they production in A. marina at low sulphide concentrations,
were passively irrigated with sea water) became anaerobpreviously recorded only in isolated mitochondria, may also
even under normoxic conditions in the presence @i@8l1~1  occur in whole animals.
sulphide (Hauschild and Grieshaber, 1997).

The Po,-dependent accumulation of succinate in the bodyEnvironmental relevance of oxygen availability and sulphide

wall tissue (i.e. thé>cm) was not affected by the addition of exposure irA. marina
27umol 171 sulphide. This result confirms the assumption that, What are the implications of this study for the animal’s life
in the presence of 2ol -1 sulphide, even at reduc&,,  in anoxic and sulphidic environments? The lugworm inhabits

oxygen delivery within the tube is sufficient for both aerobicmarine sediments that are usually stratified, with an upper
metabolism and complete sulphide detoxification. Howevermpxidised layer and an anoxic deeper layer. Oxygen at
the accumulation of opines in the tissues at lower oxygeooncentrations sufficient for aerobic processes is present only
tensions indicates that at least some cells are supporting their the top few millimetres, whereas the deeper layers are
energy provision by anaerobic glycolysis. In contrast, whexygen-free (Jgrgensen, 1988; Giere, 1992). Furthermore,
the sulphide concentration was increased to pmi@l|, during low tide, the ventilatory activity ok. marinaceases
succinate began to accumulatePat values below 10.7kPa. and the burrow water is no longer renewed and becomes
The reduced ventilation rate in the presence ofuiadll=l  increasingly hypoxicA. marinamay therefore be exposed
ambient sulphide apparently reduced both the oxygen suppigtermittently to hypoxia. A different situation occurs in
and exposure to sulphide and, as a result, anaerobic metabolishallow waters, e.g. of the Baltic Sea, that lack a pronounced

had to contribute to energy provision at a highey. tidal rhythm. The water here may remain stagnant for
_ o prolonged periods, resulting in a decline in oxygen
Does sulphide serve as an energy sourck. imarina? concentration both in the sediment and in the overlying water

Sulphide-supported ATP formation and subsequent energyolumn (Ehrhardt and Wenck, 1983). marinain this habitat
exploitation occuiin vitro in gills excised from the sulphide- may compensate for moderate hypoxia by increasing its
adapted muss@&eukensia demisg&aschen, 1997; Doeller et ventilation rate. However, during low tide or when the
al., 1999). Similarly, in mitochondria isolated from the bodyoverlying water column is extremely oxygen-deficient, the
wall muscle ofA. marinaand some other sulphide-adaptedventilation rate declines and the animal has to rely on anaerobic
invertebrates, the oxidation of low sulphide concentrations tenergy provision.
thiosulphate is coupled to oxidative phosphorylation (for a Apart from oxygen deficiencyh. marinamay also be affected
review, see Grieshaber and Vdlkel, 1998). In isolated bodiy sulphide, which can reach concentrations in the micromolar
wall mitochondria fromA. maring sulphide-stimulated ATP to millimolar range in the sediment and will even diffuse into
production reached a maximal rate in the presencgumic8l~>  the overlying water column if the concentration in the sediment
sulphide. Cytochrome oxidase, which appears to be the onlyis high enough (Groenendaal, 1979; Erhardt and Wenck, 1983;
coupling site of sulphide-stimulated ATP production, wasVoélkel and Grieshaber, 1992; Rethmeier, 1995). In the presence
inhibited by sulphide concentrations greater thapri6l1=1,  of low sulphide concentrations in the burrow wagermarina
concomitant with a decrease in ATP production, which wasnaintains ventilatory activity and thereby removes sulphide
completely inhibited at 5@moll1 sulphide (Volkel and from the burrow. Even if low sulphide concentrations are already
Grieshaber, 1996, 1997). present in the overlying water column, and subsequently in the

The conditions under which sulphide-supported energyentilated water, ventilatory activity can be sustained. Sulphide
production in animal tissues occur should therefore meet thbat enters the animal’s tissues is then efficiently detoxified to
following conditions: (i) the ventilation rate during exposurethiosulphate. However, when the sulphide level in the sediment
to low sulphide concentrations should be maintained in ordesr the overlying water column increases, the higher ambient
to supply a sufficient amount of oxygen for both aerobicsulphide concentration results in a reduced ventilation rate. With
metabolism and sulphide oxidation; (ii) to prevent thethe resulting reduction in£availability, sulphide detoxification
inhibition of cytochrome ¢ oxidase, and therefore the is no longer sufficient and. marinarelies increasingly on
production of ATP, the sulphide concentration in the tissu@naerobic metabolism.
must be below the inhibitory concentration; and (iii) energy
metabolism should remain aerobic since the oxidation of We thank our colleagues in Dusseldorf and Glasgow for their
sulphide provides additional ATP. In the present study, wéelp in collecting lugworms in whatever weather conditions
have provided evidence that each of these prerequisites psevailed and David Julian for his helpful comments on this
satisfied and, therefore, that sulphide at low concentratiomaanuscript. Generous financial support is acknowledged from
may serve as an inorganic energy sourc®.imaring as has the Bundesministerium fur Bildung, Wissenschaft, Forschung
been proposed by Vdlkel and Grieshaber (1997)AFararina  und Technologie (BMBF) under the project DYSMON I
exposed to 2f@moll™1 sulphide, we confirmed that the (03F0123B) and from the Fond der Chemischen Industrie
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