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ABSTRACT: Chemoautotrophic bacteria live symbiotically in gills of Lucinoma aequizonata, an infau-
nal clam inhabiting an oxygen-poor environment. These intracellular symbionts respire nitrate, i.e.
they use nitrate instead of oxygen as a terminal electron acceptor in the respiratory chain. Nitrate is
only reduced to nitrite and not further to nitrogen gas. Nitrate is respired by the symbionts under fully
aerobic conditions at the same rate as under anaerobic conditions. The bacterial symbionts contain a ni-
trate reductase that is associated with the membrane-containing fraction of the symbiont cell and that
is sensitive to respiratory inhibitors; both features are consistent with the respiratory role of this en-
zyme. A review of nitrate reductase in chemoautotrophic symbionts suggests that nitrate respiration
may be common among these symbioses. Symbiont nitrate reductase may be an ecologically important
factor permitting the survival of animal hosts in oxygen-poor environments.

INTRODUCTION

Many species of marine invertebrates harbor chemo-
autotrophic bacteria as symbionts (Southward 1983,
Fisher 1990). These types of symbioses are generally
established in environments characterized by a low
species diversity. Since the discovery of the hydrother-
mal vents, symbioses of this kind have been found in
reducing sediments (Cavanaugh 1983), seagrass beds
(Fisher & Hand 1984), pulpmill effluent sites (Reid
1980), brine and hydrocarbon seeps (Paull et al. 1984,
Brooks et al. 1987), sewage outfalls (Felbeck et al.
1981) and anoxic basins (Felbeck et al. 1981). A com-
mon feature of these habitats is a disequilibrium mix-
ture of reduced substrate (e.g. sulfide) and oxygen.
Oxygen is required by the host for respiration, while
the reduced substrate provides the energy for the
chemoautotrophic metabolism of the symbionts.

All clams of the family Lucinidae so far examined
harbor chemoautotrophic, sulfur-oxidizing bacteria as
symbionts in specialized gill cells, the bacteriocytes
(Allen 1958, Reid & Brand 1986, Schweimanns &
Felbeck 1985, Distel & Felbeck 1987). The symbiosis
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with bacteria is correlated with physiological modifica-
tions in the functional morphology of the clam (e.g. en-
largement of the gills and reduction of the feeding ap-
paratus and the digestive system). Though it is now
established that the symbionts provide a major part of
the nutrition to the host, the exact mode of nutrient
transfer is not understood (Fisher & Childress 1986,
Distel & Felbeck 1988b).

A population of Lucinoma aequizonata lives in the
Santa Barbara Basin, California, USA, at a narrow
depth range of 500 £ 10 m depth. Individuals live in
3 to 5 cm shallow burrows in the mud, which becomes
anaerobic below the first few mm and contains sulfide
only in randomly dispersed patches. L. aequizonata is
adapted to the low oxygen, low sulfide environment in
many ways, most evident by its slow metabolism and
growth rates (Cary et al. 1989). Because the oxygen
concentration of the overlying seawater is extremely
depleted (5 to 7 uM) and the concentration of nitrate is
ca 30 uM, we investigated whether the symbionts are
capable of using nitrate instead of oxygen for the oxi-
dation of sulfur compounds. The utilization of nitrate as
a terminal electron acceptor for respiration is a meta-
bolic trait of many free-living, facultatively anaerobic
bacteria such as Thiobacillus denitrificans (Adams et
al. 1971, Knowles 1982). Several lines of evidence have
guided our research. Firstly, oxygen consumption
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could not be demonstrated in the L. aequizonata sym-
bionts (Cary & O'Brien unpubl.), which is indirect evi-
dence for the presence of an alternative electron ac-
ceptor. Secondly, the symbionts have nitrate reductase
activity, although it was previously assumed to be assi-
milatory (Felbeck et al. 1981). Thirdly, L. aequizonata
lives in reducing sediments, which provide the neces-
sary conditions for denitrification.

MATERIALS AND METHODS

Animal collection. Lucinoma aequizonata were col-
lected at 500 + 10 m depth by otter trawl from the Santa
Barbara Basin, California, USA, during 3 cruises in
November 1989, July 1991 and November 1991
respectively. Immediately after recovery the clams
were put in chilled seawater (8 °C) where they re-
mained during transport to the laboratory. Clams were
maintained in sediments from their natural habitat in
flow-through aquaria at 8 °C. Clams used for the ex-
periments were held in captivity not longer than 5 wk.

Isolation of bacieria. Symbiotic bacteria were isc-
lated by Percoll density gradient centrifugation by the
method of Distel & Felbeck (1988a). All oxygen was re-
moved from the buffers and reagents by bubbling with
nitrogen gas for 15 min prior to use. Symbionts were
extracted only from clams with yellow gills. The yellow
color of the gills is due to energy reserves of the sym-
bionts in the form of elemental sulfur, and it is inferred
that symbionts with yellow gills are in good physio-
logical condition {Vetter 1985). The gill tissue was
removed and homogenized in a hand-held Dounce
homogenizer with a loose-fitting pestle. The extract
was layered on a cushion of 60 % Percoll in imidazole-
buffered saline (pH 7.1) and centrifuged to pellet the
bacteria. Protein concentration was determined with
the BCA protein assay (Pierce, Rockford, IL 61105,
USA).

Determination of nitrite, nitrate and ammonium.
The concentrations of nitrate, nitrite and ammonium in
the seawater were determined as described in Gieskes
& Peretsman (1986). Nitrite was measured spectropho-
tometrically at 543 nm after reaction with sulfanila-
mide (1 % in 1N HCI) and NED [N-(1-napthyl}-ethy-
lene-diamine dihydrochloride], 0.01 % (w:v) Nitrate
concentrations were determined after reduction to ni-
trite with a flow-through column containing copper-
coated cadmium chips. Ammonium concentrations in
the sample were measured photometrically at 640 nm
after reaction with sodium hypochlorite and phenol.

Symbiont nitrate respiration. Anaerobic dissections
were performed in a glove bag (Sigma, USA), all buf-
fers and media were purged with nitrogen gas and the
centrifugation was performed in capped centrifugation

tubes. Symbiont nitrate respiration rates were meas-
ured at 8°C in 12 ml of continuously stirred artifical
seawater (pH 7.5) containing 50 uM nitrate and
100 uM thiosulfate. Incubations were kept anaerobic
by bubbling a continuous nitrogen stream with an in-
jection needle through a rubber septum. Seawater
samples were drawn with a syringe in 15 min intervals
and centrifuged at 14000 X g for 1 min. For each of
these samples, the concentrations of nitrate, nitrite and
ammonium were determined in the supernatant.
Symbiont oxygen respiration was measured in a respi-
ration chamber (Strathkelvin Instruments, Glasgow,
Scotland) at 8 °C while continuously stirred in 1.5 ml
of 0.2 um filtered seawater buffered to pH 7.5 with
10 mM MOPS [3-(N-morpholino) propanesulfonic
acid}. Oxygen consumption was measured with a sul-
fide insensitive Clark-type oxygen electrode (Strath-
kelvin).

Aerobic nitrate respiration. Symbiont preparations
were divided into 4 parts and incubated as described
above at a protein concentration of ca 1 mg ml™! in
10 ml artificial seawater containing 1mM nitrate. One
incubation was maintained anaerobic by continuous
bubbling with nitrogen gas and a second one was
maintained aerobic by constant bubbling with air. The
third incubation was started anaerobically and was
changed to aerobic conditions after 55 min, while the
fourth incubation was started aerobically and was
changed to anaerobic conditions after 55 min. The first
timepoint was taken after 20 min to allow the sym-
bionts to equilibrate to the respective incubation con-
ditions. Subsamples were drawn at 5 min intervals,
centrifuged (1 min at 14 000 X g}, and the concentra-
tion of nitrite was determined in the supernatant.

Characterization of nitrate reductase. Isolated sym-
biont preparations were sonicated on ice (5 X 15s) and
centrifuged (1500 X g for 15 min) to remove unbroken
cells. The nitrate reductase activity of this crude ex-
tract was measured and represents the total nitrate re-
ductase activity which was set equal to 100 %
(Table 1). An aliquot was boiled (5 min) and represents
the inactivated control. The remaining extract was
centrifuged (1 h at 46000 X gin a Sorvall RC-5B centri-
fuge), and the pellet was resuspended in 100 mM
degassed sodium phosphate buffer, pH 7.4. Nitrate
reductase activity of the supernatant and the resus-
pended pellet was assayed according to a modified
version of the protocol by Nicholas et al. (1979). The
enzyme activity was measured colorimetrically with
the amount of nitrate reduced to nitrite in the presence
of benzyl viologen as an intermediate electron donor
The reaction mixture contained a final concentration of
100 mM phosphate buffer (pH 7.4), 5 mM nitrate and
190 uM benzyl viologen. The reaction mixture was
continuously stirred and Paraffin oil (400 ul} was
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Table 1 Lucinoma aequizonata. Concentrations of oxygen® (% saturation, uM), nitrate® and nitrite® in the clam habitat. Rates of

symbiont nitrate respiration (nmol mg~'

symbiont protein min

and pmol nitrite g ' gill wet wt h™') are shown as well as the

concentration of nitrite in the mantle water determined immediately after recovery of clams. nd: not determined

¢ Source: CalCOFI data report

O, NO5 NO,” NO4 respiration rates NO," in mantle water
(%) (uM) (M) (M) (nmol mg™' min™") (pmol g™ h™') (LM)
Nov 1989 1.3 4.0 29.1 0.01 1.2 +0.14 (n =4) nd nd
July 1991 2.2 6.7 315 0.01 0352011 (n=7) 1.6+0.78 (n=7) 14.8+ 6 (n = 14)
Nov 1991 2.1 6.3 31.9 1.01 0221 0.01 (n=4) 0.88+ 0.1 (n =4) 6.6+4.3(n=17)

layered on top of the reaction mixture to prevent con-
tact with air. The reaction was started by injecting so-
dium dithionite (0.75 mM final concentration) through
the oil layer. After 10 min, 300 pl aliquots were taken
and the concentration of nitrite was determined.

To test the action of inhibitors on nitrate reductase,
extracts of isolated bacteria were preincubated
(15 min) in the presence of antimycin A (2.5 uM)
or HOQNO (2-heptyl-4-hydroxyquinoline-N-oxide,
10 uM), both inhibitors of the respiratory chain be-
tween cytochromes b and c, (Slater 1967), or the term-
inal oxidase inhibitor cyanide (5 mM), before the
enzyme activity was determined.

Induction of nitrate respiration. Clams were main-
tained in vessels containing 3.5 1 seawater, 10 pM thio-
sulfate and 10 pM sulfide under the following condi-
tions: (1) aerobic in nitrate-free seawater; (2) aerobic
with addition of TmM nitrate; (3) anaerobic in nitrate-
free seawater; and (4) anaerobic with addition of 1mM
nitrate. After 8 d, clams were sacrificed and the mantle
water was collected by prying the shells apart with a
scalpel. The fluid, generally 200 to 600 ul, was col-
lected and the concentration of nitrite was determined.
One gill demibranch was used for oxygen respiration
measurements, while simultaneously the second dem-
ibranch was used for nitrate respiration. Nitrate respi-
ration rates were measured by incubating the gill
demibranch anaerobically in 1mM nitrate for 30 min.

RESULTS
Nitrate respiration in isolated symbiotic bacteria

Nitrate was reduced by purified symbionts at rates
up to 1.2 + 0.14 nmol mg protein~! min~' (Fig. 1).
Nitrite appeared at the same rate that nitrate disap-
peared. After 60 min, more than 80 % of the nitrate in-
itially present was reduced to nitrite. Nitrate respira-
tion rates were measured after each cruise and are
relatively constant over the 2 yr of observation (Table
1). Under identical conditions, nitrite did not appear in

NO:-, and NO-z (nmol/mg prot.)
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Fig 1 Lucinoma aequizonata. Anaerobic incubation,

containing 50 uM nitrate, of symbionts purified from clams.
Symbols indicate the concentrations of nitrite (@}, nitrate (m),
and the sum of the 2 concentrations (a) in the seawater [nmol
(mg symbiont protein)”!, mean t+ SD, n = 3]. Protein
concentration was maintained at 1 mg ml™'

the absence of nitrate (n = 3) or symbiotic bacteria
{n =3). Moreover, no nitrite was produced when the
bacteria were heat-killed (n = 3) or when preincubated
in 5 mM cyanide (n = 3). Symbiont nitrate respiration
could not be stimulated by 10 to 100 uM thiosulfate
{(n=3) or by 50 uM sulfide (n = 3 ). Nitrate respiration
did not persist below pH 7 (n = 12). The presence of ni-
trate under anaerobic conditions did not stimulate CO,
fixation. No use of nitrite could be detected when the
bacteria were incubated in nitrite (n = 8). Nitrate was
respired by the symbionts under fully aerobic condi-
tions. Fig. 2 shows that the symbionts of these separate
preparations respired nitrate at a relatively constant
rate under all 4 incubation conditions.

Characterization of nitrate reductase

Much of the total activity (81 + 5 %) was localized
in the membrane containing fraction (n = 3), and
13 £ 1 % of the total enzyme activity was recovered in
the supernatant (n = 3). No enzyme activity was meas-
ured in the non-symbiont-containing mantle tissue and
the dead control (Table 2).
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Fig.2. Lucinoma aequizonata. Incubation of purified symbionts

in seawater containing 1 mM nitrate under 4 different

conditions. The nitrite production under aerobic (e) and

anaerobic (0) conditions is shown as well as during a change

from anaerobic to aerobic (4) and aerobic to anaerobic (m)

conditions. The change is indicated by the arrow. Replicates
(n = 3) showed similar results (data not shown)

Nitrate reductase enzyme activity was inhibited by
antimycin A ( 62 % inhibition), HOQNO (71 % inhibi-
tion) and cyanide (100 % inhibition}. Azide interferes
with the test for nitrite and thus cannot be used as an
inhibitor.

Induction of nitrate respiration

Highest nitrate respiration rates were measured in
yellow gills of clams maintained anaerobically in the
presence of nitrate (23 + 4 nmol nitrite g=' wet wt
min~' n = 4; Table 3). Four negative controls were con-
ducted. Firstly, nitrite did not appear when the gill tis-
sue was boiled (n = 6). Secondly, when non-symbiont-
containing tissue (gonad) was incubated, nitrite
appeared at a rate of 1.2+ 1 nmol g~' wet wt min™!
(n = 6). Thirdly, black gills were used as internal nega-
tive controls because the symbiont population is de-
pleted (Cary et al. in press) although they should have
the same number of free-living bacteria (Vetter 1985}).
The respiration rates of black gills were measured for
each of the 4 maintenance conditions. The nitrate res-
piration rates were below the detection limits after
aerobic maintenance (n = 5), 9 + 3 nmol nitrite g~! wet
wt min~! after aerobic + nitrate maintenance (n = 6}, 4
+ 6 nmol g-' wet wt min ' after anaerobic mainte-
nance (n = 4), and 8.4 + 3 nmol nitrite g~! wet wt min~!
after anaerobic + nitrate maintenance (n = 7). Fourthly,
the appearance of nitrite in the seawater is an indicator
for symbiont nitrate respiration in the intact symbiosis.
When animals were maintained anaerobically in sea-

Table 2. Lucinoma aequizonata. Nitrate activity in different
fractions of symbionts purified from clams. The total activity
of the crude extract before centrifugation represents 100 %
(n = 3). Mantle tissue and boiled extract serve as controls

Cell fraction NO;™ reductase activity (%)
Crude exract 100

Membrane 815
Supernatant 13+1

Mantle 0

Dead control 0

Total 94 £5

water containing 30 pM nitrate, nitrite appeared at a
linear rate until 10 uM nitrite were present after 7 d.

Oxygen respiration rates were always higher in yel-
low gills than in black gills and always higher in clams
maintained anaerobically than aerobically. The oxy-
gen respiration rates for black gills were 11.6 + 7 nmol
oxygen g~! wet wt min~! after aerobic maintenance (n
=5), 11.6 + 6 nmol g~' wet wt min~" after aerobic + ni-
trate maintenance (n = 4), 31 + 17 nmol oxygen g ' wet
wt min~! after anaerobic maintenance (n = 4} and 25.9
+ 8 nmol oxygen g-! wet wt min~! after anaerobic
maintenance (n = 7).

DISCUSSION

The utilization of nitrate for respiration is well-docu-
mented in free-living bacteria from anaerobic environ-
ments and is also known in the Rhizobium-legume
symbiosis (Zablotowicz et al. 1978, O'Hara et al. 1983).
In nitrate respiration nitrate is used as a terminal elec-
tron acceptor of the respiratory chain. Nitrate can ei-
ther be reduced to nitrite (nitrate respiration) (Stewart
1988) or further to nitrogen gas (denitrification)
(Knowles 1982). Cary et al. (1989) suggested that the
symbionts of Lucinoma aequizonata might resemble
Thiobacillus denitrificans In using nitrate for respira-
tion. The enzyme nitrate reductase had been reported
in several chemoautotrophic symbioses including L.
aequizonata however, it has previously been consid-
ered assimilatory (Felbeck et al. 1981).

Symbiont nitrate respiration

In this study we demonstrate the presence of a res-
piratory nitrate reductase as well as nitrate respiration
in purified symbiont preparations. Two different ni-
trate reductases are known in bacteria: type B is assi-
milatory and restricted to the cytosol, while type A is
respiratory and bound to the membrane (Pichinoty et
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al. 1969, Hochstein 1988). The localization of most of
the enzyme activity in the membrane containing frac-
tion (Table 2) indicates its respiratory function. This
role is also supported by the effects of respiratory in-
hibitors. The relatively small amount of enzyme activ-
ity remaining in the supernatant may be due to an as-
similatory nitrate reductase or it may be the result of
small membrane particles which were not pelleted
during centrifugation.

The symbionts of Lucinoma aequizonata would be
classified as nitrate respirers, because nitrate is quanti-
tatively reduced to nitrite (Fig. 1). Nitrate is respired at
a maximal rate in the first 15 min and the rates drop
until they level off after 60 min at a nitrate concentra-
tion of 15 uM. The reason for this drop off is as yet un-
known but is most likely dependent on the low concen-
tration of nitrate in the medium. In the experiment
shown in Fig. 2 the nitrate concentration was 20 times
higher and nitrite accumulated linearly over the entire
period.

The production of nitrite can also be observed in
mantle water of freshly collected clams and clams
maintained in the laboratory (Tables 1 & 3). Since the
concentration of nitrite in seawater is typically lower
than 10 nM this nitrite can only come from bacteria
inside of the clams. Several results proved that nitrite
appearance was indeed due to the symbionts and not
free-living contaminants in the gill area: (1) only
minute quantities of nitrite appeared in incubations of
gonadal tissue or in clams from which the gills had
been removed and (2) black gills had much lower ni-
trate respiration rates. L. aequizonata with black gills
are described as having a depleted or inactive symbi-
ont population (Cary et al. in press). Assuming the ex-
ternal contamination of the gills was similar as in yel-
low gills, an incubation of black gills should, therefore,
result in lower nitrate respiration rates, if the use of ni-
trate could be attributed to the symbionts. This was the
case in all experiments.

Induction of nitrate respiration

Highest symbiont nitrate respiration rates were
measured after the clams were maintained in the pres-

Table 3. Lucinoma aequizonata. Rates of nitrate and oxygen respiration (nmol g~

ence of nitrate (Table 3). Such clams also had the high-
est concentration of nitrite in the mantle water. Nitrate
respiration rates and the concentration of nitrite in the
mantle water of these clams were not significantly dif-
ferent, whether the clams were maintained aerobically
or anaerobically. On the other hand, much lower ni-
trate respiration rates were measured in symbionts of
clams, which were maintained without nitrate. Again,
the nitrate respiration rates were statistically not differ-
ent whether the clams were maintained in the pres-
ence or absence of oxygen. We can, therefore, con-
clude that the induction of nitrate reductase synthesis
in vivois caused by the presence of nitrate and is unaf-
fected by oxygen.

Quantitative significance of nitrate respiration

The rates of symbiotic nitrate respiration were meas-
ured after each cruise and range from 0.22 to 1.2 nmol
mg~' min~! (Table 1). These rates are comparable to
CO, fixation rates (1 nmol mg~' min~!) of the symbi-
onts (Distel & Felbeck 1988b). Nitrate respiration in
whole gills is 20 to 50 % of the oxygen respiration rates
of the gills (Table 3). These numbers clearly indicate
the quantitative importance for the overall metabolism
of the symbiosis.

Aerobic nitrate respiration

Free-living bacteria usually respire nitrate under
anoxic conditions (Payne 1973, Stouthamer 1980, 1988,
Tiedje 1988}, only a few free-living bacteria are known
for aerobic denitrification (Krul & Veeningen 1977,
Meiberg et al. 1980, Robertson & Kuenen 1984a,b,
Lloyd et al. 1987, Robertson et al. 1988) or co-respira-
tion of oxygen and nitrate (Bonin & Gilewicz 1991).
These bacteria are denitrification specialists and do not
shut down their denitrification enzymes in response to
oxygen.

The results of our study suggest that symbiont nitrate
respiration is specialized as well: nitrate reductase may
be constitutive and a mechanism for oxygen as a termi-

' wet wt min™'} in yellow gills and the

concentration (M) of nitrite in the mantle water of clams which were maintained under 4 different conditions for 8 d {aerobic,
aerobic + 1 mM nitrate, anaerobic, anaerobic + 1 mM nitrate)

Condition (8 d) NO;~ respiration
Aerobic 42+5Mm=15)
Anaerobic 84+4(n=4)
Aerobic + nitrate 216+6 (n=25)
Anaerobic + nitrate 23.0+4 (n=4)

O, respiration NO," in mantle water
20810 (n=15) 6.4+ 3(n=11)
352+ 10 (n=4) 83+ 6(n=10)
3441 9(n=25) 148 + 78 (n = 10)
392+ 2(n=4) 157+ 50 (n=11)
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nal acceptor may be absent. This hypothesis is based
on the following observations. Firstly, oxygen con-
sumption could not be demonstrated to date (S. C.
Cary & J. O'Brien unpubl. data)}. This could result from
damage during isolation or because the rates of oxy-
gen consumption might be below detection limit.
Since, however, nitrate respiration can be measured
under the same conditions, it may be that the symbi-
onts generally use nitrate and not oxygen for respira-
tion. Secondly, the symbionts respire nitrate at the
same rate under aerobic and anaerobic conditions
(Fig. 2). It is apparent that symbiont nitrate respiration
1s not sensitive to oxygen. The usual mechanism of the
inhibition of nitrate respiration by oxygen is the com-
petition of the 2 terminal enzymes for electrons. The
electrons are directed preferably to oxygen for ener-
getic reasons. This choice may not be possible in the
symbiont respiratory chain. Thirdly, even when the
clams were maintained in aerobic seawater for several
weeks, the symbionts continued to respire nitrate but
not oxygen.

In summary, the nitrate reductase of the symbionts
may not be affected by the external concentration of
oxygen but solely by the intracellular environment
around the bacteria. In their natural environment, the
bacteria are exposed to little, if any, oxygen because
(1) the environmental levels of oxygen in the seawater
around the clams are below 3 % saturation and (2) an
intracellular hemoglobin in the host tissue with a high
affinity to oxygen (Kraus & Wittenberg 1990) may pro-
tect the symbionts from oxygen.

Since the host requires oxygen for its metabolic
needs, this avoidance of competition for scarce re-
sources between the symbiotic partners may have
been a major evolutionary advantage in allowing this
organism to colonize a habitat where not many other
species can be found.
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