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Abstract. Methane mussels (Bathymodiolus sp., unde-
scribed ; personal communication by R. Turner to CRF)
were collected in September 1989 and April 1990 from
offshore Louisiana in the Gulf of Mexico. These mussels
contain endosymbiotic methane-oxidizing bacteria and
are capable of utilizing environmental methane as a
source of energy and carbon. Oxygen consumption,
methane consumption, and carbon dioxide production
were measured in mussels with intact symbionts, func-
tionally aposymbiotic mussels, and separated symbiont
preparations under controlled oxygen and methane con-
ditions, in order to study the roles of the symbionts and
the hosts in methane utilization. The association was
found to be very efficient in fixing methane carbon (only
~30% of CH, consumed is released as CO,), and to be
capable of maximal rates of net carbon uptake of nearly
5 pmol g~* h™!. Rates of oxygen and methane consump-
tion were dependent upon oxygen and methane concen-
trations. Maximal consumption rates were measured at
250 to 300 uM O, and 200 to 300 uM CH,, under which
conditions, oxygen consumption by the gill tissues (con-
taining symbionts) had increased more than 50-fold over
rates measured in the absence of methane. A model is
proposed for the functioning of the intact association in
situ, which shows the symbiosis to be capable of achiev-
ing growth rates (net carbon assimilation) in the range of
0.003 to 0.50% per day depending upon oxygen and
methane concentrations. Under the conditions measured
in the seep environment (200 uM O,, 60 uM CH,), a
mussel consuming methane at rates found to be typical (4
to 5 umol g~ ! h™!) should have a net carbon assimilation
rate of about 0.1% per day. We suggest that the effective-
ness of this symbiosis arises through integration of the
morphological and physiological characteristics inherent
to each of the symbiotic partners, rather than from exten-
sive specialization exhibited by other deep-sea
chemotrophic associations.

Introduction

The existence of symbiotic associations between inverte-
brates and chemotrophic bacteria has been recognized
since 1980 (Cavanaugh et al. 1981, Felbeck et al. 1981).
We now know that host animals are taxonomically di-
verse, with representatives from at least six invertebrate
phyla (Fisher 1990), and that these symbioses occur in a
wide variety of habitats, ranging from regions of tectonic
activity such as deep-sea hydrothermal vents and subduc-
tion zones, to areas characterized by human impact such
as sewage outfall and paper-mill effluent sites (Somero et
al. 1989, Fisher 1990). The vast majority of the chemo-
trophic symbioses described thus far rely upon reduced
sulfur as a source of chemical energy. However, the exis-
tence of symbioses capable of utilizing other reduced
chemical compounds such as hydrogen, iron, ammonia,
or methane, has been considered a possibility since the
initial discovery of the hydrothermal vents.

The “methane mussel” symbiosis of the Louisiana
slope (Bathymodiolus sp., undescribed) inhabits regions
of the continental margin where natural gas, composed
primarily of methane, seeps through the sediments to the
oxygenated benthic water (MacDonald et al. 1989), and
is one of a few symbioses in which the ability to utilize
methane has been unequivocably demonstrated
(Childress et al. 1986, Fisher et al. 1987, Schmaljohann
and Fliigel 1987, Fisher 1990). Morphologically, it is sim-
ilar to the hydrothermal vent mussel B. thermophilus,
having a somewhat reduced digestive tract and enlarged,
fleshy gills. Transmission electron micrographs of these
gills have shown them to contain abundant intracellular
bacteria with stacked membrane structures characteristic
of Type I methanotrophs (Childress et al. 1986, Fisher et
al. 1987). Measurements of respiration by intact mussels
and by excised gills showed that, under aerobic condi-
tions, oxygen and methane were consumed at high rates,
and that CO, production increased during methane con-
sumption, indicating oxidation of methane (Childress et
al. 1986). Methane oxidation was further demonstrated
by incubating excised gills with radiolabeled methane.
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After 3h, ~50% of the radioactive methane consumed
had been incorporated into the gill tissue as 1*C-organic
compounds and the rest had been oxidized to *CO,
(Fisher et al. 1987).

Additional evidence for the importance of methan-
otrophy in this symbiosis has been provided by stable
carbon-isotope studies. 6 '3C values of both gill and
mantle tissue samples are very light (§ 3C=-57.6 to
—40.1 per mil), and are closely correlated with the stable
isotopic composition of the methane source where the
samples were collected (Childress et al. 1986, Brooks et
al. 1987). This implies that in situ, methane from the seeps
serves as the primary carbon source for the mussels as
well as the bacterial endosymbionts. Shell growth with
methane as the sole carbon and energy source has also
been demonstrated for this species by Cary et al. (1988).

This study was designed to provide a quantitative de-
scription of the relationships between oxygen consump-
tion, methane consumption, and carbon dioxide produc-
tion in this symbiosis, and to explore the effects of oxygen
and methane concentrations on these rates. By measuring
the consumption and production rates of these metabolic
gases in whole mussels and symbiont preparations under
a variety of dissolved gas conditions, we were able to
examine the effects of variation in environmental concen-
trations upon the metabolism of the intact symbiosis, as
well as gain insight into the nature of interaction between
symbiont and host.

Materials and methods

Mussel collection

Bathymodiolus sp. (undescribed) ! was collected in the Gulf of Mex-
ico from the Green Canyon offshore leasing area, Blocks 184 and
185 (27°41'N, 91°32'W; 210 km south-southwest of Grand Isle,
Louisiana, USA). The mussels were recovered from depths between
600 and 700 m, using the research submersibles “Pisces II”” in Sep-
tember 1989 and “Johnson Sea Link I”” in April 1990. The mussels
were gathered with the manipulator arm of the submersible and
placed in a thermally-insulated basket for transport to the surface.

Mussel maintenance

Upon reaching the surface, the mussels were transferred to contain-
ers of chilled seawater kept in a refrigerated chest (~ 7 °C). Water in
these containers was changed daily, and bubbled twice daily with
methane and air for 10 min per container. For transport, the mus-
sels were placed in 4-liter polypropylene jars filled with chilled, air-
and methane-bubbled seawater. These jars were then packed in ice
chests and air-freighted to Santa Barbara, California.

In the laboratory, the mussels were housed in plastic cages sub-
merged in a 1400-liter, flowing seawater tank held at 7 to 8°C in a
walk-in cold room. The water in the holding tank was continuously

! Although the methane mussel studied here is referred to through-
out as Bathymodiolus sp., the process of description was not com-
plete at the time of writing. It was now temporarily designated as
Seep Mytilid Ia, to distinguish it from among several similar species
found in the Gulf von Mexico (personal communication from R.
Gustafson to REK). R. Gustafson also noted that it is premature to
refer to the seep mytilids as belonging to the genus Bathymodiolus
or to the subfamily Bathymodiolinae
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bubbled with air and natural gas comprised primarily of methane
(Southern California Gas Company).

One group of mussels was exposed to seawater at elevated tem-
perature (~11°C) for a period of about 24 h. Subsequent respira-
tion experiments carried out at 7 to 8 °C revealed that these individ-
uals did not consume methane at measurable rates (<0.1 pmol g~ !
hg™1), and were therefore considered to be functionally aposymbi-
otic. These mussels were used as controls in several experiments.

Transmission electron microscopy (TEM)

Gill filaments were removed from a freshly-collected and a func-
tionally aposymbiotic mussel gill and immediately fixed in 3% glu-
taraldehyde in 0.1 M phosphate-buffered 0.35 M sucrose, pH 7.3
(PBS). This tissue was stored in fixative for up to 2 wk at 4°C, after
which it was washed in PBS and postfixed in 1% osmium tetroxide
for 1 h (Fisher et al. 1987). Tissue from the freshly-collected mussel
was dehydrated through a graded ethanol series, while that from the
functionally aposymbiotic mussel was dehydrated by a 10 min im-
mersion in acidified 2,2-dimethoxypropane, followed by 3 to 10 min
washes in propylene oxide (Muller and Jacks 1975). Following de-
hydration, individual gill filaments were embedded in Spurr’s em-
bedding medium. Thin sections were cut using a Sorvall MT2
microtome, stained with uranyl acetate and lead citrate, and exam-
ined on a JEOL 1200 EX2 electron microscope.

Bacterial counts

To determine the relative numbers of bacteria in gills from a freshly
collected mussel, a mussel maintained in captivity for 26 d, and a
functionally aposymbiotic mussel, frozen samples of gill tissue were
thawed and subsequently lightly ground in 10% formaldehyde in
artificial seawater using a ground-glass tissue grinder. After appro-
priate dilution, aliquots of the homogenates were stained with 1 mg/1
4’ ,6-diamidino-2-phenylindole (DAPI) for 5 min and collected on a
black, 0.2 yum Nuclepore filter (Hobbie et al. 1977). Densities of
bacteria were determined by epifluorescence counting of fluorescing
bodies of appropriate size (~ 1 um), at seven different locations on
each filter. Two separate homogenates were prepared from each
mussel.

Flow-through pressure respirometry

Seawater was first passed through a 5.0 pm filter, sterilized by ultra-
violet-light, and then filtered through 5.0 and 0.2 um filters. This
sterilized seawater, along with penicillin-G solution (final concen-
tration 80 mg 1™ '), was then pumped into a water/gas mixing col-
umn.

The water/gas mixing column (Fig. 1) consisted of a 1 m length
of 3” nominal (7.65 cm i.d.) diameter polyvinyl chloride (PVC) tube,
capped at both ends, fitted with various fluid inlet/outlet and probe
ports. It was designed to maintain constant water level, pH, and
pressure through the use of a water level controller (Levelite), a pH
controller (ProMinent), and a back-pressure relief valve (Ryan
Herco). The bottom cap of the column housed aquarium air stones
through -which oxygen, methane and nitrogen were bubbled to
achieve desired concentrations.

Seawater from the column was pumped at a constant flow rate
(usually 5 or 8 ml min ™!, depending upon the size of the experimen-
tal mussels) and pressure (80 psi) to the three respiration chambers
(two experimental and one control), via three chemical metering
pumps (Crane). The chambers (Fig. 2) consisted of acrylic tubes
(33 cm length; 10 cm 0.d.; 2.56, 5.13, or 7.69 cm i.d., matched) with
“O” ring-sealed Hastelloy-C top and bottom caps, placed in snug-
fitting stainless steel sleeves housing remote-control electromagnetic
stirrers (Cole-Parmer) in their bases. The top cap of each chamber
contained fittings for two 16" nominal (~0.76 mm i.d.) Hastelloy-C
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Fig. 1. Water/gas mixing column used to control dissolved gas con-
centrations and pH of water entering respirometer. Filtered scawa-
ter and antibiotic solutions entered through inlet, were bubbled
continuously with oxygen, methane, and nitrogen from air stones in
column base, and exited via outlet to respiration chambers
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Fig. 2. Cutaway diagram of high-pressure respiration chamber in
which mussels (Bathymodiolus sp.) were placed for experimentation.
Mussels rested upon animal-support platform, which is perforated,
and seawater from column entered through inlet tube, mixed, and
exited through exit tube for analysis. Entire chamber was sub-
mersed in temperature-controlled water bath
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Fig. 3. Cutaway diagram of membrane inlet mass spectrometry
(MIMS) interface port. Acidified seawater to be analyzed passed
over gas-permeable silicone membrane, through which dissolved
gases diffused. These gases then entered vacuum chamber for anal-
ysis by mass spectrometer

tubes: an inflow tube, run to the bottom of the chamber, and an exit
tube, mounted flush with the bottom of the cap. On the bottom of
each vessel was a teflon-coated stir bar, above which the mussel
rested on a perforated acrylic platform attached to the inflow tube.
The respiration chambers were immersed in a water-filled reservoir,
held at a constant temperature (6.0°C) by a recirculating water
bath.

As the seawater exited the chambers, it was passed through
automatically-actuated stream-switching valves and analyzed by
one of two methods.

For gas chromatographic analysis, the effluent seawater was
automatically sampled at 20 to 30 min intervals, acidified and heat-
ed in a stirring chamber, and injected on a Hewlett-Packard 5880 A
gas chromatograph (GC), modified for automatic sampling and
analysis of water samples (Childress et al. 1984, Anderson et al.
1987). The GC analyzed the concentrations (uM) of CO,, O,, N,,
and CH, in the effluent chamber water, alternating between the
control and the experimental streams every three injections.

The other method of analysis utilized a membrane-inlet mass
spectrometer (MIMS), with a small quadrupole analyzer (Hiden
Analytical Ltd.) attached to a Macintosh II computer programmed
for automatic sample-stream switching, data acquisition, and data
analysis. In this method, effluent water was mixed with argon-bub-
bled 50% phosphoric acid (to convert all dissolved carbonates to
CO,), heated to 70°C, and passed over a gas-permeable 1 mil nom-
inal (27.8 um) silicone membrane (MEM-213 from General Elec-
tric), backed with a 2 um pore filter (Nuclepore) and a 5 mil nomi-
nal (139 ym) teflon “washer” (Fralock), supported by a disc of
10 pm-pore porous polyethylene (Porex Technologies; Fig. 3).

As water passed over the membrane, gases in solution diffused
into the vacuum chamber, allowing the dissolved gas composition
of the sample stream to be analyzed. Heinzle et al. (1983) give a
complete description of this process. For each analysis, the partial
pressures of CO, (monitored at 44 atomic mass units, amu), O, (32
amu), N, (28 amu), CH, (monitored at 15 amu to avoid the O,
daughter peak at 16 amu), and Ar (40 amu, used as an indicator of
sample and acid flow rates) present within the vacuum chamber
were measured in sequence. These partial-pressure measurements
were then converted to units of pmol dissolved gas 17! (using con-
version factors based on periodic GC injections from the sample
stream), averaged until 100 such analyses had been completed, and
stored on computer diskette. This entire process took approximate-
ly 10 min, after which the sample stream was automatically switch-
es, the analytical system allowed to come to steady state with the
new sample stream for about 4 min, and the process then repeated.



392

Because both methods of analysis involved acidification of the
seawater samples, the term “CO,” will be used to refer to the
concentrations of CO, measured by each analytical process, regard-
less of the specific chemical species present in the seawater samples
prior to acidification (e.g. H,CO,, HCOj, etc.).

Experimental procedure for whole-mussel experiments

At the beginning of each experiment, the mussels’ valves were
scrubbed clean of visible contaminating material and rinsed in
chilled seawater. The mussels were then lowered into the respiration
chambers and incubated in the presence of oxygen ([O,]> 100 pM)
and methane ([CH,]> 60 pM) until their valves opened and meta-
bolic gas concentrations remained consistent through several analy-
ses from each chamber, a condition hereafter referred to as “steady
state”. Once steady state conditions had been established and main-
tained for a sufficient period of time to make several analyses from
each chamber (usually 10 to 12 h with the GC, or 1 to 2 h with the
MIMS), the gas concentrations were changed. In this fashion, the
gas consumption or production rates for each individual were mea-
sured at different concentrations of oxygen and methane. Upon
termination of an experiment (usually after 72 to 96 h), the mussels
were removed from the chambers and dissected. The following
measurements were taken: Shell length, drained weight, gill weight,
and total shell-free wet-tissue weight.

To determine the consumption or production rates of dissolved
gases, the average of each set of analyses from the experimental
chamber was compared to the average of the sets of analyses from
the control chamber immediately preceding and following the ex-
perimental set. Using the flow rate through the chamber and the wet
weight of the mussel, these differences in gas concentrations were
converted to mass-specific gas production or consumption values in
pmol g (shell-free wet tissue wt) ~* h™* (abbreviated pmol g~ * h™1).

Experimental procedure for symbiont preparation
experiments

All these experiments were conducted at sea with tissue from freshly
recovered mussels. For each of the two symbiont preparation exper-
iments (“S1” and ““S2”), bacterial suspensions were prepared by
homogenizing about 3 g of gill tissue for 30s in a ground-glass
tissue homogenizer in an approximately 10 x volume of imidazole
bacterial isolation buffer (Distel and Felbeck 1988). The resulting
homogenate was squeezed by hand through 100 um Nitex screen,
loaded into a syringe, and sequentially filtered through 50, 25, and
10 pm-mesh Nitex screens and a 5 pm Nuclepore filter. The cells
which passed through the filters were washed twice by pelleting
them in a table-top centrifuge (at about 2800 rpm) and resuspended
in 0.2 pm filtered seawater to a final volume of 5.0 ml. This entire
procedure was conducted in a cold room (~ 7°C) and took less than
15 min.

Of the bacterial suspension, 100 um aliquots were placed in
individual 28 ml serum vials with 10 ml of 0.2 pm-filtered seawater.
The head space of each vial was purged for 30 s with N, gas, then
the vial was sealed with a split grey-butyl rubber stopper and
capped. From each vial, 8.55 ml of N, was removed and replaced
with air to achieve a dissolved O, concentration of 100 uA. Meth-
ane was added to the head space to achieve desired dissolved meth-
ane concentrations, and the vials were shaken for 60 s to equilibrate
the gases with the seawater.

After 30 min, '*C-methane was added to each vial to achieve
final activities between 0.13 and 4.41 pCi pmol ~ !, depending upon
the experiment and the total methane concentration. Final *“CH,
activities were calculated based upon total [CH,] and known activ-
ities of 1*CH, stock added. The vials were then shaken for 1 min to
begin the experiments. The contents of the vials were fixed in trip-
licate for each methane concentration every 20 min for 1 h. This
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resulted in a total of nine experimental vials per methane concentra-
tion studied, not including controls. Fixation was achieved at each
time point by addition of 600 pl of a mixture of formalin and 10¥
NaOH (5:1) to each of three vials. This killed the bacteria and
scrubbed the head space of CO,. As controls, 0.5 ml of formalin
was initially added to one vial at each methane concentration and
allowed to incubate for the full hour.

One hour after all incubations had been fixed, each vial was
opened and samples of the bacterial suspension were removed from
two of the three replicates from each time point, evaporated to
dryness, and transported back to the laboratory. The vials were
then capped with stoppers from which were suspended filters con-
taining 100 pl of phenylethylamine. After sealing, the vials were
acidified with 100 pl of 16N H,SO, and allowed/to sit over night.
During this step, the HCOj in the seawater and tissue was convert-
ed to CO, and adsorbed onto the filters as it diffused into the head
space. The following morning, the filters were transferred to scintil-
lation vials containing 100 pl of 20% methanol to keep them moist,
and sealed with caps and Parafilm for the return trip to the labora-
tory. Controls run to estimate loss of phenylethylamine-trapped
CO, during methanol storage and transport have shown less than
2% loss over 12 d period.

Upon returning to the laboratory, the bacterial suspension sam-
ples were digested in 600 pul of a quaternary amine (TS-1 from
National Diagnostics) and neutralized before addition of fluor
(3a70 from Research Products International). All samples were
counted on a Beckman LS 6800 liquid scintillation counter for
5 min, and corrections were made for background, efficiency, and
quenching using the “H4#” method. Densities of bacteria in the
bacterial suspensions were determined in the manner described in
the “Bacterial counts” subsection above, using epifluroescence
counting of aliquots of the original bacterial suspension fixed at sea
in 3% glutaraldehyde in PBS.

Statistical analysis and presentation of the data

Linear regressions and other simple statistics were done using
Statview II (Abacus Concepts). Analyses of covariance were per-
formed using Super ANOVA (Abacus Concepts).

Results
Electron microscopy and bacterial counts

Electron micrographs of gill tissue from a freshly-collect-
ed mussel (Bathymodiolus sp. undescribed) and a func-
tionally aposymbiotic mussel indicate the presence of de-
generate bacteria in functionally aposymbiotic gill tissue,
of the appropriate size for DAPI (4',6-diamidino-2-
phenylindole) counting. However, no bacteria were
found which contained the stacked-membrane structures
present in ‘“‘healthy” symbionts from freshly-collected
mussel gills (Fig. 4; and Childress et al. 1986, Fisher et al.
1987).

The DAPI-stained bodies present in the functionally
aposymbiotic tissue homogenate were not as regular in
shape as those counted in the other two samples. Counts
of DAPI-stained gill homogenates from a freshly-collect-
ed mussel, a mussel maintained in captivity for 26 d, and
a functionally aposymbiotic mussel showed substantially
reduced densities (to ~10%) in the functionally aposym-
biotic individual (Table 1).
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Fig. 4. Bathymodiolus sp. Electron micrographs of methane mus-
sels gills. (a, b) Cross-sections through functionally aposymbiotic
mussel gill-filaments; note lack of symbiont-containing vacuoles. (c)
Cross-section through ciliated region of same aposymbiotic mussel
gill-filament, showing quality of histological preservation; note pre-

servation of cilia (arrowheads) and cell membrane (CM). (d) Cross-
section of freshly-collected methane-mussel gill-filament, showing a
ciliated intercalary cell (I), flanked by symbiont-containing bacteri-
ocyte cells (arrowheads)
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Stoichiometric relationships between dissolved gas fluxes
in whole mussels

The first series of respiration experiments was designed to
examine stoichiometric relationships between rates of
oXygen consumption, methane consumption, and carbon
dioxide production in the intact symbiosis under a wide
range of oxygen and methane conditions. Table 2 con-
tains a summary of these results, all of which are based on
gas chromatographic analyses.

The mussels in these experiments exhibited some vari-
ability in maximal rates of oxygen and methane con-
sumption. Mussel 5, for example, consumed oxygen and
methane at high rates (12.78 and 9.23 ymol g~ h™!,
respectively). Mussels 9 and 11, on the other hand, con-
sumed oxygen and methane at much lower maximal rates
(3.35 and 1.79 pmol g~ h™*, and 2.99 and 1.43 pmol
g 'h™!, respectively). These differences are most likely
due to individual variation among the mussels in sym-
biont complement.

Analysis of covariance (ANCOVA) on the slopes of
the linear regressions relating fluxes (O, consumption vs
CH, consumption and CO, production vs CH, con-
sumption) for individual mussels showed that variations
between individuals were not significant (p=0.1175 and
0.6981, respectively). It should be noted that there was a

Table 1. Bathymodiolus sp. Results of bacterial counts of DAPI-
stained gill homogenates from a freshly-collected mussel, a mussel
maintained in captivity for 26 d, and a functionally aposymbiotic
mussel. Duplicate homogenates were prepared and counted for
each individual

Mussel Bacteria/g gill tissue SD

Freshly-collected 5.6x10° 1.7x10°
26 d post-capture 31x10° 6.7 x 108
Aposymbiotic 6.1 x 108 4.2x108

Table 2. Bathymodiolus sp. Summary of experimental conditions
and results of whole-mussel respiration experiments utilizing gas
chromatographic analysis. Linear regressions coefficients and r-
squared values are underlined if not significant (p <0.05). Mussels
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high degree of “within regression variation’ among these
data, making it difficult to detect differences between
regressions. However, this variation arises primarily
from the limited sample size of some of the individual
mussel data sets (Table 2), rather than from large-scale
variation among the mussels. '

The combined data set, taken from Experimental
Mussels 1-11 inclusive, shows the following relation-
ships in metabolic gas flux: The rate of oxygen consump-
tion was significantly correlated with the rate of methane
consumption, where: O, consumption (umol g~*
h~1)=0.95+1.19 (+0.09) CH, consumption (umol g~*
h™t; r2=0.85, p<0.0001). Similarly, the rate of carbon
dioxide production was significantly correlated with the
rate of methane consumption, where: CO, production
(umol g~* h™1)=0.89+0.31 (+0.06) CH, consumption
(umol g~* h™1; r2=0.47, p<0.0001; Fig. 5). Thus, per
mol CH, consumed, the mussels consumed ~1.2 mol
0,, and produced ~0.3 mol CO,. The y-axis intercepts
of these regression lines show that around 0.89 pmol CO,
g~ ! h~! were produced per 0.95 umol O, g~* h™* con-
sumed in the absence of CH,, yielding an estimated RQ
of 0.94 for the mussel in the absence of methane con-
sumption.

Stoichiometric relationships between dissolved gas fluxes
in symbiont preparations

In these experiments, based on incubations in *C-la-
belled methane, the rates of **CO, production were sig-
nificantly correlated with total rates of **CH, consump-
tion (**C remaining in tissues + 4CO, produced). The
relationship between methane consumption and carbon
dioxide production was, for S1: '*CO, production (nmol
10~2 cells h™1)=0.01+0.38 (40.05) **CH, consump-
tion (nmol 1078 cells h™!; r*=0.85, p<0.0001); for S2:
14CO, production (nmol 1078 cells h™*)=0.01+0.28
(+0.02) *CH, consumption (nmol 107% cells h™%;

2=0.95, p<0.0001; Fig. 6). In these preparations, stoi-

numbered according to order in which they were run; wet wt is
shell-free wet tissue wt (g); (n): total number of measurements from
which slope was calculated; O,, CH,, CO,;: fluxes (umol g~ *h™1)

Mussel (n) Gas concentrations (M) Maximal fluxes Linear regression coefficients
No. wet wt [O,] [CH,] 0, CH, O,=a CH,+b CO,=aCH,+b
a b rt a b r?
1 25.57 (10) 18-223 0— 38 4.46 2.69 1.19 0.97 0.95 0.73 0.15 0.64
2 22.95 (12) 75-230 0- 73 4.64 2.99 1.28 0.52 0.78 0.57 0.46 0.53
3 30.89 (13) 61-343 91-622 5.79 4.63 1.23 0.19 0.96 0.34 0.32 0.78
4 25.46 (13) 74-533 118-887 6.09 4.00 1.33 0.19 0.92 0.32 0.55 0.49
5 25.65 an 18-390 1-490 12.78 9.23 1.24 1.15 0.97 0.31 1.01 0.58
6 24.12 ® 80-776 27-630 6.38 473 1.32 0.46 0.98 0.32 0.68 0.78
7 21.22 (16) 165-932 0-538 7.10 5.69 0.97 0.94 0.76 0.20 1.02 0.31
8 18.37 a7 239-978 0-628 6.70 3.13 1.11 1.85 0.46 0.34 1.19 0.23
9 25.20 4 222--309 139-208 3.35 1.79 1.16 1.30 0.96 0.85 0.43 0.55
10 17.13 (6) 200241 134-551 6.72 4.28 0.61 3.75 0.96 0.17 1.87 0.61
11 16.48 (6) 257-345 538-554 2.99 1.43 1.65 0.60 0.84 0.63 0.57 0.47
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Fig. 5. Bathymodiolus sp. Combined GC data set (Mussels 1-11)
showing stoichiometric relationships between oxygen consumption
and methane consumption (A), and between carbon dioxide pro-
duction and methane consumption (B) in mussels with functional
symbionts. Consumption and production rates are expressed as
umol g (shell-free wet tissue wt)~* h™*. Slope of linear regressions
expressed as slope +95% confidence interval
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Fig. 6. Bathymodiolus sp. Results of bacterial preparation experi-
ments, showing stoichiometric relationships between *CO, pro-
duction and total '*CH, consumption (**CO, produced + *C in-
corporated) by symbiont preparations from two separate mussels
(S1 and S2). Rates are expressed as nmol 10~2 bacterial cells h™*.
Equations of linear regressions are: for S1 (o), y=0.38 (4:0.05)
x+0.01, r*=0.85; for S2 (e), y=0.28 (£0.02) x+0.01, r*=0.95.
Slopes are expressed +95% confidence intervals
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chiometric relationships between methane consumption
and carbon dioxide production were similar to those
found in whole mussels, with approximately one-third of
the methane consumed being completely oxidized to
CO,.

Effects of oxygen and methane concentrations
on dissolved gas fluxes

The effects of oxygen and methane concentrations upon
consumption rates by whole mussels were examined by
two different approaches: (1) In portions of those exper-
iments (Mussels 1-11) during which the mussels were
exposed to a wide range of concentrations of one gas and
a narrow range of the other, it was possible to examine
the relationships between gas concentrations and produc-
tion or consumption rates in extant data sets. In addition,
we carried out experiments which made use of MIMS to
measure gas concentrations and consumption or produc-
tion rates, specifically designed to further elucidate these
concentration effects. The use of MIMS increased sam-
pling rates by an order of magnitude, allowing us to study
the effects of changes in gas concentrations much more
efficiently.

Oxygen concentration effects

Effects of oxygen limitation upon oxygen and methane
consumption rates by an intact mussel were studied using
MIMS to measure gas concentrations. In this experi-
ment, oxygen concentrations were varied from 13 to
300 pM and methane concentrations were maintained
between 100 and 400 pM. Maximal rates of oxygen and
methane consumption appear to occur at or above
300 M. At concentrations up to at least 300 pM O,,
oxygen and methane consumption rates were dependent
upon oxygen concentration. The mussels were apparently
unable to consume oxygen to concentrations below
13 uM (Fig. 7). In experiments where oxygen was in-
creased to much higher concentrations (Mussels 7 and 8),
oxygen and methane consumption declined sharply
above 500 pM O,. However, this inhibition persisted on-
ly until oxygen concentrations were returned to levels
below 500 pM.

Experiments were undertaken to determine whether
the observed oxygen-dependency effects were of host or
symbiont origin. Two whole-mussel experiments, both of
which utilized the GC for dissolved gas analysis, were
carried out on functionally aposymbiotic mussels. In
these experiments, oxygen and methane consumption
rates were measured over a wide range of oxygen concen-
trations with methane concentrations maintained be-
tween 150 and 200 pM CH,. Under these conditions
oxygen consumption was found to be dependent upon
oxygen concentration, increasing as a function of concen-
tration up to 150-250 pM O,, and decreasing at concen-
trations above this level (Fig. 8). This pattern is similar to
that exhibited by mussels with intact symbionts, although
in the functionally aposymbiotic individuals maximal
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Fig. 7. Bathymodiolus sp. MIMS data, showing effects of oxygen
concentration (x-axes) upon oxygen consumption (A) and methane
consumption (B) by a whole mussel with intact symbionts. Methane
concentrations ranged from 100 to 400 pM. “Production” of oxy-
gen and methane (negative consumption) represents error in rate
measurements. Note different scales on y-axes

oxygen consumption rates were below 1 umol O, g~!

h™! vs a maximum value of 8§ umol O, g"' h™! by a
mussel with functional symbionts incubated in the pres-
ence of methane (Fig. 7).

Methane concentration effects

Experiments similar to those described above were used
to examine effects of methane concentration on oxygen
and methane consumption rates in symbiont-containing
and functionally aposymbiotic mussels. In two of the
whole-mussel GC experiments (Mussels 5 and 8), meth-
ane concentrations were gradually decreased while oxy-
gen concentrations were maintained in the range 120 to
390 uM (Fig. 9). Below 250 uM CH,, oxygen and meth-
ane consumption rates declined as a function of methane
concentration. Given adequate oxygen, the mussels were
capable of consuming methane to concentrations below
the level of reliable detectability (~ 5 pM), showing that
although methane consumption is dependent upon con-
centration up to high methane concentrations, the mus-
sels are capable of taking it up at very low external levels.
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aposymbiotic mussels. Methane concentrations ranged from 150 to
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Fig. 9. Bathymodiolus sp. GC data showing effects of limiting
methane concentrations on maximal rates of oxygen consumption
(A) and methane consumption (B) by Mussels 5 (o, a) and 8 (e, a).
Maximal rates of oxygen and methane consumption were 12.8 and
6.7umol g *h™!and 9.2 and 3.1 pmol g~* h™ ! for Mussels 5 and
8, respectively. Oxygen concentrations ranged from 120 to 390 pM

Maximal oxygen and methane consumption rates oc-
curred at methane concentrations >250 pM, with maxi-
mum rates of 9.23 and 3.13 umol CH, g"* h~ ! and 12.78
and 6.70 pmol O, g~ ! h™! for Mussels 5 and 8, respec-
tively.

In a separate MIMS experiment where oxygen and
methane consumption rates were measured across a wide
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Fig. 10. Bathymodiolus sp. MIMS data showing effects of high
methane concentrations on rates oxygen consumption (A) and
methane consumption (B) by a mussel with functional symbionts.
Oxygen concentrations ranged from 100 to 400 pM

range of methane concentrations, with oxygen concentra-
tions between 100 and 400 pM O, , maximum oxygen and
methane consumption occurred at methane concentra-
tions in the range 150 to 350 uM CH,, with a decrease in
consumption above this range. This pattern is demon-
strated in Fig. 10, which shows that inhibition of oxygen
and methane consumption began above 400 pM CH,.
Methane consumption was completely inhibited above
650 uM CH,, and oxygen consumption declined to func-
tionally aposymbiotic rates in this concentration range.
Similar patterns of oxygen and methane consumption
were exhibited by other mussels when exposed to similar
conditions (Mussels 3, 4, 10, and 11).

Experiments were carried out on functionally aposym-
biotic mussels to determine whether the observed meth-
ane concentration effects were of symbiont or host origin.
Using the GC for dissolved gas analysis, oxygen and
methane consumption rates by a functionally aposymbi-
otic mussel were measured over a wide range of methane
concentrations (0 to 750 uM CH,), with oxygen concen-
trations held fairly constant (150 to 300 pa O,). Under
all experimental conditions, oxygen consumption rates
were constant, without depression at high methane con-
centrations, and methane consumption was negligible
(Fig. 11). Similar results were obtained from three other
functionally aposymbiotic mussels under similar condi-
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Fig. 11. Bathymodiolus sp. GC data showing effects of methane
concentration on rates of oxygen consumption (o) and methane
consumption (a) by a functionally aposymbiotic mussel. Oxygen
concentrations ranged from 150 to 300 pM. Note that methane
“production” (negative consumption) represents error in rate mea-
surements

tions, although none of these other individuals were ex-
posed to such a wide range of methane concentrations. In
all the experiments with functionally aposymbiotic mus-
sels, rates of oxygen and methane consumption were
much lower than those exhibited by mussels with func-
tional symbionts.

Nitrogen consumption by methane mussels

Dissolved molecular nitrogen (N,) concentrations and
fluxes were monitored in all whole-mussel experiments.
However, no significant rates of nitrogen consumption or
production were detected under any of the conditions
tested.

Discussion

The data presented here describe the functioning of one
of the few symbioses described thus far in which the sym-
bionts rely upon methane, rather than sulfide, as a source
of chemical reducing power. Because methane is not
toxic, and because it serves as the carbon source as well
as the electron donor in this association, the methane
mussels (Bathymodiolus sp.) offer a unique perspective
upon the functioning of animal/invertebrate symbioses.

Electron microscopy and bacterial counts

The lack of methane consumption by those mussels ex-
posed to warm water showed them to be functionally
aposymbiotic; if symbionts were present, they did not
exhibit detectable methanotrophic activity. TEM exami-
nation of sections from freshly-collected and functionally
aposymbiotic mussel gills indicated a drastic reduction in
symbiont numbers (Fig. 4). The few bodies present which
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bore any similarity to the symbiotic bacteria normally
present in bacteriocytes were amorphous and not readily
identifiable as symbionts. Even the bacteriocytes them-
selves appeared to have degenerated, unlike the adjacent
ciliated portions of gill tissue (Fig. 4b, c¢). Examination of
DAPI-stained gill homogenates indicated a 90% reduc-
tion of appropriately sized, DAPI positive (DNA-con-
taining) bodies in the functionally aposymbiotic mussel
gills (Table 1). Furthermore, the DAPI-stained bodies in
these gills were noticeably less regular in shape compared
to the uniform spheres counted in homogenates of gills
from a freshly-collected mussel. Thus, the available evi-
dence suggests that these mussels were aposymbiotic in
the strictest sense.

Stoichiometry

The methane mussels assimilate methane with high effi-
ciency. Per mole of CH, consumed, mussels with func-
tional symbionts produce ~ 0.3 mol CO, . This ratio indi-
cates that the bacteria completely oxidize only a fraction
of the methane they consume, with about 70% pre-
sumably being incorporated as organic compounds. Sim-
ilar efficiency was found in isolated symbiont prepara-
tions, suggesting that it is an inherent symbiont charac-
teristic.

The ratio of oxygen consumption to methane con-
sumption in whole mussels was ~1.2 mol O, per mol
CH,, which lies between the expected 1:1 ratio for par-
tial oxidation of methane for biosynthesis (to CH,0),
and the 1: 2 ratio expected for complete oxidation of CH,
to CO,. This suggests that 80% of the methane con-
sumed is incorporated by the symbiosis, which agrees
well with the value of 70% calculated above.

Estimates of carbon conversion efficiency (% of sub-
strate carbon converted to cell material) for free-living
Type I methanotrophs range from 38 to 63%, depending
upon the specific hydroxylation pathway utilized (Antho-
ny 1982). Thus, our values of 70 to 80% places the mus-
sels’ symbionts at the high end of the efficiency scale,
attesting to the overall efficiency of the functioning sym-
biosis.

Oxygen consumption

Oxygen demand generated by bacterial methane oxida-
tion leads to extraordinarily high overall rates of oxygen
consumption in the intact association. The highest rates
we measured were >12 umol O, g~* h™!, and typical
consumption rates were in the range 6 to 7 pmol O, g~ !
h~! (Table 2). If converted to units of ml O, g dry wt™!
h~! (assuming dry wt=18.5% wet wt, based on measure-
ments of Bathymodiolus thermophilus: Fisher et al. 1988),
typical rates ranged from 0.73 to 0.85ml O, g dry wt™!
h~ !, with the highest rate measured (12.78 pmol O, g™*
h™') equal to about 1.55ml O, g dry wt™* h™!. These
rates are ~4 to 5 times those measured in other, non-
symbiotic species of mussels at similar temperatures
(Bayne 1976).
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In the absence of methane, mussels with functional
symbionts exhibited rates of oxygen consumption be-
tween 1.0 and 1.5 pmol O, g~! h™ ', If these rates are
converted as above, they come to 0.12-0.18 ml O, g dry
wt™! h™!, which are more typical of rates measured in
other mytilids at similar temperatures (Bayne 1976). In
functionally aposymbiotic mussels rates were slightly
lower, ranging from 0.6 to 1.0 umol O, g~! h™!. This
difference is probably due to the decrease in organic car-
bon (food) available to the host, leading to a general
decline in metabolic rate. The aposymbiotic condition is
akin to starvation in heterotrophic mussels, and indeed
the metabolic rates of these individuals agreed well with
those measured in other species after a period of starva-
tion (Bayne 1976).

Differences in maximal rates of oxygen consumption
exhibited by symbiont-containing mussels exposed to
methane, symbiont-containing mussels without methane,
and functionally aposymbiotic mussels show that there is
very high bacterial demand for oxygen during methane
oxidation. The extent of this demand may be illustrated
by calculating the change in oxygen consumption in sym-
biont-containing mussel gills exposed to methane: a mus-
sel with functional symbionts, in the absence of methane,
consumes ~1pmol O, g~! h™!, of which ~30%
(0.3 pmol g~ ! h™!) may be attributed to the gills, based
on percentage of total wet weight (Page et al. 1990). Max-
imal rates of oxygen consumption by mussels with func-
tional symbionts in the presence of methane range from
3.0 to 12.8 pmol g~ ! h™1, with a median value of 6 pmol
g~ ! h™! (Table 2). Since this increase (5 pmol g~* h™1)
arises in the gills, it actually reflects an increase of
16.7 umol g(gill tissue) ™! h™!. Thus, bacterial methane
oxidation generates an oxygen demand over 50 times
higher in symbiont-containing gill tissue than in gills of
individuals not exposed to methane.

The response of the methane mussel symbiosis to re-
duced environmental oxygen tensions is typical of mytilid
bivalves. From maximal rates measured at oxygen con-
centrations near saturation, oxygen consumption de-
clines as a function of decreasing oxygen concentration,
to a minimum concentration below which no consump-
tion is measured. In the intact symbiosis, maximal rates
of oxygen consumption occur at oxygen concentrations
near saturation, ~ 300 pM. This value agrees well with
the findings of Cary et al. (1988), which showed maximal
shell growth at an oxygen concentration of 290 pM O,.
Below 300 pa, consumption declines gradually with de-
creasing oxygen concentration to around 50 uM, at
which point it drops off sharply (Fig. 7A). The lowest
concentration at which oxygen consumption was detect-
able was 13 pM O, (~6.8 mm Hg), which agrees well
with values reported for other mytilids (4 to 13 mm Hg;
Mangum and Winkle 1973). Oxygen consumption in the
intact association is a nearly linear function of oxygen
concentration between 50 and 300 pM [O, consumption
(umol g~ h™1)=0.523+0.02 x—1.463 - 10~5 x2, where
x=[0,] (uM)]. The linearity of this regression indicates
that in this range of concentrations the intact symbiosis
has minimal regulatory capacity for oxygen (Mangum
and Winkle 1973).
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Functionally aposymbiotic mussels exhibit a similar
response to reduced oxygen tensions, although maximal
consumption rates occur at slightly lower oxygen partial
pressures (150 to 250 uM; Fig. 8). Below 200 pM O,,
oxygen consumption declines in a manner similar to that
exhibited by symbiont-containing mussels, with a poly-
nomial regression of: O, consumption (umol g"*h™ Y=
0.101+2.717 - 1073 x+8.128 - 107 x2. Once again, the
near linearity of this function suggests that little oxygen
uptake regulation occurs in the host mussels.

The similarity of response patterns between symbiotic
and functionally aposymbiotic mussels to reduced oxy-
gen tensions shows that the bacterial endosymbionts play
little part in the regulation of gas exchange by the intact
association. Studies on free-living methanotrophs have
measured bacterial K,s for oxygen in the range of 0.4 to
11.1 uM (Hughes and Wimpenny 1969), well below levels
of apparent oxygen limitation exhibited by the intact
symbiosis. Thus, although they dramatically increase the
overall oxygen demand, the symbionts apparently rely
upon the host ventilatory mechanisms for oxygen uptake
and are subject to the limits of its effectiveness. Com-
pared to the elaborate gas-transport schemes exhibited
by other deep-sea animal/bacterial associations (e.g.
Riftia pachyptila, Arp and Childress 1983, Childress et al.
1984, Arp et al. 1985; Calyptogena magnifica, Arp et al.
1984, Childress et al. 1991), this is somewhat restrictive,
as it apparently limits the association’s metabolism at low
oxygen concentrations. Given the relatively high ambient
oxygen concentrations in the seep environment, however,
it is unlikely that such restrictions play a significant role
in the functioning of the symbiosis in situ.

Methane consumption

When methane mussels are incubated with adequate con-
centrations of oxygen, they are capable of consuming
methane at extremely high rates, to very low concentra-
tions. The dependence of consumption rate upon concen-
tration (Fig. 9 B) suggests that methane uptake, like oxy-
gen uptake, is dependent upon host ventilation mecha-
nisms. Previous studies which measured oxygen and
methane consumption and carbon dioxide production by
excised mussel gills showed similar substrate concentra-
tion effects, with all three declining as oxygen and meth-
ane were depleted from the incubation medium
(Childress et al. 1986).

In this symbiosis, methane uptake has been measured
at methane concentrations below the limits of reliable
detectability (~5pM CH,), suggesting high bacterial
methane affinity. Studies utilizing different techniques
have shown some free-living methanotrophs to have K,
values for methane as low as 0.8 to 2.0 uM CH,, and
suggest that K, values around 1 pM CH, are probably
typical of these bacteria (Joergensen and Degn 1983).
Thus, as with oxygen, the high affinities of the symbionts
as well as their physical location near the surface of the
gill cells provide a sufficient methane supply to sustain
very high rates of consumption. However, these rates are
also subject to limitation at lower methane concentra-
tions, apparently imposed by the host tissues.
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‘When mussels with active symbionts are exposed to
methane concentrations > 300 p, there is a gradual de-
crease in rates of oxygen and methane consumption. A
similar pattern was observed in shell growth experiments,
in which the highest rates of shell growth were measured
at 245 uM CH,, which was the lowest methane concen-
tration tested (Cary et al. 1988; it should be noted that
oxygen concentrations were decreased at higher methane
concentrations in these experiments, allowing the possi-
bility that the observed effect was due to oxygen limita-
tion rather than methane inhibition). No such decline
was exhibited by functionally aposymbiotic mussels incu-
bated under these conditions, however, suggesting that
this inhibition arises in the symbionts. One possible ex-
planation for this phenomenon is that some intermediate
product of methane oxidation is concentrated in the bac-
teria, eventually reaching inhibitory levels. (Both formal-
dehyde and formate are intermediate products in the ox-
idation of methane to carbon dioxide, either of which are
potential toxins; Anthony 1982.) This assertion is sup-
ported by the apparent lack of inhibition exhibited by
Mussel 8 at methane concentrations > 300 pM (Fig. 9B).
Because this mussel exhibited lower methane consump-
tion rates, it would be less apt to form high concentra-
tions of any putative inhibitory intermediate compounds
such as formaldehyde or formate.

Whole-mussel model

Methane mussels apparently lack the high degree of spe-
cialization exhibited by other animal/bacterial symbios-
es. Because methane is not toxic, and because it does not
spontaneously react with oxygen, these mussels are not
confronted with many of the problems faced by their
sulfide-oxidizing counterparts. Furthermore, because ox-
ygen and methane are present simultaneously in the seep
communities, they do not require elaborate chemical
transport and storage mechanisms to utilize their energy
source.

Despite their lack of obvious specialization, this sym-
biosis has shown the highest potential net carbon incor-
poration rate of any animal/bacterial symbiosis studied
thus far. The highest rate of methane consumption mea-
sured in a methane mussel (9.23 umol g~! h™') corre-
sponds to a net carbon incorporation rate (CH, con-
sumption —CO, production) of nearly 5 umol g~ h™1,
More typical maximal carbon incorporation rates exhib-
ited by several other methane mussels were in the range
of 2.3 to 4.0 umol g~ *h ™. To compare, the highest rate
of net CO, incorporation by the sewage clam Solemya
reidi was 0.89 umol g~! h™! (Anderson et al. 1987). In
Riftia pachyptila, the giant vestimentiferan tubeworm of
the hydrothermal vents, it was ~2umol g~ h™!
(Childress et al. 1991).

A useful way to evaluate this rate of carbon incorpora-
tion is in terms of the potential for growth it provides.
For a mussel with a wet weight of 25 g, ~8.7% (2.2 g)
will be carbon (based upon chemical composition mea-
surements of Bathymodiolus thermophilus;, Fisher et al.
1988). From this, and assuming no other nutrient limita-
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tions, for a given rate of methane consumption and car-
bon dioxide production it is possible to predict the
growth rate of the mussel. For example, a net carbon
uptake of 5umol g=! h™! yields a rate of increase in
organic carbon of 1.6%/d. More typical rates of carbon
uptake (2.3 to 4.0 pmol g~! h™') correspond to rates in
the range 0.77 to 1.33%/d. These rates are much higher
than those of Solemya reidi (0.24% /d), and are compara-
ble to those of Riftia pachyptila (1.4%/d; Childress et al.
1991).

Although these calculations are founded upon actual
measurements of respiration rates, the high degree of
respiratory dependence exhibited for oxygen and meth-
ane by this symbiosis suggest that in situ rates are highly
dependent upon environmental concentrations of these
dissolved gases. Using our data, it is possible to construct
a model for rates of growth under conditions which may
exist in situ. The first step is to determine the relationship
between methane concentration and consumption. This
can be approximated by a polynomial regression of the
data in Fig. 9 B, which relates methane consumption (%
maximum) to methane concentration. Because methane
concentrations above ~ 300 pM were found to be inhibit-
ing to mussels with high methane consumption rates, and
because concentrations in this range have not been mea-
sured in the seep environment, the model will only con-
cern concentrations in the range 0 to 300 pM CH,. The
resulting equation is: % max. CH, consumption =-0.001
x2+0.545 x+0.726, where x=[CH,] (1M). In this mod-
el, the use of “% max. CH, consumption” is necessitated
by the variability in rates among the two mussels upon
which it is based.

Using this equation it is possible to calculate rates of
methane consumption across the range of concentrations
from 0 to 300 pM CH,, based upon a given maximum
rate of methane consumption. With this, calculations of
growth are readily accomplished. Fig. 12 shows a series
of curves, each of which is based upon a different maxi-
mum rate of methane consumption. The lowest curve,
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Fig. 12. Bathymodiolus sp. Effect of methane concentration upon
net rate of carbon assimilation (expressed as % increase), predicted
by model using maximal methane consumption rates of 4 and
pmol g™t h™1(a), 6 pmol g~ h™* (o), and 8 pmol g~* h™! (o), for
a 25 g mussel with a carbon content of 8.65% wet weight
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based on a maximum rate of 4 umol g~ ! h™*, shows the
mussel to be capable of net growth at methane concentra-
tions > 60 uM CH,. The highest curve, based on a max-
imum rate of 8§ umol g~ ! h™!, shows net carbon uptake
around 25 pM CH,, with a growth rate of ~0.5%/d at
100 pM CH,.

Data concerning the environmental chemistry in the
seeps are scarce. Analyses of bulk water samples taken in
the immediate vicinity of the mussels show methane con-
centrations to be moderate, on the order of 60 to 70 pM
maximum (MacDonald et al. 1989). Oxygen concentra-
tions are much higher (150 to 200 uM O,; I. MacDonald
personal communication), and thus probably need not be
considered as a limiting factor in growth-rate calcula-
tions. Maximal methane uptake rates of freshly-collected
mussels are typically between 4 and 5pmol g~! h™%.
Based on these values, calculated rates of growth with
methane as the sole carbon source range up to 0.1%/d.
This rate is only ~10% of that measured in Riftia
pachyptila, and less than half that measured in Solemya
reidi. However, it clearly shows that net carbon uptake
from endosymbiotic methane utilization is possible
within the seep habitat.

Conclusions

Bivalves harboring bacterial endosymbionts are wide-
spread in the deep sea. The success of these types of
associations is apparent when we consider the wide range
of geographic locations and habitat types in which they
dominate. Several species of bivalves have been studied
which contain bacteria capable of utilizing reduced sulfur
compounds as a source of energy (Fisher 1990). The
methane mussels are similar to these other deep-sea sym-
bioses, in that they lack obvious specializations, other
than enlarged gills where their symbionts are housed.
However, their ability to utilize methane as a source of
energy and carbon distinguishes them from the majority
of the deep-sea symbioses described thus far.

From the data presented here, we see that neither the
methane mussels nor their bacterial endosymbionts dis-
play remarkable characteristics not found in their free-
living counterparts. The mussels do not appear to have
evolved any special mechanisms for concentrating or
transporting metabolic gases, and thus like other mytilids
their metabolic rates are profoundly dependent upon en-
vironmental concentrations of respiratory gases. The
bacteria apparently have high affinities for oxygen and
methane, as do free-living methanotrophs. While the
hosts support dense populations of symbionts in their
gills, they also limit the metabolic rates which these sym-
bionts can achieve due to the poor regulatory abilities
imposed by the mytilid body plan and physiology. Thus,
the success of this symbiosis may not result so much from
specialization as from the general versatility and physio-
logical suitability of the symbiotic partners.

Note

Work in progress has shown that within the seep habitat,
methane mussels may normally be exposed to concentra-
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tions of methane in the range from 150 to 200 uM, much
higher than previously supposed. Additionally, it appears
that methane consumption rates on the order of 10 to
13 umol g~ ! h™! may be typical of freshly collected mus-
sels. These observations suggest that, in situ, the methane
mussels may be capable of achieving substantial carbon
assimilation rates, in excess of 2% per day, solely through
symbiotic methane fixation.
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