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RESEARCH OBJECTIVE# To delineate the interactions between a newly
discovered mussel and its methanotrophic symbionts in order to
reach a more complete understanding of the intact symbiosis.

PROGRESS (Year 1): Since last October e have made considerable
progress in determining the importance of various food and energy
sources to this symbiosis. Work begun in July of last year has
demonstrated that the>mussels can grow with methane as the sole
carbon and energy source (see enclosed reprint). However, in a
another study we have found that although the shell is growing in
response to methane, the mussels’ soft tissue is being depleted under
these experimental conditions and this is reflected in a lower
*condition index™ of the mussels, when compared to freshly collected
animals. This second study also demonstrates that neither
unicellular algae (as a food source) nor thiosulfate (as a symbiont
energy source) is sufficient for either shell or soft tissue growth in
this mussel (Thiosulfate was suggested as an additional possible
energy source for the symbionts, by some of our earlier work, Fisher
et al 1987). =We have, in a separate study, been directly testing the
mussels' ability to filter feed on particulates (both algae and
bacteria). Our data indicates that these mussels can clear both algae
and bacteria from the surrounding water (at relatively low rates)
and assimilate a significant portion of the particulates they clear.
We have also begun investigations into other possible sources
of nitrogen for this symbiotic association. Our preliminary whole
animal N2 flux data supports some preliminagy results of J. Stein's (J.
Stein is a graduate student in Horst FelbeckS\laboratory at Scrlpps
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whom we have invited to collaborate on this aspect of the project)
which indicate that the symbionts contain a Nif gene and are
therefore capable of fixing nitrogen.

We have begun to develop a bacterial purification protocol for
these symbionts. Using a combination of filtration through a graded
series of Nitex screens and differential centrifugation we can purify
these symbionte several fold with high recovery. We are also
experimenting with density gradient centrifugation and alternative
grinding methods to optimize purity, and yield of symbionts.

WORK PLAN_ (Year 2):  Our objectives for next year are several, and
will be accomplished largely using animals we will collect this fall
(we have been awarded submersible time by NOAA to pursue these
and other investigations of hydrocarbon seep animals):

1. To complete the laboratory analyses and prepare for
publication the 2 food and energy source studies outlined above.
These studies are largely complete and should require only a few
weeks of laboratory work before we will be ready to write up the
study.

2. To complete our investigations on the role of nitrogen
fixation in this symbiosis. This will include some acetylene reduction
experiments planned for this fall and further quantitative analysis of
NH4 and N7 uptake by live animals.

3. We will began studies of nutrient transfer between the
symbiont and host using live animals, 14-C methane, and both
autoradiographic and dissection techniques. Some of these
incubations will be done on board ship with fresh animals this fall,
and the rest will be accomplished in the laboratory with animals we
will maintain. (We still have mussels alive which were collected last
July).

4. To perfect our symbiont purification protocol and conduct
the carbon assimilation and flux studies necessary for our
investigations of genetic autonomy of the symbionts. These same
purified 'symbiont preparations will be used to investigate the
release of organic products by the symbionts.

5. To measure rates of CHs and CO» flux in whole mussels and
isolated symbionts under various concentrations of methane and
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oxygen to determine the dependency of the intact symbiosis, and the .. ., ATL‘

effects of the animal tissue on the uptake of these materials by the
symbionts.
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1. We have yet to publish any work stemming directly from this
grant but the following was done as a part of this study, although the
work was completed before the award arrived (work conducted
between July and October, 1987):

Cary, S. C,, C. R. Fisher, and H. Felbeck (1988) Mussel growth
supported by methane as sole carbon and energy source. Science,
240: 78-80. (reprint enclosed)

2. A paper detailing some of our studies with this mussel has been
accepted for the 5th International Deep-Sea Biology Symposium in
Brest, France and will be presented there later this month :

Childress, J. J. and C. R. Fisher (1988) The methanotrophic symbiosis
in a hydrocarbon seep mussel. (abstract enclosed)

RELATED GRANT; We were awarded ten days of submersible time
(20 dives) by NOAA's Office of Undersea Research for this fall.
("Studies of chemosythetic communities, oil seepage, and gas
hydrates on the upper Gulf of Mexico continental slope”). We will
collect mussels (and other symbiont-containing clams and tube-
worms) from the Louisiana Slope during this cruise for studies on
board ship as well as for shipment back to UCSB for laboratory
studies over the next year. The exact dates of the cruise are
uncertain at this time, we are tentively scheduled for early August.
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Mussel Growth Supported by Methane as Sole
J Carbon and Energy Source

S. CraiG Cary, CHARLES R. FISHER, AND HORST FELBECK
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Mussel Growth Supported by Methane as Sole

Carbon and Energy Source

S. Cra1G Cary, CHARLES R. FisHER, HORST FELBECK

Symbioses between chemoautotrophic bacteria and several specialized marine inverte-
brates are well documented. However, none of these symbioses have been demonstrat-
ed to provide sufficient energy and carbon to the host to enable it to grow. Growth
rates of seep mussels collected from hydrocarbon seeps off the coast of Louisiana were
measured in a controlled environment where methane was the sole carbon and energy
source. The growth rates increased to a maximum of 17.2 micrometers per day in
response to methane and approached zero in the absence of methane. These mussels
contain methanotrophic symbiotic bacteria in their gills, which suggests that these
bacteria provide their hosts with a net carbon flux originating from methane.

HE OCCURRENCE OF SYMBIOTIC
Tchcmoautotrophjc bacteria thac re-

side in highly specialized dssues of
certain marine invertebrates was first de-
scribed as occurring in hydrothermal vent
communities and since then in many other
diverse reducing marine environments (/).
These bacteria tvpically oxidize reduced sul-
fur compounds from their environment and
use the energy obrained to fix carbon diox-
ide from the swrrounding seawater (2, 3).
These chemicals can be formed ecither geo-
thermally from seawater sulfate, as at che
hydrothermal vents, or biologically through
sulfare-reducing bacteria in the sediments, as
in mudflacs or hypoxic deep-sea basins (4,
5). Another source of energy and carbon has
recendy been demonstrated for mussels as-
sociated with hydrocarbon seepage sites on
the Louisiana slope in the Gulf of Mexico
(5-7) at the base of the Florida Escarpment
(8) and for a small pogonophoran from the
Skagerrak (9). These animals contain meth-
anotrophic symbionts. The symbionts in the
gill cells of the myalids (6, 8) and the
trophosome cells of the pogonophorans (9)
contain stacked intemal membranes charac-
teristc of tvpe 1 methanotrophs. Further-
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more, enzymadc tests, stable isotope deter-
minations, net methane uptake studies, and
the incorporation of '“C-labeled methane
indicate that these symbioses are methano-
trophic (6-8). The methane necessary for
the support of this metabolism in the mus-
sels in situ originates eicher from hydrocar-
bon sources at the oil seeps or from biologi-
cal processes at the Florida Escarpment
communities (4, 3).

For both chemolithoautotrophic and
methanotrophic  associations, researchers
have proposed (2, 3, 6) that ar least part of
the nutritional requirements of the respec-
tive hosts is supplied by the bacteria. Some
host animals have endrely lost the ability o
take up and digest external food. The vesti-
mentiferan tube worms, the pogonopho-
rans, many oligochactes of the subfamily
Phallodrilinae, and several bivalves of the
Solemyidae have lost their digesdve systems
and must depend on an altermadve autri-
donal source—most likely the symbiotic
bacteria (10). Similarly, most other bivalves
known to contain chemoautotrophic symbi-
otic bacteria are characterized by a reduced
digestive system (10, 11). Other indirect
evidence for the importance of bacterial

carbon to the hosts includes studies in which
stable isotope rados (’C/**C) in symbiont-
containing animals were measured. Com-
parisons of paired ussues from individual
animals of a variety of symbiont-containing
species, including tne musse! species used in
our study, showed litde variation, indicating
the importance of symbiont carbon to the
host (5, 6, 12). This finding is especially
convincing in the case of animals conraining
methanotrophic symbionts because of the
negative '3C/'*C associated with methanc.
Transfer of symbiont carbon to the host can
be accomplished in several ways: through
digeston of the bacteria by host lysosomes
or through the translocadon of part of the
fixed carbon from the bacteria to the host.
The first szrategy has been proposed in the
symbioses of the hvdrothermal vent tube
worm Rifhia pachyprila by Bosch and Grasse
{13), who document an intracellular degra-
daton of symbiodc bacteria. Hand (I4) and
Giere and Langheld (15) observed similar
phenomena in the bacteriocytes of Rifiia
pachyprila and in the oligochacte Phallodrius
leukodermarus, respectively. The second
proposed strategy of nutrient wansfer is the
translocation of reduced organic marterial
from the bacteria to the host, as was shown
with radiolabeled bicarbonate in Solemva
reidi (16). However, it has not been demon-
szated that the hosts can grow when pro-
vided only with an inorganic chemical as a
bacterial energy source. We report here that
mussels harboring methanotrophic bactenia
as symbionts (17) grow when supplied onlv
with methane in the seawater.

Growth has been considered an excellent

S. C. Cary and H. Fefbeck, Scripps Insutugon of Oceanog-
raphy, Mannc Biology Rescarch Dwision. Unwersiny
of California San Dicgo, La Jolla, CA 92093.

C. R. Fisher, Manne Science Institute and Deparmment
of Biological Science, University of Califormia Santa
Barbara, Santa Barbara, CA 93106.
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Fig. 1. Growth rates of a
symbiont-containing  myu-
lid bivalve species from od
seeps off the coast of Lowisi-
ana at various concentra-
dons of methane and oxy-
gen. The vertical bars illus-
trate the mean growth rate
(n = 8) averaged over 2
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indicator of overall health and vicalicy of a
bivalve (18). Under stress, shell growth is
one of the first factors to change. To avoid
the typically long-term growth measure-
ments, that is, measurement of length,
width, weight, volume, or others in which it
usually takes months to demonstrate signifi-
cant changes, we chose a more sensitve
technique. By means of laser diffraction, we
determined the growth rate by measuring
the change of the width of a gap created by
the edge of the mussels and a fixed plastic
tab. The projected pattemn was sensed by a
photodiode array, the outpur of which was
fed into a computer for analysis. This rech-
nique has been used to measure short-term
changes in the growth rate of the shallow
water myvulid Myrslus edulis that occurred as
a resule of varying phytoplankron concentra-
tons (19). Width changes of the gap as
small as 3 pm can be observed. The growth
of the mussels was determined every 2 davs
until a plateau was reached (20). The ratio of
methane to air bubbled through the incuba-
uon warter was then altered (21).

The growth rates demonstrate a clear
dependence on the availability of methane in
the water (Fig. 1). After an initial period of
no growth when no methane was supplied,
the growth rates increased to a maximum of
17.2 pmvday in the presence of methane.
Without methane, growth stopped after a
short period and quickly increased again
when the methane supply was resumed. A
response could be measured in cach case
after an iniual lag of 2 davs. This response
time is comparable to that of M. edulis when
fed different concentrations of cultured phy-
toplankron. To ensure that the growth was
actually dependent on methane, the stepwise
changes were repeated in reverse order after
the period without methane and without
growth. The growth rates increased again
after methane was added ro the seawater to
approximarcly the same level as recorded
carlier in the presence of methane.

The mussel growth rates also show a
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correlaton to the methane and oxygen con-
centradons. The highest growth rates were
obtained at the lowest measured methane
concentracion (245 pmolliter) and a high
oxygen concentration (290 umolliter). The
lowest growth rates were observed ac the
highest methane (980 pmolliter) and low-
est oxygen concentragon (140 pmollicer).
Methanotrophic bacteria grown in culcure
normally show increased yields at higher
methane levels, limited only by verv low
oxygen concentrations (22). The different
response reported here for an intact symbi-
otic association could be due to several
factors. First, at high levels of methane the
oxygen concentrations could be limidng for
the host. Mussels in general are poor regula-
tors of oxygen consumption, and their mera-
bolic rates are dependent on the oxygen
concengadon. The lower growth rares
could be due to the lower metabolic rates of
the host. Second, the symbiotic bacteria in
the presence of methane could be limited by
the oxygen diffusing into the bacterioqites:
therefore, the bacteria respond to any
changes of the oxygen concentration with an
altered supply of organic carbon to the host.
Third, the reduced growth could be duc to
an unidendfied growth inhibitor in nacural
gas. However, the possibility that the trace
hvdrocarbon contaminants present in naru-
ral gas (21) would be deleterious to a mussel
collected from a site characterized bv crude
oil and natural gas seeping from the sedi-
ments (23) is unlikely.

Since we have observed particulates in the
guts of freshlv collected seep mussels, it
appears that additional assimiladon through
nomal feeding may be possible. At this
ume, it is uncertain to what extent this
feeding mode coneributes to the overall nu-
trtional requirements of the host. Methane
can supply only carbon and energy to the
bacteria; the essential elements phosphorus,
nirrogen, and sulfur must be derived from
another source. Since the natural growth
rate of the mussels is unknown, it cannot be

exctuded that the maximal growth rate re-
ported here is lower than the one found in
situ. When fed natural concentratons of
phytoplankton, M. edulis grew an order of
magnirude faster than reported here for the
scep mussels (19). Methane mav account for
only part of the growth of these animals, the
remainder being supported by particulate or
dissolved macerial. However, the experi-
ment described here shows that mussels,
known to contain methane-oxidizing bacte-
ria, can grow with methane as cheir sole
carbon and energy source.
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edge. A laser beam was projected chrough the gap to
create a characrensoc diffracoon partern. The dis-
ance berween the light maxima 1 ths diffracoon
pattem is directly proporuonal to the gap width. A
pancl with eight mussels was incubared 1n a 7-liter
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The incubadion chamber was held in 2 secondary
water bath to maintain constant temperature. The
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food source. Ditferent ratios of nacural gas and aur.
monitored by gas low meters, were bubbled conan-
uously through the water to keep methane concen-
trations at constant levels. The ramo was changed
stepwise from 10 0 50% methane. The rate of
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Fifth Deep-Sea Biology Symposium
Brest - June 26th/July 1st 1988

THAN PHI A HYDR RBON PN L

JAMES J CHILDRESS and CHARLES R. FISHER (Marine Science Institute,
University of California, Santa Barbara, CA 93106 USA)

A mussel found around hydrocarbon seeps on the continental slope off
Texas and Louisiana has been shown to have methanotrophic bacteria as
symbionts. These bacteria are located within vacuoles in cells at the
surface of the gill filaments. The gills in this mussel are greatly enlarged,
accounting for about 20% of the wet tissue weight of the animal. Both gill
pieces and intact mussels consume methane at high rates showing a
simultaneous increase in carbon dioxide production and oxygen
consumption. This indicates that methane is being oxidized in this
symbiosis. In the intact animals oxygen consumption can increase more
than 5-fold in the presence of methane, however the increase in oxygen
consumption is not sufficient to completely oxidize the methane to carbon
dioxide. Similarly the increase in carbon dioxide production in the
presence of methane is not sufficient to account for all of the methane
consumed, therefore an appreciable fraction of the methane carbon being
consumed is being incorporated. We have also shown a low rate of
consumption of nitrogen gas in the intact symbiosis in the presence of
methane suggesting that these symbionts may also fix nitrogen.

The symbiotic bacteria have the internal membrane structure typical
of Type 1 methanotrophic bacteria, which incorporate carbon as
formaldehyde into organic compounds. Gill pieces from the mussels can
oxidize Cl14 -methane to carbon dioxide with appreciable incorporation of
labelled carbon into organic compounds. The second enzyme in the
pathway for the oxidation of methane is found in the gills and its activity is
proportional to the methane consumption rate of gill pieces from the same
gills. A variety of additional data suggest that this symbiosis can live with
methane as the primary source of energy and carbon.

We believe that the high oxygen demand of methanotrophic symbioses
may well limit their occurrence in low oxygen habitats resulting in this
being a reatively rare type of symbiosis.




