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established role of this brain region in con
ditioning of autonomic processes during 
emotional learning situations8•9• 

Considered together with our previous 
study2, these findings support the view that 
the influence of emotional arousal on 
conscious, long-term memory in humans 
involves ~-adrenergic receptor activation 
and influences mediated by the amygdaloid 
complex. Furthermore these processes 
seem not to be required for normal 
retention in non-emotionally arousing 
circumstances. 
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A methanotrophic 
carnivorous sponge 
Sm - Associations between methano
trophic bacteria and several species of 
mytilids and a pogonophore have been 
described in deep-sea communities sur
rounding hydrothermal vents and cold 
seeps1. We report here a new symbiosis 
between a sP:onge and methanotrophic bac
teria. The o 3C values and distribution indi
cate that the sponge is nutritionally reliant 
on its methanotrophic symbionts. Ultra
structural evidence indicates intracellular 
digestion of the bacteria. Intracellular sym
bionts were found in brooded embryos, 
indicating direct transmission of the sym
bionts between generations. 

The sponge, Cladorhiza sp., belongs to a 
unique deep-sea family, Cladorhizidae 
(Demospongiae ), which are carnivorous, 
and lack an aquiferous system2• The 
specimens were collected from a mud 
volcano in the Barbados nench at a depth 
of 4,943 m. Large aggregations of hundreds 
of individuals (up to 1.5 min diameter and 
40 cm high) were found around the periph
ery of the volcano's eye, where the highest 
concentrations of methane were document-
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of ribulose 1,5-bisphosphate 
(RuBP) carboxylase were 
detected, which could be due 
to type x methanotrophs, low 
activity in chemoautotrophic 
symbionts, or surface bac
teria. Neither ATP sulphur
ylase nor adenosine -5' -phos
phosulphonate reductase 
activities were detectable. 

FIG. 1 Large bush of cladorhizid sponge observed with the 
submersible Nautile at 4,943 m in the mud volcano Atalante, 
in the Barbados Trench, during the MANON cruise. The bush
es were most abundant and larger around the volcano eye 
where large amounts of methane were detected. 

The very negative tissue 
o13C values (from -48.4 to 
-48.8%0 in three samples) 
are also consistent with the 
presence of methanotrophic 
symbionts. The relatively 
light tissue o 15N values 
( + 2.0 to 2.9%0) are within 
the range reported for other 
vent and seep fauna, and 
reflect significant input of 
organic nitrogen of local 
origin4• 

FIG. 2 Transmission electron micrographs of microsymbionts 
within the surface cells of the embryo. a, Two bacterial types 
(arrows). Scale bar, 2. 7 µm. b, Magnification of a met han
otrophic symbiont with stacked famellae. Unlike bacteria 
inside somatic cells, there is no evidence of symbiont 
degradation in the embryo cells. Scale bar, 0 .3 µm. 

These observations indi
cate that the symbionts are 
methanotrophic and suggest 
that the sponge derives some 
of its nutrition from the 
intracellular digestion of the 
symbionts. A similar mech
anism has been suggested for 
a variety of other chemo
autotrophic and methan
otrophic symbioses\ as well 
as for littoral 'bacterio
sponges' with heterotrophic 
symbionts5 • 

ed3 (Fig. 1). Before this discovery, 
cladorhizids were known to occur only in 
low densities as discrete individuals. 

Two ultrastructural types of symbiotic 
bacteria were observed in the sponge tissue 
(Fig. 2). (1) Coccoid cells with stacked 
intracytoplasmic membranes and electron
lucent droplets. This morphology is typical 
of some methanotrophic bacteria, including 
methanotrophic symbionts described in 
other invertebrates. (2) Smaller, oval-to
rod-shaped cells. Both symbionts occurred 
intercellularly, apparently healthy, with fre
quent division stages, and intracellularly in 
phagocytic cells in various stages of degra
dation, suggesting a nutritional relationship 
between host and symbionts. 

Many symbionts were also observed 
within flattened cells at the surface of 
embryos. In this location, no degenerating 
symbionts were apparent. This suggests a 
mechanism for direct transmission of the 
symbionts between generations and is remi
niscent of littoral 'bacteriosponges', where 
bacteria are transmitted between genera
tions in oocytes. 

Sponge tissues were tested for the 
presence of key enzymes of methyl
otrophic and chemoautotrophic sulphur
oxidizing bacteria. Significant methanol 
dehydrogenase activity was found, 
indicating the presence of abundant 
methanotrophic symbionts. Low activities 

The sponge morphology, erect with 
branching processes bearing a cover of 
hook-like spicules, suggests they may also 
feed on swimming prey, as do other 
cladorhizids2• This was supported by the 
presence of debris from small crustaceans 
on the sponges. The relative importance of 
carnivory and methanotrophy in sponge 
nutrition cannot be evaluated, but it is 
unlikely that such aggregations of carniv
orous sponges could survive in the deep sea 
without a nutritional symbiosis. 

Carnivory has allowed cladorhizid 
sponges to colonize the deepest oceans, 
although they are normally small and rare. 
The association with methanotrophic 
bacteria, with their unusual feeding strat
egy, allows a large biomass, and illustrates 
the extreme adaptability of Porifera. 
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