
mer and of epithelium in the latter. There 
is a thin epithelial covering over the 
bacteria which comprise the mass of the 
trophosome and over the gonads and 
gonoducts as well; there is no covering 
layer over the peripheral feather mus- 
cles. The paired cavities of each opistho- 
soma1 segment are separated by septa, 
which bear muscle fibers on both the 
anterior and posterior faces, as well as 
long glandular structures situated in 
blood vessels or sinuses on the anterior 
septa1 face; the internal layer of the body 
wall of each segment is made up of 
bundles of normal longitudinal muscles 
in a connective tissue matrix; within 
each segment, between septa, there are 
thin circular bands of muscles which 
form partial, incomplete septa. In addi- 
tion, there are transverse segmental 
blood vessels running just internal to the 
body wall. All of these morphological 
features appear to lack a covering of 
epithelial cells. 

Considering the most widely accepted 
definition of a coelom as provided by 
Hyman (77, only the perivascular cavity 
of the obturacular vessels would appear 
to qualify as a coelomic cavity; the status 
of the other cavities is equivocal because 
they lack to a greater or lesser extent a 
complete peritoneal lining. Fransen (8) 
has found a similar perplexing series of 
linings in her examination of the coelom- 
ic cavities of a number of species of 
polychaetes and archiannelids. Previous- 
ly Southward commented, in passing, on 
the equivocal nature of the coelomic 
lining of pogonophorans (9). In light of 
the present findings, use of the term 
"coelom" by previous workers in refer- 
ence to the differing cavities of pogo- 
nophorans (in the strict sense) and vesti- 
mentiferans (lo), as well as for other 
taxonomic groups, now requires a reex- 
amination. 

In the case of a marine animal as 
massive as Riftia (the largest specimen is 
1.5 m long, with an average diameter of 
about 35 to 40 mm) the problem of nutri- 
tion is of more than passing interest 
because the worms lack a mouth and gut. 
The most obvious method of food uptake 
would appear to involve a direct path- 
way across the body wall, and the obtu- 
racular plume, in life extending from the 
opening of a thick-walled tube, would 
seem to be the obvious site for such food 
transport. With the large numbers of 
tentacles, each with more than 200 pairs 
of intraepidermal vascular loops and the 
large additional surface of up to 200 pairs 
of vascularized pinnules on each tenta- 
cle, the plume is an exceptional organ for 
the uptake of organic molecules (11). 
The trophosomal bacteria may also play 

a role in the nutrition of Rifria. The 
similarity of ratios of I3C to 12C in the 
trophosome (bacteria) and in the vesti- 
mental musculature found by Rau (6) 
suggests that Riftia may utilize the bacte- 
ria or their metabolites (or both) as a 
source of organic carbon. 
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Chemoautotrophic Potential of the Hydrothermal Vent 
Tube Worm, Riftia pachyptila Jones (Vestimentifera) 

Abstract. Trophosome tissue of the hydrothermal vent tube worm, Riftia pachyp- 
tila (Vestimentifera), contains high activities of several enzymes associated with 
chemoautotrophic existence. Enzymes catalyzing synthesis of adenosine triphos- 
phate using energy contained in sulfur compounds such as hydrogen sulfide, and two 
diagnostic enzymes of the Calvin-Benson cycle of carbon dioxidej?xation, ribulose- 
bisphosphnte carboxylase and ribulose 5-phosphate kinase, are present at high 
levels in trophosome, but are absent in muscle. These data are consistent with an 
autotrophic mode of nutrition for this worm, which lives in hydrogen sulfide-rich 
waters and lacks a mouth and digestive system. 

The sparse food supply of the deep sea 
has been thought to preclude a high 
biomass in this environment (I). Bio- 
mass decreases rapidly with increasing 
distance from the surface zone of pri- 
mary productivity, and the metabolic 
rates of deep-living organisms are often 
vastly lower than those of shallow-living 
species (1, 2). The discovery of dense 
animal communities at hydrothermal 
vents near the Galapagos Islands (3, 4) 
and off the coast of Mexico (5)  at depths 
of approximately 2500 m has led to a 
major reevaluation of our concepts of 
trophic interactions and biomass densi- 
ties in the deep sea. The ultimate source 
of nutrition for the vent community ani- 
mals, which include clams, mussels, 
crabs, anemones, fishes, and, particular- 
ly, large tube worms of the class Vesti- 
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mentifera, is still in question (3-5). Ac- 
cording to the main theory (6) the vent 
communities have chemosynthetic bac- 
teria as the ultimate food source; food 
reaching these deep vent communities 
from surface productivity is quantitative- 
ly unimportant. Thus, the vent commu- 
nities would differ from all known food 
chains in not depending on photosyn- 
thetic carbon fixation. The energy and 
reducing power needed by the vent bac- 
teria for carbon fixation are thought to be 
generated by the oxidation of sulfur com- 
pounds, especially hydrogen sulfide 
(H2S), which is dissolved in high concen- 
trations (millimolar) in the hot effluent 
waters of the vents (4, 7). 

Whereas a food chain based on che- 
moautotrophic bacteria appears proba- 
ble in the case of filter-feeding animals 

SCIENCE, VOL. 213, 17 JULY 1981 



like clams and mussels, it is less appar- 
ent that the large vestimentiferan worms 
[Riftia pachyptila (8)] can be nourished 
adequately by this method. Like their 
close relatives the Pogonophora, the ves- 
timentiferans lack a mouth, gut, and 
anus (9). Although the Pogonophora 
have been known for 66 years (lo), it is 
not yet clear how they take up nourish- 
ment from seawater. The most recent 
theory is that the Pogonophora live 
largely, if not entirely, on dissolved or- 
ganic matter (such as amino acids and 
carboxylic acids) (11). However, studies 
with radioactively labeled organic mole- 
cules have shown that uptake rates are 
inadequate to account for the metabolic 
rates of the Pogonophora (11). This dis- 
parity between the amounts of dissolved 
organic matter accumulation and the 
metabolic rates may be even greater in 
the larger vestimentiferan worms be- 
cause the ratio of surface to body mass is 
vastly smaller than in the case of the 
pogonophorans studied, which measure 
only millimeters to centimeters in length 
compared to as much as 3 m for R. 
pachyptila (8). 

Because of the high concentrations of 
reduced sulfur compounds (like H2S) in 
the mixing zone of vent and ambient 
seawater, the biotope of the vestimenti- 
ferans, it appeared reasonable to ask 
whether these worms were able to use 
reduced sulfur compounds in ways simi- 
lar to those of the chemoautotrophic 
bacteria in vent waters. Our interest was 
aroused especially by the observation 
(12) that the trophosome tissue of the 
worms, a tissue filling the greater share 
of the coelom (8), frequently was spotted 
with small particles of pure elemental 
sulfur. To find out whether the tropho- 
some tissue of the vestimentiferans had 
enzyme systems capable of producing 
biologically useful energy as adenosine 
triphosphate (ATP) from sulfur com- 
pounds, several enzymes active in sulfur 
metabolism were assayed (Table 1). 
Tests were positive for rhodanese, APS- 
reductase, and ATP-sulfurylase (13). No 
activity was found for adenosine diphos- 
phate-sulfurylase, but this negative re- 
sult may be due to enzyme denaturation 
in the frozen tissue available to us. Tis- 
sues used were from two worms collect- 
ed at the Galapagos vents and frozen 
immediately after capture (14). Extracts 
(15) prepared from trophosome and ves- 
timental (8) muscle were used in stan- 
dard tests for these enzymes (13). These 
extracts were used to demonstrate H2S- 
stimulated oxygen consumption with the 
trophosome material, in an oxygen elec- 
trode system (16). This activity was heat- 
labile, indicating its enzymatic basis, but 

Table 1. Activities of some enzymes involved 
in sulfur metabolism and carbon dioxide fixa- 
tion via the Calvin-Benson cycle, measured in 
tissues of the hydrothermal vent tube worm 
Riftia pachyptila. Experimental techniques 
are described in (13, 15). Activities are in 
international units (micromoles of substrate 
converted to product per minute) per gram 
(wet weight) of tissue. 

Activities 

Enzyme Trophosome Mus- 
Worm Worm cle 

1 2 
- 

Rhodanese 4.0 7.6 0 
APS-reductase 15.0 23.3 0 
ATP-sulfurylase 17.0 74.0 0 
RuBP carboxylase* 0.15 0.22 0 
RuSP kinasei 4.3 19.0 0 

*Ribulose-1,5-bisphosphate carboxylase. tRibu- 
lose 5-phosphate kinase. 

could not be quantified because of a lack 
of proportionality between added tro- 
phosome extract and the amount of H2S- 
stimulated oxygen uptake. 

In addition to these enzymes of sulfur 
metabolism, two diagnostic enzymes of 
the Calvin-Benson cycle, ribulose-1,s- 
bisphosphate carboxylase (E.C. 4.11.39) 
and ribulose 5-phosphate kinase (E.C. 
2.7.1.19) were found in high activities- 
comparable to those in fresh spinach 
leaves (17)-in the trophosome (Table 
1). Each of these two enzymes was dem- 
onstrated by means of two different ana- 
lytical techniques (18). The Calvin-Ben- 
son cycle enzymes were not present in 
muscle. 

The combination of all these enzymes 
in trophosome tissue leads to the conclu- 
sion that R. pachyptila is able to oxidize 
sulfide and make use of the ATP and 
reducing power generated by sulfur oxi- 
dation to reduce and fix C02. 

Although ATP-sulfurylase especially 
is involved in sulfate reduction, this en- 
zyme also works in the opposite direc- 
tion generating ATP from APS and pyro- 
phosphate (19). The high activities of 
these enzymes favor their participation 
in energy metabolism rather than in de- 
toxification reactions (20, 21). Generat- 
ing energy by reducing sulfate is highly 
improbable as anaerobic conditions are 
needed for those reactions (22), and it 
has been shown that the worms use 
molecular oxygen at high rates (23) and 
the worms live in an aerobic environ- 
ment (3-5). 

The high activities of sulfur metabo- 
lism and Calvin-Benson cycle enzymes 
in trophosome tissue, coupled with the 
observations (11) that closely related po- 
gonophoran worms are unable to obtain 
adequate nutrition from the uptake of 
dissolved organic material, leads us to 

ask whether the vestimentiferan worms 
and, by extension, pogonophorans in 
general, which may inhabit sulfide-rich 
muds (24), can appropriately be consid- 
ered as "autotro~hic animals." Ana- 
lyzed materials from the same specimens 
of R. pachyptila used for the enzyme 
studies (25) support the concept that this 
species is largely, if not fully, autotro- 
phic. These data indicate that different 
mechanisms of COz fixation at the base 
of the food chain (or chains) of the vent 
exist (25). That is, bacterially derived 
carbon, as found in the filter-feeding 
animals, is fixed by a different biochemi- 
cal process from that involved in primary 
C02  fixation by the vestimentiferans. 
The observed I3C depletion value of both 
vestimental muscle and trophosome tis- 
sue is only - 10.8 per mil, however. This 
difference in I3C depletion between the 
vestimentiferan worms and other vent 
community animals studied, and the 
identity of the 1 3 ~ / ' 2 ~  ratio in tropho- 
some and muscle tissues, suggests that 
the worms are fixing adequate amounts 
of COz in their trophosome-based 
chemoautotrophic processes to nourish 
the rest of the worm. 

The I3C depletion characteristic of the 
tissues of R. pachyptila is known only in 
C4 plants, which fix C 0 2  primarily into 
phosphoenolpyruvate (PEP) with the en- 
zyme PEP carboxylase. Activity of PEP 
carboxylase could not be detected in 
trophosome or muscle, a negative result 
possibly due to enzyme denaturation 
during freezing-thawing of the tissues. 
However, a suggestion that the C4 plant 
type of C02  fixation mechanism may be 
involved in R .  pachyprila metabolism is 
the observation that, of all enzymes of 
intermediary metabolism tested so far in 
this species, malate dehydrogenase has 
the highest activities (26). Such activity 
would facilitate rapid interconversion of 
oxaloacetate and malate, an important 
step in the C4 plant type of carbon fixa- 
tion process. 

In view of the fact that the sulfur 
metabolism and carbon fixation reac- 
tions discovered in the trophosome tis- 
sue of R ,  pachyptila either are not found 
in animal cells (the Calvin-Benson cycle 
reactions), or are present only at ex- 
tremely low levels for detoxification pur- 
poses (certain of the sulfur metabolism 
enzymes), it is appropriate to inquire 
whether these enzymes are actually pres- 
ent in the animal's cells; that is, whether 
they are coded by R. pachyptila DNA, 
or contained within symbiotic bacteria 
located in the trophosome. Descriptions 
based on light microscopy of the struc- 
ture of trophosome cells of the vestimen- 
tiferan Lamellibrachia barhami (8, 22) 
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refer to granules within the trophosome 
cells having the dimensions of bacteria. 

From the standpoint of the trophic 
structure of the vent community, the 
precise localization of the sulfur metabo- 
lism and Calvin-Benson cycle enzymes 
within the trophosome is of less impor- 
tance than the fact that R.  pachyptila 
may represent the first example of an 
autotrophic animal situated at the base of 
a food chain. 
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Hydrothermal Vent Clam and Tube Worm 13c/12c: 
Further Evidence of Nonphotosynthetic Food Sources 

Abstract. The stable carbon isotope ratios in clam mantle tissues taken f iom both 
Galapagos and21°N hydrothermal vent sites were similar to the unusually low ratios 
of carbon-13 to carbon-12 previously reported for a Galhpagos hydrothermal vent 
mussel. In marked contrast to these bivalves, vestimentijeran worm tisszles from a 
Galapagos vent had isotope ratios that were higher than those of open ocean biota. 
These observations suggest that more than one nonpelagic and nonphotosynthetic 
carbon fixation pathway is of nutritional importance to vent animals, and that 
at least one of these pathways is common to two geographically separated vent 
sites. 

After dense animal communities were 
discovered near Pacific Ocean hydro- 
thermal vents ( I ) ,  on-site microbial che- 
mosynthesis was implicated as the pri- 
mary source of reduced carbon for these 
organisms. The locally large standing 
crop and apparent rapid growth (2) of 
some of these animals require a food 
base that is much more abundant than is 
normally available to deep-sea benthos. 
These circumstances, however, do not 
preclude the possibility that the relative- 
ly sparse food resource sedimenting 
from the ocean's euphotic zone is being 
physically concentrated or entrained by 
advective currents near the vents (3). 
Still, high rates of microbial carbon fixa- 
tion can occur in vent waters (4), and this 
chemosynthetic primary production 
could conceivably be an important 
source of energy and biomass for higher 
trophic levels. Support for the concept 
that vent animals do not rely on import- 
ed, photosynthetically derived food 
sources was found in the striking dissimi- 
larity between the '3C/'2C of a vent myti- 
lid mussel and the 1 3 ~ / ' 2 C  of nonvent 
marine organisms (.5). Further isotopic 
evidence for vent food web autochthony 
is presented in this report. 

Portions of mantle tissue from whole, 
frozen vesicomyid clams, Calyptogena 

magniJica Boss and Turner, collected by 
the Alvin submarine from the Rose Gar- 
den site (Galfipagos Rift) and from the 
21°N site (East Pacific Rise), were ob- 
tained from Dr. George Somero, Scripps 
Institution of Oceanography. Also re- 
moved were samples of frozen vestimen- 
tum and trophosome of a vestimentiferan 
worm, Riftia pachyptila Jones, originally 
collected from Rose Garden. All of the 
above samples were dried for several 
days at 60°C and then ground or pulver- 
ized. A 50-mg portion of the dried, 
ground vestimentum was submerged in 8 
percent HCl and the solution was then 
gently heated to dryness. Subsamples (5  
to 10 mg) of all of the above tissues were 
then combusted and the resultant C 0 2  
was purified, collected, and isotopically 
analyzed by previously described meth- 
ods (6). The '3C112C of each sample is 
reported as 8I3C, the relative per mil 
difference between the '3CI'2C of the 
sample and the,13C/12C of the PDB car- 
bonate standard (7). 

The 8I3C of clam mantle tissues from 
both Galapagos and 21°N vents are quite 
similar to the previously reported 8I3C of 
a Galapagos vent mussel (Table I). This 
earlier study (5)  pointed out that such 
8I3C values are lower than those of ani- 
mals sampled from other marine envi- 
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