
References and Notes 

R. D. Ballard, Oceanus 20, 35 (1977); Galapagos 
Expedition Participants, ibid. 22, 2 (1979); RISE 
Project Group: F. N. Spiess et a/., Science 207, 
1421 (1980). 
J. B. Corliss et a/., ibid. 203, 1073 (1979). 
P. Lonsdale, Deep-sea Res. 24, 857 (1977); H. 
W. Jannasch and C.  0. Wirsen, BioScience 29 
592 (1979); D. M. Karl, C. 0. Wirsen, H. W: 
Jannasch, Science 207, 1345 (1980). 
M. L,  Jones, Proc. Biol. Soc. Washington 93. 
1295 (1980); Science 213, 333 (1981). 
Preserved specimens upon which these observa- 
tions were made are deposited in the collection 
of the Division of Worms, Department of Inver- 
tebrate Zoology, National Museum of Natural 
History (USNM). 
C. Little and B. L. Gupta, Nature (London) 218, 
873 (1968); J .  Exp. Biol. 51, 759 (1969); A. J .  
Southward and E. C.  Southward, Nature (Lon- 
don) 218, 875 (1968); Sarsia 45, 69 (1970); ibid. 
50. 29 (1972) 
A. J. ~ou&ward  et a/ . ,  J. Mar. Biol. Assoc. 
U.K. 59, 133 (1979). 
J .  van der Land and A. N@rrevang, Z .  Zool. 
Syst. Evolutionsforsch., Sonderheft 1.86 (1975). 
-_-, Biol. Skr. Dan. Vid. Selsk. 21, (No. 3), 1 
(1977). 
The identity of sulfur crystals was confirmed by 
an ARL-SEMQ electron microprobe and by x- 
ray diffraction utilizing CuK x-radiation (nickel- 
filtered) with a Gandolfi 114.6-mm camera and a 
polycrystalline sample. 
Tissues were fixed in 10 percent Formalin, em- 
bedded in paraffin, sectioned (5 pm), and 
stained in Masson's trichrome stain. 
K. G. Porter and Y. S. Feig, Limnol. Oceanogr. 
25, 943 (1980); D. M. Williamson and D. J. 
Fennel], Methods Cell Biol. 12, 335 (1975); T. 
W. James and C. Jape, J .  Cell Biol. 79, 623 
(1978). 
This direct count may be low as breakage of the 
cells may have occurred during homogenization 
11 1). 
D.S.R.V. Alvin dive 990, 7 December 1977. 
Tissue was postfixed in 1 percent osmium te- 
troxide for 1 %  hours, dehydrated in an ethanol 

series, and embedded in Epon-Araldite. Thin 
sections were stained with uranyl acetate and 
lead citrate and examined in a Zeiss EM9S-2 
transmission electron microscope. 

16. S. W. Watson, T. J .  Novitsky, H. L.  Quinby, F. 
W. Valois, Appl. Environ. Microbiol. 33, 940 
(1977) , - , . . , . 

17. H. Felbeck. Science 213. 336 (1981). 
18. G. H. Rau, ibid., p. 338.' 
19. A. J. Arp and J. J. Childress, ibid., p. 342. 
20. E. N. Powell, M. A. Crenshaw, R. M. Rieger, J. 

Exp. Mar. Biol. Ecol. 37, 57 (1979). 
21. A. V. Ivanov, Pogonophora, D. B. Carlisle, 

Transl, and Ed. (Consultants Bureau. New 
York, 1963). 

22. C. M. Cavanaugh, unpublished data; H. Fel- 
beck, unaublished enzyme data for Calvato- -. 
gena. 

23. E. S. Morse, Biol. Bull. 25, 261 (1913); C. E. 
Jenner, Assoc. Southeast. Biol. Bull. 24, 61 
(1977). 

24. K. J. Boss and R. D. Turner, Malacologia 20, 
161 (1980). 

25. R. G. B. Reid and F. R. Bernard, Science 208, 
609 (1980); R. G. B. Reid, Can. J .  Zool. 58, 386 
(1980). 

26. C. Jouin, Can. J. Zool. 57, 2448 (1979). 
27. W. D. Hope and D. G. Murphy, Proc. Biol. Soc. 

Washington 82, 81 (1969). 
28. C. 0. Wirsen and H .  W. Jannasch, J. Bacteriol. 

136, 765 (1978). 
29. We thank J. Corliss and F. Grassle for speci- 

mens, and G. Somero for frozen trophosome 
tissue; L.  Cullen, P. Dunn, S. Houghton, E.  
Jarasewich, and F. Valois for skilled technical 
assistance; J. Hobbie and R. Mitchell for space 
in their laboratories and use of their epi-fluores- 
cence microscopes; and R. Turner, P. Boyle, J. 
Helfrich, J. Kuenen, P. Gschwend, R. Alberte, 
and B. Kennedy for helpful advice and discus- 
sion. Supported in part by NSF grants GB- 
4221 1, OCE78-10457, and 0CE78-25647 and the 
Smithsonian Institution (Research Fund of the 
Secretary and the Office of Fellowships and 
Grants). This article is contribution No. 20 of 
the Galapagos Rift Biology Expedition. 

20 October 1980; revised 19 February 1981 

Blood Function in the Hydrothermal Vent 
Vestimentiferan Tube Worm 

Abstract. Extracellular hemoglobin in the whole blood of Riftia pachyptila has a 
high oxygen afJinity (PSo = 1.8 millimeters of mercury at 3OC), a moderate decrease 
in oxygen afinity at higher temperatures (PSo = 2.7 millimeters of mercury at 14'C), 
a small effect of carbon dioxide on oxygen afinity ( A  log PSOIA pH = - 0.121, and a 
high oxygen canying capacity (up to I1 milliliters of oxygen per 100 milliliters of 
blood). These characteristics are compatible with the high oxygen demand of 
chemoautotrophic metabolism in the variable vent environment. 

Giant vestimentiferan worms (up to 3 
m in length) are found at a depth of 2500 
m around the deep-sea hydrothermal 
vents (1). These sessile animals, Riftia 
pachyptila, live where the vent water (up 
to 22"C, 350 +M H2S, anoxic) is actively 
mixing with the surrounding water (2"C, 
no H2S, 110 +M 02) and they are there- 
fore exposed to conditions continually 
changing between these extremes (1-3). 
It has been postulated that these worms, 
or their symbionts, oxidize H2S in the 
presence of oxygen for their metabolic 
energy source (4). 

The vent worm has no mouth or gut 
but does have a ventral heart and a well- 
developed circulatory system that sup- 
ply blood to the trophosome, the pro- 
posed site of autotrophic metabolism (2, 
4). The red color of the animal is due to 

an extracellular hemoglobin, which oc- 
curs in both the vascular blood and the 
coelomic fluid, and is similar in structure 
to that of annelid worms (5). We exam- 
ined the oxygenation characteristics of 
the whole blood of R.  pachyptila to gain 
a better understanding of respiratory 
function of animals in this unusual habi- 
tat. We present data showing that the 
concentrated extracellular hemoglobin 
is suited to the needs of an auto- 
trophic organism in this variable envi- 
ronment. 

Vestimentiferan worms were collected 
by the submersible Alvin during Novem- 
ber and December of 1979 at the Galapa- 
gos Rift valley sites Garden of Eden and 
Rose Garden (1, 6 ) .  As soon as the 
specimens were brought to the surface, 
blood was sampled and introduced into a 
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chamber that was regulated to the same 
temperature and C02  concentration as 
the subsample whose oxygen binding 
characteristics were being studied. 
Changes in pH were monitored by the 
use of an E and K combination pH 
electrode calibrated with pH 4 and pH 7 
buffers at each experimental tempera- 
ture. The effect of 0 percent (air), 0.4 
percent, and 2 percent C 0 2  on the pH of 
the oxygen saturated blood was deter- 
mined, and the pH of each curve gener- 
ated was taken from these measure- 
ments. Oxygen equilibrium curves of a 
small subsample of whole blood (2 to 4 
p.1) were measured with a modified Hem- 
0-Scan (from 3" to 3OoC) (7). The effect 
of various concentrations of C 0 2  were 
examined at each temperature by gener- 
ating oxygen equilibrium curves in the 
presence of 0 percent (air), 0.4 percent 
and 2 percent C02.  Most data were col- 
lected at sea from fresh blood samples 
(the exceptions being some studies on 
dilution and Bohr effects) which showed 
no sign of denaturation or change in 
oxygen binding characteristics with time 
(up to 14 hours). All data reported are 
from vascular blood, except when coe- 
lomic fluid data are included for compar- 
ison. 

The whole blood of R. pachyptila 
shows a small Bohr effect (a shift of the 
oxygen equilibrium curve to the right) 
with increased C02  concentrations and 
decreased pH (A log P5dA pH = -0.12 
* 0.09; 95 percent confidence interval, 
n = 21) (PSo is the oxygen partial pres- 
sure at which the hemoglobin is half sat- 
urated with oxygen). Oxygen equilibri- 
um curves were generated without C02  
gas and with 2 percent C02  gas repeated- 
ly at 8°C; pH values were determined 
from subsamples of whole blood equili- 
brated with these same gas mixtures. In 
general, for annelids containing extracel- 
Mar hemoglobins, worms that inhabit 
permanent, well-ventilated burrows or 
tubes tend to have large Bohr effects (for 
Diopatia, -0.86); but transient burrow 
dwellers tend to have small Bohr effects 
and sometimes reverse Bohr effects 
(Marphysa, -0.25; Nephtys, +0.09) (8). 
Riftia pachyptila, although inhabiting a 
permanent tube, is unusual in that the 
whole blood has a small Bohr effect. This 
unusual characteristic may be important 
for an autotroph that transports C02  
simultaneously with oxygen to the tis- 
sues. 

The vascular blood and the coelomic 
fluid both showed a high affinity for 
oxygen. The PSo values for vascular 
blood increased with temperature and 
ranged from 1.2 mmHg at 3OC to 7.2 
mmHg at 25°C (Fig. I), while coelomic 

SCIENCE, VOL. 213, 17 JULY 1981 



fluid ranged from 0.7 mmHg at 3°C to 3 
mmHg at 25°C. 

Temperature has only a moderate ef- 
fect on the oxygen affinity of R. pachyp- 
tila hemoglobin, as mean PSo values 
showed only small changes from 3" to 
14°C (Fig. 1; the enthalpy of oxygen- 
ation, AH, was -9.2 kcal/mole for Rose 
Garden animals, 3" to 14°C; and -7.7 
kcalimole for Garden of Eden animals, 3" 
to 14°C). This reduced response of he- 
moglobin to temperature has been re- 
ported in other worms containing hemo- 
globin in solution, notably Arenicola 
(AH = -5.3 kcal/mole) (8) .  Oxygen 
equilibrium curves at 25" and 30°C 
showed a difference in response of the 
whole blood from animals from the two 
different vent areas to temperature. 
These data are reported but are difficult 
to interpret, since they are limited in 
quantity (Fig. 1). 

Oxygen binding by the vascular blood 
showed a high degree of cooperativity, 
indicating considerable heme-heme in- 
teraction that would facilitate the un- 
loading of oxygen from the hemoglobin 
molecule at low partial pressures of oxy- 
gen (mean Hill cooperativity coefficient, 
n,  was 2.8 rt 0.2; 95 percent C.I., 
n = 11) (9). Reversible oxygen binding 
may also be augmented in this animal by 
the varied temperature environment in 
which it lives. At Rose Garden the 
water at the base of the worms may be 
as warm as 22°C which would produce a 
lower affinity of hemoglobin for oxygen 
in the posterior portion of the worm 
(the location of the trophosome organ), 
whereas water at the plume may be less 
than 10°C, allowing increased oxy- 

0 2  5 10 15 20 26 30 
Temperature ("1 

Fig. 1 .  Oxygen affinity of whole, vascular 
blood as a function of temperature; data 
points are means rt standard deviation: (0) 
Rose Garden and (0) Garden of Eden; num- 
bers in parentheses are numbers of animals 
tested; pH values of oxygen saturated 
blood samples are included over or under the 
data points. Oxygen equilibrium curves were 
generated in the absence of COz. 
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gen affinity where oxygen is loaded (3). 
Absorption spectra of dilute fresh 

blood from one Rose Garden specimen 
and three Garden of Eden specimens 
showed an absorbance pattern typical of 
hemoglobin, with a and p peaks at wave- 
lengths similar to those of annelid worms 
[at pH 7.8, A (Soret) = 415 nm; Ap = 
540 nm; Aa = 576 nm]. There was no 
indication of methemoglobin, as the a 
bands were consistently greater or equal 
to the p bands, and there was no peak 
near 635 nm. The spectra of the fresh 
blood also showed no presence of sulf- 
hemoglobin, as there was no absorbance 
peak around 620 nm. 

In a report on the oxygen binding 
characteristics of the respiratory pig- 
ment of an animal related to the vent 
vestimentiferan worm (lo), the oxygen 
equilibrium curve for the hemoglobin of 
Siboglinum ekmani, a deep-sea pogo- 
nophoran, was generated spectrophoto- 
metrically with the use of a highly dilute 
hemoglobin solution (approximately 
1 X 104M heme in 0.1M phosphate 
buffer, pH = 6.5) showing a PfO value of 
0.085 mmHg at 20°C (10). To compare 
the oxygen affinity of these two pogo- 
nophorans' blood and to check the accu- 
racy of the Hem-0-Scan at low partial 
pressures of oxygen, oxygen equilibrium 
curves of dilute blood were produced 
with the Hem-0-Scan at 25°C and com- 
pared to oxygen equilibrium curves from 
tonometer spectrophotometric studies of 
dilute blood. Agreement was good and 
showed a substantial increase in oxygen 
affinity upon dilution, probably indicat- 
ing that the hemoglobin molecule is 
breaking up into subunits, as further 
supported by the decrease in coopera- 
tivity with dilution (Table 1). 

The stability of fresh blood over time 
suggests that the subunit dissociation is a 
product of dilution and that the fragility 
of this hemoglobin molecule reported by 
others occurs only in dilute solutions (5, 
11). The high affinity of dilute vestimen- 
tiferan hemoglobin may explain the diffi- 
culty in deoxygenating dilute solutions 
as reported by Terwilliger et al.  and 
suggests that the moderately high affinity 
of the whole blood measured with the 
Hem-0-Scan is more representative of 
actual hemoglobin function in the animal 
than would be higher affinities generated 
with the dilute solutions necessary for 
traditional spectrophotometric methods 
(5). This large dilution effect indicates 
that the high affinity reported for S .  
ekmani hemoglobin may be due to the 
dilute samples used. 

The oxygen carrying capacity of the 
whole blood was determined by a modi- 
fied Scholander technique, and five de- 

terminations were made for each speci- 
men, except in two cases when the size 
of the sample was too small (12). The 
oxygen carrying capacity of R ,  pachyp- 
tila is high for an invertebrate and re- 
flects the presence of a concentrated 
respiratory protein. Similarly high oxy- 
gen carrying capacities have been report- 
ed in worms containing hemoglobin in 
solution (up to 11 ml of 0 2  per 100 ml of 
blood for Arenicola and up to 23 ml of O2 
per 100 ml of blood for Terebella) (13). 
The vascular blood of R ,  pachyptila has 
a higher oxygen carrying capacity than 
coelomic fluid, reflecting a higher hemo- 
globin concentration. Oxygen carrying 
capacity was 8.4 rt 1.8 ml of O2 per 100 
ml of blood (mean k standard deviation, 
n = 5) for the vascular blood, and 
5.6 k 1.4 ml of O2 per 100 ml of blood 
(mean k standard deviation, n = 4) for 
the coelomic fluid (.02 < t < .04) (14). 

This high oxygen carrying capacity 
might allow this animal to rely on stored 
oxygen reserves during periods of low 
oxygen. Approximate calculations based 
on preliminary respiratory rate for R. 
pachyptila indicate the total oxygen 
stored in an animal that was 80 percent 
coelomic fluid would only be enough to 

Table 1. Oxygen affinity and cooperativity of 
vascular blood and coelomic fluid of one 
specimen of Rifria pachyptila at varying dilu- 
tions. Oxygen dissociation curves were con- 
structed from previously frozen blood sam- 
ples (25"C, Pco, = 0 mmHg). Dilutions were 
made with 0.1M phosphate buffer, pH = 6.4. 
All data were collected with the Hem-0-Scan 
except as indicated. 

Hemoglobin 
as heme (M) mmHg n* 

Undiluted? 
8.7 x 
4.4 x 10-4 

1.7 x 
8.7 x 
4.4 x 1 0 - ~  
2.2 x lo-' 
2.2 x 

Vascular blood 
4.5 
4.5 
3.5 
2.2 
2.4 
1.6 
1 .o 
0.8 

Coelomic Jluid 
4.5 
3.5 

*Hill cooperativity coefficient. +Undiluted vas- 
cular blood had a concentration of 4 . 4 ~  
10-3M heme. $This value was calculated from a 
curve produced by spectrophotometric methods, 
tracing the spectrum from 650 to 380 nm. 6Undi- 
luted coelomic fluid had a concentration of 2.3 x 

heme. [Comparable data collected and con- 
tributed by J. B. Wittenberg showed that a dilution 
of 2 x 10-5M heme had a P5, value of 0.7 mmHg, 
n = 2.5, and a dilution of 1.3 x 10m5M heme had a 
P5, value of 0.7 mmHg, n = 2.8 (at 24"C, PCO, = 0 
mmHg). Dilutions were made in O.05M potassium 
phosphate buffer with I mM EDTA, p H  = 7.5.1 
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last 20 minutes (15, 16). Clearly this 
animal cannot be utilizing its stored oxy- 
gen as a long-term reserve, but may be 
drawing on it to withstand the short 
periods of anoxia encountered in the 
rapidly fluctuating vent environment. 
The high metabolic rate of R .  pachyptila 
and the high concentrations of hemoglo- 
bin in its blood may reflect a high de- 
mand for oxygen for H2S metabolism. 

The high oxygen carrying capacity, 
high hemoglobin cooperativity, and high 
oxygen affinity of the whole blood of R .  
pachyptila should enable the animal to  
load oxygen into the blood and to trans- 
port it to the trophosome tissue at a 
substantial rate. This high concentration 
of oxygen in the blood may also serve as  
a short-term oxygen store for use during 
adverse conditions. The moderate ther- 
mal stability of the hemoglobin oxygen 
affinity is useful as  the pigment is ther- 
mally tolerant enough so  that tempera- 
ture changes will not radically alter its 
properties, and yet it is sensitive enough 
so that the higher temperatures, which 
are found at the base of the animal, may 
allow for enhancement of oxygen un- 
loading at the trophosome. The small 
interaction between C 0 2  concentration 
and oxygen affinity is of adaptive value 
for an animal which must transport C 0 2  
to the tissues along with oxygen. In 
summary, the blood of R ,  pachyptila has 
a combination of characteristics that 
would be supportive of a chemoauto- 
trophic animal in an unusually variable 
environment. 
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Hemoglobin Kinetics of the Galapagos Rift Vent Tube Worm 

Rijtia pachyptila Jones (Pogonophora; Vestimentifera) 

Abstract. Kinetics of the reactions of Riftia pachyptila hemoglobin with oxygrn 
were followed spectrophotometrically by stopped-flow and laser flash photolysis 
techniques. The rate of oxygen dissociation increases eightfold over the range i f  5" 
to 20°C (k  = 2.2 sec-' at 10°C). Oxygen recombination after flash photolysis  as 
biphasic. The rates of both slow and fast phases of the reaction were independent of 
temperature from O" to 2O"C (k'fi,h, = 7 x lo6; k',,,,, = 1 x 166 liter mole-' sec-I). As 
the oxygen afinity is relativeli temperature independent, analysis in terms of the 
two-state model of cooperativity requires that the confortnational equilibrium 
constant L decrease by about 50-fold between 3" and 15°C. 

Submarine thermal springs and hydro- lo6 but Riftia hemoglobin seems to dis- 
thermal vents along the central valley of sociate in dilute solution, the apparent 
the Galapagos Rift, at a mean ocean molecular weights being 1.7 x lo6 and 
depth of about 2500 m ( I ) ,  are the sites of 0.4 x lo6 (n. 
numerous animals. Conspicuous among The oxygen affinity is moderately 
these is the tube worm, Riftia pachyptila high, is independent of pH and carbon 
Jones (2), belonging to the order Vesti- dioxide concentration, and is weakly de- 
mentifera of the phylum Pogonophora, pendent on temperature (6). Oxygen 
which exceeds 1.5 m in length and lacks binding is cooperative with a Hill con- 
both mouth and gut (2). The blood in stant of n = 2.5 to 3.0 (6). We examine 
these worms functions primarily as a here some of the reactions of Rifria he- 
carrier of oxygen and hydrogen sulfide to moglobin with oxygen. 
the trophosome where symbiotic bacte- A specimen of Riftia pachyptila 
ria generate energy by the oxidation of (USNM 59968) was collected by the sub- 
hydrogen sulfide (3-6). mersible Alvin on 15 December 1979. 

Electron microscovv reveals that the Blood was drawn from the dorsal vessel . - 
hemoglobin molecules are two-tiered and was found to contain 5200 kmole of 
hexagonal arrays of submultiples of mo- heme per liter (9). The heme content of 
lecular weights 15,000 and 30,000, typi- the blood is equivalent to  an oxygen 
cal of annelid hemoglobins (7, 8). The binding capacity of 11.6 percent (by vol- 
expected molecular weight is about 3 x ume), about half that of human blood (6). 
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