
REFERENCES AND NOTES 

1. A. G. Knudson, CancerHes.45,1437 (1985); A. L. 
Murphrec and W. F. Bcnedict, Science 223, 1028 
(1984). 

2. 	R. S. Sparkes et d.,Science 208,1042 (1980); W. K. 
Cavenec et al., Nature (London) 305, 779 (1983). 

3. 	S. 1%. Friend et al., Natuve (London) 323, 643 
(1986);W.-H. Lec et d.,Science 235, 1394 (1987); 
Y-K. T. Fung et nl., ibd 236, 1657 (1987). 

4. 	M. G. M. Ts'o, L. E. Zimmcrman, B. S. Fine,Am. J. 
Opht/~dmol.69, 339 (1970). 

5. A. P. Kyritsis, M. Tsokos, T. J. Trichc, G. J. Chadcr, 
Nature (Lonhn) 307, 471 (1984). 

6. 	1). Bok, J .  F. Basingcr, M. 0.Hall, Fdp. EyeRes. 18, 
225 (1974); D. S. Papcrmastcr, B. G. Schneidcr, M. 
A. Zorn, J. P. Kraehcnbtlhl, J. Cell Bwl. 77, 196 
(1978); R. Boynton, Humnn Colw Viswn (Holt, 
Rinehart and Winston, Ncw York, 1979). 

7. 	J. Nathans and D. S. IIogness, Proc. Natl. Acad. Sci. 
U S A .  81, 4851 (1984). 

8. J .  Nathans et d.,Science 232, 193 (1986). 

9. 	G. B. Gmtiwald, P. Gierschik, M. Nircnbcrg, A. 
Spiegcl, ibid. 231, 856 (1986). 

10. C. L. Lcrca, D. E. Somcrs, J. B. Ilurlcy, I. B. Klock, 
A. II. Bunt-Milam, ibid. 234, 77 (1986). 

11. A. G. Gilman,Annn. Rev. Riochem. 56,615 (1987). 
12. 	B. K-K. Fung, J. B. Hurlcy, L. Scryer, Proc, Natl. 

Acnd. Sci. U.SA. 78, 152 (1981). 
13. E. E. Fcsenko, S. S. Kolesnikov, A. L. Lynbarskp, 

Nature (London) 313, 310 (1985); K.-W. Yau and 
K. Nakatani, ibid. 317, 252 (1985). 

14. D. C. Medynski a d.,Proc. Natl. Acad. Sci. U.SA. 
82, 431 1 (1985); T. Tanabc et al., Natnre (London) 
315, 242 (1985); K. Yatsunatni and 1%. G. Khor-
ana, I'm. Nntl.Acad. Sci. U S A .  82,4316 (1985). 

15. M. A. Lochric, J. B. Hurley, M. I. Simon, Science 
228, 96 (1985). 

16. 	E. Bogcnmann and C. Mark, J. Natl. Cancer Inst. 
70, 95 (1983); E. Bogcnmann, Int. J. Cnncer 38, 
883 (1986). 

17. E. Rogmmann, 1%. Moghadam, Y. A. DcClcrck, A. 
Mock, CancerRes. 47, 3808 (1987). 

18. 11. K. W. Fong, T. T. Amavuda 111, B. W. Birrcn, 

Mussel Growth Supported by Methane as Sole 
Carbon and Energy Source 

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. 

THE OCCURRENCE OF SYMBIOTIC 

chemoautotrophic bacteria that re-
side in highly specialized tissues of 

certain marine invertebrates was first de- 
scribed as occurring in hydrothermal vent 
communities and since then in many other 
diverse reducing marine environments (1).  
These bacteria typically oxidize reduced sul- 
fur com~ounds from their environment and 
use the energy obtained to fix carbon diox- 
ide from the surrounding seawater (2, 3) .  
These chemicals can be formed either geo- 
thermallv from seawater sulfate, as at- the 
hydrothermal vents, or biologically through 
sulfate-reducing bacteria in the sediments, as 
in mudflats or-hypoxi= deep-sea basins (4, 
5).Another source of energy and carbon has 
recently 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 mytilids (6, 8) and the 
trophosome cells of the pogonophorans (9) 
contairi stacked internal membranes charac- 
teristic of type 1 methanotrophs. Further- 

more, enzymatic tests, stable isotope deter- 
minations, net methane uptake studies, and 
the incorporation of I4c-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 either from hydrocar- 
bon sources at the oil seeps or from biologi- 
cal processes at the Florida Escarpment 
communities (4, 5) .  

For both chemolithoautotrophic and 
methanotrophic associations, rescarchers 
have proposed (2, 3, 6 )  that at least part of 
the nutrttional requirements of the respec- 
tive hosts is supplied by the bacteria. Some 
host animals have entirely lost the ability to 
take up and digest external food. The vesti- 
mentiferan tube worms, the pogonopho- 
ratis, many oligochaetes of the subfanlily 
Phallodrilinae, and several bivalves of thc 
Solemyidae have lost their digestive systems 
and must depend on an alternative nutri- 
tional source-most likely the symbiotic 
bacteria (lo).Similarly, most other bivalves 
known to contain chemoautotrophic symbi- 
otic bacteria are characterized by a reduced 
digestive system (10, 11). Othcr indirect 
evidence for the importance of bacterial 
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carbon to the hosts includes studies in which 
stable isotope ratios ( '3C/ '2~) in symbiont- 
containing animals were measured. Conl- 
parisons of paired tissues from individual 
animals of a variety of symbiont-containing 
species, including the mussel species used in 
our study, showed little variation, indicating 
the importance of symbiont carbon to the 
host (5, 6, 12). This finding is especially 
convincing in the case of animals containing 
methanotrophic symbionts because of the 
negative ' 3 ~ / ' 2 ~  associated with methane. 
Transfer of symbiont carbon to the host can 
be accomplished in several ways: through 
digestion of the bacteria by host lysosomes 
or through the translocation of part of the 
fixed carbon from the bacteria to the host. 
The first strategy has been proposed in the 
symbioses of the hydrothermal vent tube 
worm R z f i  pachyptila by Bosch and Grasse 
(13),who document an intracellular degra- 
dation of symbiotic bacteria. Hand (14)and 
Giere and Langheld (15) observed similar 
phenomena in the bacteriocytes of Riftia 
pachyptila and in the oligochaete Phallodm'lus 
leukodematus, respectively. The second 
proposed strategy of nutrient transfer is thc 
translocation of reduced organic material 
from the bacteria to the host, as was shown 
with radiolabeled bicarbonate in Solemya 
rezdz (1 6).  However, it has not been demon- 
strated 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 bacteria 
as symbionts (17)grow when supplied only 
with methane in the seawater. 

Growth has been considered an excellent 
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Fig. 1. Growth rates of a 
symbiont-containing myti-
lid bivalve species from oil 
seeps off the coast of Louisi- 
ana at various concentra-
tions of methane and oxy- 
gen. The vertical bars illus- 
trate the mean growth rate 
(n = 8) averaged over 2 
days. The standard devi-
ations for each growth pcri- 
od never exceeded t1 
pmlday. The horizontal sol- 
id lines in the lower section 
indicate the methane, and 
dotted lines are the oxygen 
concentrations during the 
respective periods. The ar-
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excluded that the maximal growth rate re- 
ported here is lower than the one found in 
situ. When fed natural concentrations of 
phytoplankton, M. edulis grew an order of 
magnitude faster than reported here for the 
seep mussels (19). Methane may account for 
only part of the growth of these animals, the 
remainder being supported by particulate or 
dissolved material. However, the experi- 
ment described here shows that mussels, 
known to contain methane-oxidizing bacte- 
ria, can grow with methane as their sole 
carbon and energy source. 
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indicator of overall health and vitality 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 sensitive 
teclu~ique. 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 pattern was sensed by a 
photodiode array, the output of which was 
fed into a computer for analysis. This tech- 
nique has been used to measure short-term 
changes in the growth rate of the shallow 
water mytilid Mytilus edulis that occurred as 
a result of varying phytoplankton concentra- 
tions (19). Width changes of the gap as 
small as 3 pm can be observed. The growth 
of the mussels was determined every 2 days 
until a plateau was reached (20). The ratio of 
methane to air bubbled through the incuba- 
tion water 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 prnlday 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 each case 
after an initial lag of 2 days. This response 
time is comparable to that ofM. edulis when 
fed different concentrations of cultured phy- 
toplankton. 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 

The growth rates increased again 
after methane was added to the seawater to 
approximately the same level as recorded 
earlier in the presence of methane. 

The mussel growth rates also show a 
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rows show the times when experimental conditions were changed. 

correlation to the methane and oxygen con- 
centrations. The highest growth rates were 
obtained at the lowest measured methane 
concentration (245 pmoVliter) and a high 
oxygen concentration (290 pmol/liter). The 
lowest growth rates were observed at the 
highest methane (980 ~mol/liter) and low- 
est oxygen concentration (140 pmoVliter). 
Methanotrophic bacteria grown in culture 
normally show increased yields at higher 
methane levels, limited only by very 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 limiting for 
the host. Mussels in general are poor regula- 
tors of oxygen consumption, and their meta- 
bolic rates are dependent on the oxygen 
concentration. The lower growth rates 
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 difising into the bacteriocytes; 
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 due to 
an unidentified growth inhibitor in natural 
gas. However, the possibility that the trace 
hydrocarbon contaminants present in natu- 
ral gas (21) would be deleterious to a mussel 
collected from a site characterized by crude 
oil and natural gas seeping from the sedi- 
ments (23) is unlikely. 

Since we have observed particulates in the 
guts of freshly collected seep mussels, it 
appears that additional assimilation through 
normal feeding may be possible. At this 
time, it is uncertain to what extent this 
feeding mode contributes to the overall nu- 
tritional requirements of the host. Methane 
can supply bnly carbon and energy to the 
bacteria; the essential elements phosphorus, 
nitrogen, and sulfur must be derived from 
another source. Since the natural growth 
rate of the mussels is unknown, it carnot be 



supply of the mixnue never exceeded 100 cm3/rnin. 
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Biologic Features of HIV-1 That Correlate with 
Virulence in the Host 

Individuals infected with the human immunodeficiency virus type 1 (HN-1)  may be 
asymptomatic or have AIDS-related complex or the acquired immuno deficiency 
syndrome (AIDS). Little is known about the factors that influence progression of  
infection to AIDS. In this study of  isolates of H N - 1  obtained at intervals during the 
infection of four individuals, the development of disease was found to be correlated 
with the emergence of H N - 1  variants that were more cytopathic in vitro as the disease 
progressed and that replicated more efficiently in a wide variety of different human 
cells. The biologic properties of  HIV-1 in vitro thus appear to reflect its virulence in 
the host. Further studies of such sequentially isolated viruses may lead to the 
identification of viral genes that govern pathogenesis. 

B IOLOGIC (1--6), SEROLOGIC (3, 
and molecular (8, 9) studies of the 
human immunodeficiency virus type 

1 (HIV-1) have indicated that this virus is 
highly heterogeneous. Individual isolates of 
HIV-1 can be distinguished by their differ- 
ential capacity to infect and replicate in a 
wide variety of cultured human cells includ- 
ing T and B lymphocytes, macrophages, and 
brain-derived cells (1, 4, 6, 10, 11). Studies 
of the varying abilities of HIV-1 isolates to 
replicate to high titers and to induce cyto- 
pathic changes in infected cells have indicat- 
ed that these characteristics are correlated 
with the efficiency of the virus to form 
plaques in the MT-4 cell line (12). Differ- 
ences in the susceptibility of various H N - 1  
isolates to neutralizatio~l by HIV-1-positive 
sera have also been observed (6, 7, 11). 

In the present studies, these biologic and 
serologic properties of HIV- 1were used to 
examine the possible changes in the virus 
over time in the same individuals. Our re- 
sults from four individuals show that the 
progression of disease is correlated with the 
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emergence of H N - l  isolates that, in com- 
parison with the virus isolated initially, are 
more cytopathic and replicate to higher ti-
ters in a wide variety of different human 
cells. Serologic and genomic restriction anal- 
vses indicate that in each individual the 
sequential isolates are related. The observa- 
tions suggest that certain changes in the 
structure of HIV-1 can influence its viru- 
lence in the host. 

Isolates of HlV-1 were obtained at inter- 
vals from peripheral blood mononuclear 
cells (PMC) of four subiects selected ran- 
domly from a group of seropositive individ- 
uals whom we have followed for the past 4 
years (Table 1). Three of the four subjects 
progressed to more severe disease during the 
time of observation; one has remained 
asymptomatic (Table 1, subject 4). At the 
time of virus isolation, we noted that HIV-1 
was recovered more readily from each indi- 
vidual's PMC as the diseask progressed. For 
example, in subject 2, HIVSF216 emerged in 
the patient's PMC culture within 12 days 
whereas the previous isolates (HIVSFW and 
HNSFl18) took close to 1 month to be 
detected. Similar findings on time of recov- 
ery of HIV- 1from PMC have been reported 
(12, 13). 

We first determined the abilities of 

HIVSFZ and HIVSF13 (from subject 1) to 
infect established human T cell lines (HUT- 
78 and MT-4), the U937 monocytic cell 
line, primary macrophage/monocytes, and 
certain established B cell lines (1, 6). These 
viruses had been kept in culture for over 3 
years. As shown in Table 2, both isolates 
replicated in HUT-78 and MT-4 cells and 
the monocytic line, but only HIVSFI3 pro- 
ductively infected primary macrophages and 
both of the B cell lines. Furthermore, 
HIVSE13was more cytopathic as reflected 
by syncytia formation and balloon degenera- 
tion in infected PMC, HUT-78, and MT-4 
cells. It also readily induced plaques in MT- 
4 cells (Table 2). 

Subgroups of HIV-1 isolates have been 
identified on the basis of their patterns of 
sensitivity to serum neutralization (7). 
When tested with three HIV-1 antibody 
positive sera, HIVSFZ and HIVSF13 were 
neutralized to a similar extent by all three 
sera at dilutions of 1:100 or greater. 

We then studied the biologic and serolog- 
ic properties of isolates from three other 
individuals (Table 1). These isolates had 
been in culture for only 3 to 4 weeks. As the 
disease progressed in subjects 2 and 3, the 
HIV-1 isolated had a wider host range and 
greater cytopathic and replicative properties. 
In subject 2, for example, the isolate ob- 
tained 2 months before the patient died 
(HIVSF216) replicated quickly and to high 
titers in all established human cell lines and 
primary macrophages, and also produced 

Table 1. Isolation of HIV-1 from i~ldividuals at 
different stages of infection. The isolates were 
initially recovered by cocultivatio~l of the individ- 
ual's PMC with PMC from seronegative donors 
for 10 to 30 days as described (13, 16). The 
isolates were subseque~ltly passaged onto fresh 
I'MC and when virus titers were high [reverse 
transcriptase (RT) activity ~ 1 0 \ p m / m l  ( I? ' ) ] ,  
aliquots of filtered virus stocks were frozen at 
-70°C until use. KS, Kaposi's sarcoma; PCP, 
l'neumucystis carircii pneumonia; LAN, persistent 
lymphadenopathy. 

HIV.1 
isolate 

Month and 
year of Clinical state 

isolation 

Subject 1 
11/83 Oral candidiasis 
4/84 KS, PCP 

11/84 Deceased 
Subject 2 

3/85 Asymptomatic 
4/85 Asymptomatic 

10185 LAN, diarrhea 
12/85 Deceased 

Subject 3 
12/84 Asymptomatic 
3/86 LAN 
9/87 

Subject 4 
4/86 Asymptomatic 
4/87 Asymptomatic 
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