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In this paper, we show that a wide variety of common soil bacteria are able to obtain 
their carbon and energy needs from tholin (a class of complex organic heteropolymers 
thought to be widely distributed through the solar system; in this case tholin was produced 
by passage of electrical discharge through a mixture of methane, ammonia, and water 
vapor). We have isolated aerobic, anaerobic, and facultatively anaerobic bacteria which 
are able to use tholin as a sole carbon source. Organisms which metabolize tholin represent 
a variety of bacterial genera including Clostridium, Pseudomonas, Bacillus, Acineto- 
bacter, Paracoccus, Alcaligenes, Micrococcus, Corynebacterium, Aerobacter, Arthro- 
bacter, Flavobacterium, and Actinomyces. Aerobic tholin-using bacteria were first iso- 
lated from soils containing unusual or sparse carbon sources. Some of these organisms 
were found to be facultatively anaerobic. Strictly anaerobic tholin-using bacteria were 
isolated from both carbon-rich and carbon-poor anaerobic lake muds. In addition, both 
aerobic and anaerobic tholin-using bacteria were isolated from common soil collected 
outside the laboratory building. Some, but not all, of the strains that were able to obtain 
carbon from tholin were also able to obtain their nitrogen requirements from tholin. 
Bacteria isolated from common soils were tested for their ability to obtain carbon from 
the water-soluble fraction, the ethanol-soluble fraction, and the water/ethanol-insoluble 
fraction of the tholin. Of the 3.5 × 10 7 bacteria isolated per gram of common soils, 1.7, 
0.5, and 0.2%, respectively, were able to obtain their carbon requirementsfrom the water- 
soluble fraction, the ethanol-soluble fraction and the water/ethanol-insoluble fraction of 
the thofin. The palatability of tholins to modern microbes may have implications for the 
early evolution of microbial life on Earth. Tholins may have formed the base of the food 
chain for an early heterotrophic biosphere before the evolution of autotrophy on the early 
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Earth. Where tholins are present on other planets, they could possibly be metabolized by 
contaminant microorganisms transported to these bodies via spacecraft. Thus, the pres- 
ence of tholins should be taken into account when evaluating the planetary quarantine 
requirements for probes to other planets. © 1990 Academic Press, Inc. 

I. INTRODUCTION 

The origin of life on Earth is one of the 
greatest unsolved mysteries in science to- 
day. The widely accepted Oparin-Haldane 
paradigm for the origin of life holds that 
life arose from abiotically produced organic 
compounds (Oparin 1924, Haldane 1929). 
The first life forms were primitive heterotro- 
phic organisms that obtained food and en- 
ergy from these same abiotically produced 
organics (Oparin 1924, Haldane 1929, cf. 
Margulis 1981). This paradigm was sup- 
ported by the early laboratory experiments 
of Miller and Urey (Miller 1953, 1955, 1957) 
who produced prebiotic organic molecules, 
especially amino and hydroxy acids, from a 
mixture of methane, ammonia, and water 
vapor. Their classic experiments formed the 
foundation for the field of prebiotic chemis- 
try, the experimental study of the origin of 
life based on laboratory production of or- 
ganic compounds [for reviews of the multi- 
tude of experiments performed see Miller 
and Orgel (1974), Gabel (1977), and Day 
(1979)]. Sagan and Khare (1979) proposed 
the name "tholin" to describe the entire 
class  of complex organic solids produced in 
such laboratory experiments. 

If, as the Oparin-Haldane paradigm im- 
plies, tholins supported the food chain for 
Earth's earliest life forms then they may be 
able to support presumably more capable 
modern heterotrophic microorganisms as 
well. In the present paper, we demonstrate 
that tholins can be used as a sole source of 
carbon and nitrogen by a wide variety of 
heterotrophic soil bacteria. 

An important question about the origin of 
life is whether there are planetary environ- 
ments other than Earth where life may exist 
or could survive if transported there. Bacte- 
ria are the simplest self-sustaining terrestrial 

life forms but they are also the most ubiqui- 
tous and hardy and they can adapt to the 
widest variety of conditions. Thus, it is 
natural to assume that something like them, 
or at least occupying the same ecological 
niches, should be present if there is extra- 
terrestrial life. Therefore, it is important 
to consider what factors might influence 
the survival of such organisms on other 
planets. Tholins could be a key nutrient 
source for such organisms and in fact could 
be a primary link in the food chains in 
environments where they are produced. 
Tholins are produced by a variety of energy 
sources in reducing or mildly reducing en- 
vironments that are analogous to common 
environments in the solar system. For ex- 
ample, tholins have been produced under 
conditions simulating the atmospheres of 
the outer planets Jupiter (Khare et  al. 1978, 
1981, Khare and Sagan 1973), Titan (Khare 
et  al. 1984, 1986), and Uranus and Neptune 
(Khare et  al.  1987) and on the surfaces of 
icy satellites (Calcagno et  al.  1985, Thomp- 
son et al.  1987). Although the specific 
properties of individual tholins depend 
upon the gas mixtures and energy sources 
used (Sagan et  al. 1984a), the most generic 
feature is that biologically relevant mole- 
cules such as amino acids and their precur- 
sor molecules are produced in virtually all 
of the experiments (cf. Chang et  al. 1984). 

In this paper, we present laboratory ex- 
periments which demonstrate that tholin 
[produced by sparking an equimolar mixture 
of methane and ammonia with 2.5% water 
vapor (Khare et  al.  1981)] is metabolized as 
a sole source of carbon and energy by a wide 
variety of terrestrial soil microbes under 
both aerobic and anaerobic conditions. 
Some of these organisms are also able to 
obtain their nitrogen requirements from 
tholin. 
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TABLE I 

AMINO ACIDS IN SPARK THOLIN a 
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Amino acid Free amino acids Free and bound Free and bound 
(in tzmole/g) in solution amino acids amino acids 

in solution in Tholin powder  
(after hydrolysis) (after hydrolysis) 

Asx (Asn, Asp) <0.8 ± 0.3 b 34 ± 15 49 ± 12 
Glx (Gin, Glu) <0.8 ± 0.3 10 ± 2 14 ± 3 
Ser <0.8 -+ 0.3 <0.8 -+ 0.3 <0.85 ± 0.55 
Gly 12.4 -+ 9.6 250 _+ 65 423 ± 99 
Arg <0.8 ± 0.3 <0.8 ± 0.3 <0.85 ± 0.55 
Thr <0.8 ± 0.3 <0.8 ± 0.3 <0.85 _+ 0.55 
Ala <1.05 ± 0.05 21 -+ 3 29 ± 2 
Tyr <0.8 ± 0.3 1.6 ± 0.5 5 ± 3 
lie <0.8 -+ 0.3 1.05 ± 0.5 1.2 ± 0.2 
Leu <0.8 -+ 0.3 i.5 ± 1 1.79 ± 1.49 
Phe <0.8 -+ 0.3 !.55 -+ 0.45 3.2 ± 1.8 
Lys <0.8 ± 0.3 <0.8 ± 0.3 <0.85 ± 0.55 
His, Pro, Val e - -  - -  __ 

a The results represent the averages of two sets of  analysis; the probability error shown represents the difference 
between the two values of amino acid yield and the mean. There are other chemical species present - -poss ib ly  
including other amino acids besides the 15 used in the standard. 

b The < indicates the limit of  detectability. All values in tzmole/g of tholin. 
c There is some absorption in the region where His, Pro, and Val elute but their retention times are far enough 

off from the standards that their identification is uncertain. 

An analysis of the tholin used in these 
experiments is given in Khare et  al. (1981). 
The atomic composition of this tholin, after 
exposure to air, is H, 5%; C, 47%; N, 36% 
and O, 12%. Pyrolysis gas chromatography/ 
mass spectrometry of the tholin yields a 
range of biologically interesting molecules 
including alkanes, alkenes, abundant ni- 
triles, aromatic hydrocarbons, alkylben- 
zenes, indenes, indanes, pyrroles, pyridine, 
and pyrazines (Khare et  al. 1981). The tholin 
is very refractory, requiring T - 900°C for 
50% thermal dissociation (Sagan et  al. 
1984a). Amino acid analysis of the tholin 
shows that it contains a number of free and 
bound amino acids (Table I). Tholins pro- 
duced from other precursor gases including 
simulated Titanian atmospheres yield an 
equally rich array of pyrolyzates (Khare et  
al. 1984) and a variety of racemic amino 
acids (Sagan and Khare 1971, Khare et  al. 
1986). 

With this range of potential metabolites 

available it is not surprising that tholins can 
support microbial life. In fact, it has com- 
monly been assumed that tholins could 
serve as a substrate for microbial growth. 
Chemical synthesis experimenters have 
been careful not to accidentally contaminate 
their products with bacteria before they 
could be analyzed. The belief that tholins 
could serve as a substrate for microbial 
growth, and that tholins are widespread in 
extraterrestrial environments, led Apollo in- 
vestigators to use tholins as a test nutrient 
medium in attempting to culture organisms 
from lunar soils (Oyama 1972). However, in 
spite of the lengthy history of laboratory 
production of tholins, no systematic study 
of microbial growth on tholins nor any at- 
tempt to characterize the organisms that 
could use tholins has been previously per- 
formed. 

In the following section, we describe the 
experimental methods used to isolate bacte- 
ria capable of metabolizing CH4/NH3/H20 
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tholin and present the results. Section IIA 
describes the production and analysis of the 
tholin used in our experiments, Section IIB 
describes the procedure first used to search 
for bacteria that could obtain their require- 
ments for carbon and energy from tholin. In 
this first set of experiments, a wide variety 
of soil samples were collected and exposed 
to a range of environmental parameters 
since we did not know how difficult it would 
be to find organisms that could utilize tholin. 
In Section IIC we describe a second set of 
experiments in which a different and simpler 
isolation procedure was performed using 
common soil. Section III contains a discus- 
sion of the possible implications of our re- 
sults as they relate to the origin of life on 
Earth and the occurrence of life elsewhere 
in the solar system. Section IV briefly sum- 
marizes our conclusions. 

II. EXPERIMENTS 

A. PRODUCTION AND ANALYSIS 

OF THOLIN 

Tholin was produced by subjecting equi- 
molar amounts of CH 4 and NH 3 along with 
approximately 2.5% water vapor to a spark 
discharge produced by a high-frequency 
Tesla coil. A detailed description of the 
preparation of the tholin is given in Khare 
et  al. (1981). The tholin has been analyzed 
using mass spectroscopy, thermogravimet- 
ric analysis, and combined vacuum pyroly- 
sis gas chromatography/mass spectrometry 
(GC/MS). The results of these analyses are 
published in Khare et  al. (1981). 

We examined the tholin for free amino 
acids in solution, free and bound amino 
acids in solution (after hydrolysis), and free 
and bound amino acids in tholin powder 
(after hydrolysis). The search was limited to 
15 protein non-S-containing amino acids. A 
solution was prepared by suspending 6.4 mg 
of spark tholin in 3.5 ml HPLC-grade (Milli- 
Q) water. It was autoclaved for 15 min at 
121°C and cooled slowly. After centrifuga- 
tion, 2 ml of supernatant was measured into 

another tube--leaving behind the remaining 
liquid and the insoluble material--and kept 
under vacuum to dry at -55°C. It was then 
resuspended in 200 ~1 HPLC-grade water 
(Milli-Q). 

Fifty microliters of this solution was 
transferred into another container and re- 
dried to determine free amino acids in solu- 
tion by the Waters Pico-Tag HPLC method 
(Cohen et  al.  1986). Of the remaining 150/xl 
solution, 50 ~1 was transferred into a hydro- 
lysis vial with a Teflon cap and evaporated 
to dryness. The sample was hydrolyzed with 
6 N HCI at 150 -+ I°C under argon for 90 
min, and then cooled to room temperature. 
HCI was removed by subjecting it to vac- 
uum, adding 20 /d redry reagent [2/2/1 
(v/v/v) ethyl alcohol/water/triethylamine], 
evacuating to - 1  Torr, repeating the pro- 
cess with the addition of redry reagent, and 
then evacuating to dryness. Finally, 50 ~1 of 
Edman degradation reagent was added for 
the determination of combined free and 
bound amino acids in the solution by the 
same HPLC method. 

The remaining liquid/solid mix was cen- 
trifuged and the supernatant removed. It 
was rinsed twice with 0.5 ml HPLC-grade 
water (Milli-Q). As much of the superna- 
tant as possible was removed each time. 
The solid was then evaporated to dryness 
under vacuum and found to have a mass 
of - 4 . 0  mg; 2.6 mg of this solid was then 
hydrolyzed in 6 N HCI at 150°C for 90 
min. Amino acids were determined by fol- 
lowing the same procedure described 
above. By adding the amino acids calcu- 
lated for hydrolyzed 3.5 ml supernatant to 
the amino acids calculated for hydrolyzed 
-4 .0  mg solid left behind after removing 
the supernatant, the total amount of free 
and bound amino acids in the tholin pow- 
der was determined. The entire analysis 
was repeated on a different sample of 
tholin to check the reproducibility of the 
amino acid yield. Table I shows the results 
of the analysis for free amino acids in 
solution, free + bound amino acids in 
solution (after hydrolysis), and free + 
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bound amino acids in the tholin powder 
(after hydrolysis). 

B. ISOLATION OF THOLIN-USING 
ORGANISMS FROM UNUSUAL SOILS 

1. Procedure 

For the first isolation experiments, we 
collected soil samples from a variety of envi- 
ronments which we felt might contain organ- 
isms likely to utilize unusual or sparse car- 
bon sources. This range of soils were tested 
because we did not know how difficult it 
would be to find organisms that could use 
tholin and we thought this would improve 
our chance of success. 

We tested tar sands from Vernal, Utah, 
because we expected them to contain organ- 
isms capable of breaking down the complex 
hydrocarbons found in tholins. We also 
tested alpine soils from carbon-poor envi- 
ronments because they contain organisms 
that get by on very sparse nutrients in case 
very little of the tholin could actually be 
metabolized. We tested anaerobic microor- 
ganisms from both an extremely organic- 
rich and an organic-poor environment in 
case organisms with either preference could 
metabolize the tholin. The experiments 
were performed in five phases. First, we 
collected a variety of soil samples to search 
for possible tholin-using microbes in nature. 
Second, we enriched the samples with tholin 
to selectively encourage growth of species 
able to use tholin. Third, we isolated promis- 
ing organisms from the enrichments and 
grew them in pure culture. Fourth, we 
screened these pure strains rigorously for 
their ability to grow on tholin as the only 
carbon source. Fifth, we identified tholin- 
using strains to the genus level. Figure 1 
illustrates an overview of the experimental 
sequence. Each of these phases is described 
in greater detail below. We were only inter- 
ested in strictly heterotrophic organisms. 
All incubations were carried out in the dark 
to prevent photoautotrophic organisms 
from growing. 

Phase  I. We prepared an aqueous solution 

of the tholin (0.1 g/ml concentration) by 
placing solid tholin in triply distilled water 
and autoclaving the mixture at 120°C for 
15 min. After this treatment, approximately 
80-85% (determined gravimetrically) went 
into aqueous solution. The insoluble frac- 
tion remained as small spheroids at the bot- 
tom of the water-tholin solution. The insol- 
uble fraction was not separated from the 
stock so that both soluble and insoluble 
components were used in the experiments. 
Tholin-containing media at various concen- 
trations were prepared from this stock. In 
addition to tholin, all organisms were pro- 
vided with a basal mineral salts medium pre- 
pared with a broad spectrum of trace min- 
erals. 

We collected soil and sediment samples 
from both aerobic and anaerobic environ- 
ments. Aerobic samples of tar sands (silica 
grains covered with a rich coating of com- 
plex hydrocarbons) were collected from a 
tar-sand pit in Vernal, Utah. In addition, we 
collected several aerobic samples of carbon- 
poor alpine soils from 3000- to 3500-m-alti- 
tude barren sites in Rocky Mountain Na- 
tional Park. Anaerobic sediments were col- 
lected during the winter from frozen mud 
fiats of two shallow lakes near Boulder, Col- 
orado. One lake is a highly eutrophied envi- 
ronment receiving runoff from surrounding 
cow pastures. The other is a nutrient-poor 
lake at approximately 2500 m altitude. 

Soil samples were collected using sterile 
soil corers fitted into large (200-mm) test 
tubes. Aerobic samples were cored to a 
depth of 4 or 5 cm. Material was retained in 
the corers and transported to the laboratory 
in these devices. Anaerobic samples of fro- 
zen mud were cored to a depth of 7 or 8 cm 
and immediately introduced into jars con- 
taining liquid media combined with one of 
three reducing agents (sodium thioglycol- 
ate, FeS 2, or NaeS). The three reducing 
agents were used because each of them is 
known to be toxic to certain species of bac- 
teria (Costilow 1981) and we did not want to 
risk killing potential tholin-using organisms 
with a particular reagent. 
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COLLECTION I I 
OFSAMPLES 
FROM NATURE[I 

ISOLATION TEST THOLIN AS 
TO PURE SOLE CARBON 
CULTURE SOURCE I TEST THOLIN AS 

SOLE NITROGEN 
SOURCE 

IDENTI FY SELECTED 
AEROBICALLY 
ISOLATED 
ORGANISMS 

IDENTIFY SELECTED 
ANAEROBICALLY 
ISOLATED ORGANISMS 

~ DISCARD ~ TEST OXYGEN TEST AEROBICALLY 
PHOTOSYNTHETIC PREFERENCES ISOLATED FACU LTATIVE 
AND CHEMO- OF CONFIRMED ~ ANAEROBES FOR 
AUTOTROPHIC THOLIN AS ANAEROBIC GROWTH 
ORGANISMS CARBON USERS ON THOLIN 

FIG. 1. Schematic of procedure used in initial experiments to isolate tholin-using organisms. 

Phase  2. We first treated samples to a 
tholin-enrichment procedure.  For  aerobic 
soil samples, this consisted of  placing 0.5-g 
soil aliquots in flasks containing the liquid 
basal salts medium (see Appendix) and 
tholin at 5.0 g l i ter-  ~ concentration.  Control 
flasks were identical but without tholin. Six 
sets of  all samples and controls were pre- 
pared and incubated at each of  three temper- 
a tu res - -4 ,  22, and 37°C--at  a pH of  7.0. 
The samples were incubated on shakers for 
10 days to 4 weeks depending upon rapidity 
of  growth as manifested by turbidity of  the 
medium. 

The anaerobic samples were subjected to 
a similar tholin-enrichment procedure.  
Upon return to the laboratory,  the anaerobic 
field collection jars were swirled on a shaker 
for 30 rain to loosen organisms from soil 
particles and suspend them in the liquid me- 
dium. The jars were then placed in an anaer- 
obic chamber  which held an N 2 atmosphere 
maintained at a slight positive pressure to 
exclude outside air. We prepared two sets of  
four duplicate flasks, four containing tholin 
and four controls without tholin. The media 
in the flasks consisted of  liquid basal salts 
medium combined with one of the three re- 
ducing agents. One additional flask was pre- 
pared without a reducing agent but rather 
was allowed to equilibrate with the N2 atmo- 
sphere in the anaerobic chamber  for 24 hr 
before it was inoculated. We inoculated 

these flasks with samples withdrawn via sy- 
ringe from the field collection jars and incu- 
bated them in the anaerobic chamber  for  2 
to 5 weeks depending upon visible growth. 
We initiated phase 3 after significant visible 
growth was observed.  

Phase 3. In phase 3, we isolated colonies 
of organisms from the tholin-enrichment 
flasks using plates made with the basal salts 
medium and tholin concentrat ions of  0.33, 
0.5, 1.0, 5.0, and 10.0 g liter i. We used 
silica gel [BBL ultrapure silica powder;  see 
Funk and Krulwich (1964) for the prepara- 
tion] as a solidifying agent rather than agar 
since some organisms can metabolize agar 
(Krieg and Gerhardt  1981). Silica gel con- 
tains no carbon or nitrogen. At 2- to 5-day 
intervals, liquid was withdrawn from the en- 
richment flasks, serially diluted to concen- 
trations ranging over  five orders of  magni- 
tude, and spread onto plates to allow growth 
of colonies from single organisms. This is a 
common method of  isolating strains of  bac- 
teria (Koch 1981). 

We determined growth by visual inspec- 
tion. This was adequate because we were 
interested only in answering the first-order 
question of  whether  or not growth occurred 
on tholin, not in obtaining a quantitative 
measure of the growth. 

We used two types of  control  plates for 
the isolation procedure.  Negative control 
"sil ica gel"  plates were identical to the ex- 
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perimental plates with the exception that 
tholin was omitted and thus the medium 
contained no carbon. Colonies which grew 
on negative control plates were considered 
to be deriving carbon from other  sources 
(obtaining carbon from atmospheric CO 2 or 
another  gaseous Cj compound) or cross- 
feeding, that is, using other  organisms or 
cell debris as carbon sources. We removed 
these strains from subsequent screenings. A 
second type of  control plate was made from 
extracts of  the soil or sediments from which 
the organisms originated. We used these soil 
control plates to compare  colony morphol- 
ogy and growth rates on native material with 
those experienced on tholin using qualita- 
tive criteria such as the time to appearance 
of  first colonies, overall appearance of colo- 
nies, and terminal size of  colonies. Although 
we looked for evidence of inhibition of 
growth on tholin, most strains grew equally 
well on tholin and native material. 

After we screened the pure cultures of  
organisms for growth on tholin, they were 
transferred to retaining tubes containing 
soil, sediment, or tar-sands extract  (in a 
semisolid form) appropriate to the original 
source of  a given strain. We had only small 
amounts  of  tholin and could not waste any 
on maintenance media. More importantly, 
we also wished to avoid any changes in the 
organisms which might result from pro- 
longed growth on tholin. For  anaerobes,  we 
placed a sterile mineral oil layer on top of  
the medium in the retaining tubes to protect  
them from stray oxygen molecules which 
are introduced with each access to the 
chamber  and are only scavenged by the cat- 
alyst system over  a finite period of  time. 

Phase 4. In this phase of  the experiments,  
we challenged all candidate tholin-using 
strains to grow on tholin medium as sole 
carbon source a second time. This was done 
to ensure that the colonies were pure cul- 
tures of  single species and to make certain 
that the organisms were using tholin rather 
than cross-feeding to obtain carbon. Organ- 
isms were introduced into liquid media pre- 
pared as in phase 2. Duplicate control sets 

without tholin were incubated both in dark 
and in the light to check for chemoautotro-  
phic and photoautotrophic  growth. 

Phase 5. Tholin-using organisms were 
identified to the genus level using tests from 
Bergey's Manual o f  Determinative Bacteri- 
ology (Buchannan and Gibbons 1974). 

2. Results 

Tholin as sole carbon source. We catego- 
rized the initial isolates from phase 3 experi- 
ments as likely tholin-using heterotrophs,  
facultative heterotrophs,  or autotrophs (ei- 
ther photoautotrophic  or chemoautotro-  
phic). Of the initial 540 aerobic isolates, al- 
most one-third (185) showed small amounts  
of  growth on the carbon-free controls.  
These strains were discarded. The remain- 
ing 355 isolates appeared to be strictly het- 
erotrophic under the experimental  condi- 
tions. 

Twenty- two anaerobic isolates were ob- 
tained from phase 3 experiments.  Of these, 
none showed growth on the tholin-free con- 
trols. Interestingly, none of  the tholin users 
preferred the 4 or 37°C incubation tempera- 
tures. Many grew marginally at these tem- 
peratures although they all grew bet ter  at 
22°C. 

Table II shows the isolates identified in- 
cluding Aetinomyces and several strains of  
CIostridium, Pseudomonas, Bacillus, Aci- 
netobacter, Paracoccus, and Alcaligenes. 
One characteristic common to most of  these 
genera is their ability to utilize a wide variety 
of  carbon substrates (Buchannan and Gib- 
bons 1974) ranging from simple organic 
acids and carbohydrates  to high-molecular- 
weight carbon compounds such as plastics 
and other  polymeric hydrocarbons.  As 
shown below, some, but not all, of  the aer- 
obes tested from each genus were able to 
metabolize tholin anaerobically as well as 
aerobically. 

Aerobic vs anaerobic use o f  tholin. We 
next tested all aerobic tholin-using organ- 
isms for their ability to grow anaerobically. 
We produced test media with sodium thio- 
glycolate added as a reducing agent (Ger- 
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TABLE II 

GENERA ISOLATED FROM UNUSUAL SOILS ON THOLIN MEDIUM 

Genus Number  Strict Facul ta t ive  Strict Nitrogen from 
of  isolates aerobes b anaerobes  C anaerobes  d tholin e 
identified a 

CIostridium 12 0 - -  12 4(of 6 tested)  
Pseudomonas 46 4 3(of 8 tested) - -  5(of 11 tested) 
Bacillus 7 7 - -  - -  l (of  4 tested) 
Acinetobacter 3 2 - -  - -  0(of 3 tested) 

Actinomyces 6 - -  2(of 3 tested) - -  2(of 3 tested) 
Paracoccus 2 - -  2(of 2 tested) - -  Not  tes ted 
Alcaligenes 2 1 - -  - -  Not  tes ted 

a Identif ication to the genus level of  78 of  377 thol in-metabol izing isolates shows a predominance  of  Pseu- 
domonas. 

b Organisms capable of growing only in the presence of oxygen.  
c Organisms capable  of  aerobic or anaerobic  growth on tholin. 

d Organisms isolated from anaerobic  envi ronment  capable  of  anaerobic growth on tholin. 
e Organisms capable of using tholin as a sole nitrogen source as well as a sole carbon source.  

hardt 1981) along with an oxygen-sensit ive 
dye which changed color when the medium 
was reduced. Filter-sterilized glucose (0.1 g 
liter-1) was used as a carbon source. Organ- 
isms were stab inoculated into small test 
tubes of  the semiliquid (0.1% agar) medium. 
After inoculation, we placed a 1-cm-thick 
layer of  sterile mineral oil on top of  the me- 
dium in the tube to retard diffusion of  oxy- 
gen. Of the 355 organisms tested, 59 grew 
anaerobically, indicating that they were fac- 
ultative anaerobes.  We then tested 15 of  
these 59 facultative anaerobes for growth 
with tholin as a carbon source at tholin con- 
centrations of  1.0 and 5.0 g l i ter-  1. Eight of  
these were able to grow anaerobically with 
tholin as the only carbon source. The 1.0 
g liter i tholin tubes exhibited slightly less 
growth than the 5.0 g l i ter-I  tubes, as ex- 
pected. 

Sole nitrogen source experiments. We 
tested 20 tholin-metabolizing isolates from 
the aerobic series and 6 from the anaerobic 
series to determine whether  they could ob- 
tain their nitrogen requirements from tholin. 
For  these experiments,  1.0 g liter -~ filter- 
sterilized glucose was added as a carbon 
source. Thus, these organisms were chal- 

lenged to obtain their nitrogen requirements 
but not their carbon requirements from 
tholin. First, each organism was cultured 
on a nitrogen-free basal salts medium with 
glucose as carbon source. Of the organisms 
tested, 12 out of  20 of  the aerobes and 2 out 
of  6 of  the anaerobes were able to grow on 
a nitrogen-free medium with visible growth 
showing after 10 days to 8 weeks.  We pre- 
sumed that these strains were capable of  
fixing atmospheric nitrogen and discarded 
them. We then tested whether  the remaining 
organisms were using tholin as a sole source 
of  nitrogen. Of the 8 remaining aerobic 
strains that were not nitrogen fixers, 7 grew 
on the tholin-containing, otherwise nitro- 
gen-free medium. The 4 anaerobic strains 
were all able to grow on tholin-containing, 
otherwise nitrogen-free medium. Hence ,  7 
of  the 8 aerobic and all of  the anaerobic non- 
nitrogen-fixing strains were able to obtain 
their nitrogen requirements from the tholin. 

C .  I S O L A T I O N  OF T H O L I N - U S I N G  

O R G A N I S M S  FROM C O M M O N  SOILS  

The initial isolation of  tholin-using organ- 
isms described above showed that many 
species of  bacteria could use tholin to obtain 
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their carbon and nitrogen requirements. 
Furthermore, the fact that such a wide range 
of genera were identified suggested that the 
ability to metabolize tholin was not rare or 
unique. In fact, the results implied that the 
tholin users were common soil microbes. 
To verify this hypothesis, we performed a 
second set of experiments to isolate organ- 
isms from common soil which could use 
tholin as their sole carbon source. In addi- 
tion, these experiments tested whether bac- 
teria could utilize the water-insoluble frac- 
tion of tholin. Part of this fraction is soluble 
in ethanol and part is insoluble in either wa- 
ter or ethanol. We found organisms that 
could obtain carbon from each of these frac- 
tions of the tholin. 

1. Procedure 

We prepared three types of tholin media 
as follows: We first extracted the water-sol- 
uble portion of the tholin by placing 4 g of 
tholin along with 100 ml of deionized dis- 
tilled water in a soxhlet extractor for 6 hr. 
The remaining water-insoluble residue was 
then extracted with I00 ml of absolute etha- 
nol. The residue remaining after these two 
extractions was insoluble in either water or 
ethanol. Each of these three tholin fractions 
was added to a sterile mineral salts solution 
consisting of distilled H20, 1 liter; KzHPO4, 
1.2 g; NaNO3, 0.5 g; NHaCI, 0.5 g; 
Fe2(SO4)3 • H20, 0.01 g; KH2PO4, 0.14 g; 
MgSO4, 0.1 g. We prepared both liquid me- 
dia and agar plates from the three tholin 
fractions and the mineral salts solution. 
Agar was now used for the experiments be- 
cause the results of the first experiments 
(Section liB) indicated that agar-free plates 
were not needed. However, as an extra pre- 
caution, we tested to make sure putative 
tholin-using organisms could not metabolize 
agar. To make liquid media, 25 ml of the 
water-soluble fraction of tholin was added 
per liter of mineral salts solution. For the 
ethanol-soluble fraction, 100 ml of the etha- 
nol extract was first concentrated to 10 ml 
by evaporation. One milliliter of this con- 
centrate was added per liter of mineral salts 

solution. Liquid media for the water/etha- 
nol-insoluble tholin fraction was prepared 
by placing insoluble tholin particles (the res- 
idue remaining after performing water and 
ethanol extractions on the tholin) in I00 ml 
of the mineral salts medium. One gram of 
the water/ethanol-insoluble tholin fraction 
was added per liter of mineral salts solution. 
In addition, we added ten 3-mm glass beads 
to each of the flasks containing the water/ 
ethanol-insoluble fraction to help break up 
and expose the insoluble particles to bacte- 
rial action. The flasks were agitated during 
incubation. 

We prepared agar media using the same 
composition as the liquid media except that 
20 g of agar was added per liter of solution. 
Agar plates containing water/ethanol-insol- 
uble tholin were prepared by suspending 0.1 
g of the insoluble particles in 100 ml of water 
and spreading 0.5 ml of  this suspension over 
the top of already hardened mineral salts 
agar plates with a glass spreader. 

We isolated tholin-using organisms from 
common soil collected from near the labora- 
tory building. We selected a 1-m 2 test plot 
and divided it into I00 equal 10-cm 2 sub- 
plots. This technique was used to determine 
if differences in results were observed for 
different subplots. The soil within this plot 
was a typical bare clay ground within a 
shrubby area. During the spring of the year, 
cores from the top 15 cm of soil (5 cm diame- 
ter × 15 cm deep) were collected from 6 of 
the 100 subplots, placed into sterile contain- 
ers, and brought into the laboratory. A 1-g 
portion of each sample was suspended in 100 
ml of sterile saline (0.85% NaCI). Several 10- 
fold serial dilutions were made from this 
suspension by withdrawing 1-ml aliquots 
from each of a succession of soil-plus-saline 
mixtures and adding them to 100 ml of fresh 
sterile saline. 

After preparing the soil dilutions, we 
placed 0.1-ml aliquots from each of the soil 
dilutions into 100 ml of three types of liquid 
culture media consisting of  mineral salts 
and either the water-soluble tholin fraction, 
the ethanol-soluble tholin fraction, or the 
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water/ethanol-insoluble fraction. All incu- 
bations were carried out on an aerobic and 
an anaerobic set of  cultures. The anaerobic 
cultures were incubated inside BBL anaero- 
bic jars (Gerhardt 1981). The inoculated liq- 
uid media were incubated and agitated in a 
shaker at a constant rate for 7 days at 22°C. 
After 7 days incubation, a 0.1-ml aliquot 
from each liquid culture medium was placed 
into a flask of  fresh sterile medium of the 
same type and incubated for 7 more days at 
22°C. 

In addition to liquid media, a set of  agar 
plates, made from each of  the three tholin 
fractions as described above, were inocu- 
lated with 0.1-ml aliquots from each of  the 
soil dilutions. The plates were incubated 
aerobically and anaerobically at 22°C for 7 
days. After 7 days, we counted the colonies 
on the plates. We also made replica plates 2 
from each of  the countable plates (those 
having 10-300 colonies). The replica plates 
were incubated for 7 more days at 22°C. 
After incubation, we counted the colonies 
and compared the growth pattern on the rep- 
lica plates to that on the original plates to 
verify that the colonies were using tholin as 
a carbon source and not using carbon from 
soil that was carried over in the dilutions. In 
addition, to determine numbers of bacteria 
capable of  chemoautotrophic or photoauto- 
trophic growth or agar metabolism, we pre- 
pared plates with media that contained no 
carbon substrate and used them to make 
replica plates from the tholin plates. These 
control replica plates were incubated as de- 
scribed above. We then discarded colonies 
which grew on the control replica plates. 

In addition to the tholin-containing 
plates, we also prepared half-strength nu- 
trient agar plates by dissolving nutrient 
broth (4 g liter-1) into a solution containing 
agar (15 g liter-~). These nutrient agar 
plates were used to determine total num- 
bers of  organisms per gram dry weight of  

2 Replica plating is a technique which allows inocula- 
tion of additional plates with the exact pattern of colo- 
nies on the original plate. 

soil (e.g., Gerhardt 1981, pp. 350-358). 
Using the spread-plate technique, the nutri- 
ent agar plates were inoculated with 0.1- 
ml aliquots from each of  the soil dilutions 
and incubated as described above. 

Since ethanol is toxic to some bacteria 
and can be used by others as a carbon 
source, we made control flasks and plates 
to determine if any of  the soil isolates were 
able to use ethanol as a sole carbon-source.  
In addition, nutrient broth (4 g liter- 1) flasks 
and agar plates containing an amount of  eth- 
anol equivalent to the test flasks and plates 
were inoculated with soil dilutions to deter- 
mine if this small amount  of  ethanol was 
toxic to any of  the soil bacteria. Ethanol was 
not toxic in the small quantities used, and no 
bacteria capable of  using it as a sole carbon- 
source were isolated. 

2. R e s u l t s  

After incubation, we randomly selected 
25% of the colonies that were capable of  
using each tholin-fraction and identified the 
bacteria in each to the genus level using 
criteria outlined in B e r g e y ' s  M a n u a l  o f  

D e t e r m i n a t i v e  B a c t e r i o l o g y  (Buchannan 
and Gibbons 1974). Tables III ,  IV, and V 
list the bacterial genera isolated per gram 
dry weight of  soil which were able to metab- 

TABLE III 

BACTERIAL GENERA AND NUMBER ISOLATED FROM 
COMMON SOIL THAT CAN USE THE WATER-SOLUBLE 
FRACTION OF THOLIN AS A SOLE CARBON SOURCE 

Genus Number of organisms 
per gram dry wt soil a 

Pseudomonas 21 + 
Bacillus 18 -+ 
Acinetobacter 5 +_ 
Paracoccus 8 +- 
Micrococcus 1 +_ 
Corynebacterium 2 +- 
Aerobacter 1 +- 
Clostridium 2 +- 

>( IO 4 

X 10 4 

X 10 4 

× 10 4 

× 104 
× 104 

× 104 
)< 10 4 

o Reported as the mean -+ standard deviation of num- 
ber of organisms isolated on tholin plates. 
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TABLE IV 

BACTERIAL GENERA AND NUMBER ISOLATED FROM 
COMMON SOIL THAT CAN USE THE ETHANOL- 
SOLUBLE FRACTION OF THOLIN AS A SOLE CARBON 
SOURCE 

Genus Number of organisms 
per gram dry wt soil a 

Pseudomonas 7 ± 1 × l& 
Bacillus 8 ± 1 × 104 
Paracoccus 1 ± 1 x 104 
Clostridium 1 -+ 1 x 104 

o Reported as the mean ± standard deviation of num- 
ber of organisms isolated on tholin plates. 

olize the water-soluble, ethanol-soluble, 
and water/ethanol-insoluble fractions of 
tholin, respectively. Table VI shows all bac- 
terial genera isolated from nutrient agar, re- 
flecting the total population of identified or- 
ganisms in the soil. The predominant soil 
bacterial genera isolated included Bacillus, 
Pseudomonas, and Acinetobacter. A total 
of 3.5 x 107 organisms were isolated per 
gram dry weight of soil. Of these, we found 
that 1.7% of the total identified bacteria 
count could utilize the water-soluble frac- 
tion of tholin, 0.5% could utilize the ethanol- 

TABLE V 

BACTERIAL GENERA AND NUMBER ISOLATED FROM 
COMMON SOIL THAT CAN USE THE WATER/ETHANOL- 
INSOLUBLE FRACTION OF THOLIN AS SOLE CARBON 
SOURCE 

Genus Number of organisms 
per gram dry wt soil a 

Pseudomonas 27 ± 5 x 103 
Bacillus 15 ± 2 × 103 
Micrococcus I ± 1 x 103 
Aerobacter 3 ± 1 x 103 
Arthrobacter 2 ± 1 x 103 
Flavobacterium 5 ± 1 × 103 
Acinetobacter 12 ± 2 × 103 
Clostridium I ± 1 x 103 

Reported as the mean ± standard deviation of num- 
ber of organisms isolated on tholin plates. 

TABLE VI 

BACTERIAL GENERA AND NUMBER ISOLATED FROM 
COMMON SOIL USING DILUTE (50~ STRENGTH) 
NUTRIENT AGAR 

Genus Number of organisms 
per gram dry wt soil a 

Pseudomonas 95 _+ 10 x 105 
Bacillus 82 ± 12 × 105 
Micrococcus 3 _+ I x 105 
Aerobacter 4 ± 1 x 105 
Arthrobacter 21 -+ 5 x 105 
Flavobacterium 35 ± 8 x 105 
Paracoccus 27 ± 8 x 105 
Acinetobacter 18 ± 4 x 105 
Clostridium 10 ± 2 x 105 
Actinomyces 52 ± 15 x 105 
Corynebacterium 3 ± 1 x 105 

Reported as the mean ± standard deviation of num- 
ber of organisms isolated on tholin plates. 

soluble fraction, and 0.2% could utilize the 
water/ethanol-insoluble fraction. 

Ill. DISCUSSION 

A .  IMPLICATIONS FOR THE ORIGIN OF 

L I F E  ON EARTH 

T h e  O p a r i n - H a l d a n e  p a r a d i g m  f o r  t h e  o r -  

ig in  o f  l i fe  e x p l i c i t l y  s t a t e s  t h a t  t h e  f i r s t  o r -  

g a n i s m s  w e r e  h e t e r o t r o p h s  t h a t  u s e d  p r e b i o -  

l o g i c a l  o r g a n i c  m a t t e r  a s  t h e i r  p r i m a r y  

n u t r i e n t  s o u r c e .  T h e  r e s u l t s  o f  o u r  e x p e r i -  

m e n t s  l e n d  c r e d e n c e  t o  t h i s  h y p o t h e s i s ,  p a r -  

t i c u l a r l y  s i n c e  t h o l i n s  a r e  p r o d u c e d  s o  

r e a d i l y  in  t h e  l a b o r a t o r y  a n d  a p p e a r  t o  b e  

p a l a t a b l e  to  s u c h  a w i d e  r a n g e  o f  m o d e r n  

h e t e r o t r o p h i c  b a c t e r i a .  H o w e v e r ,  i t  s h o u l d  

b e  n o t e d  t h a t  t h e  o r g a n i s m s  i d e n t i f i e d  a s  

t h o l i n  u s e r s  a r e  m o d e r n  a n d  m a y  b e a r  l i t t l e  

r e s e m b l a n c e  to  t h e i r  a n c i e n t  c o u n t e r p a r t s .  

W e  c a n  o n l y  s p e c u l a t e  t h a t  t h o l i n s  m a y  h a v e  

b e e n  p a l a t a b l e  to  a n c i e n t  h e t e r o t r o p h s  a s  

we l l .  

T h o l i n s  a r e  p r o d u c e d  in  s t r o n g l y  r e d u c e d  

m i x t u r e s  w h e r e  t h e r e  is a n  e x c e s s  o f  h y d r o -  

g e n  o r  t h e  p r e s e n c e  o f  r e d u c e d  g a s e s  s u c h  a s  

m e t h a n e  a n d  a m m o n i a .  O r g a n i c  c o m p o u n d s  

c a n  s t i l l  b e  s y n t h e s i z e d  in  m i l d l y  r e d u c i n g  
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gas mixtures (composed of carbon monox- 
ide or carbon dioxide, nitrogen, hydrogen, 
and water) but a more limited variety of 
compounds are produced and the energetic 
efficiency of production is low compared to 
strongly reduced mixtures (see Chang et  al. 
1984). Organic compounds are also pro- 
duced, but in much lower yields, by either 
ultraviolet light or electric discharge in neu- 
tral gas mixtures [e.g., CO2, N2 and H~O, 
e.g., Stribling and Miller (1987)]. Because 
of the lack of geological evidence from the 
first 0.5 billion years of Earth's history and 
the theoretical uncertainties about the ther- 
mal history of the Earth's formation, the 
composition of the Earth's early atmo- 
sphere is unknown. Possible compositions 
range from a strongly reducing atmosphere 
containing significant CH 4 and NH 3 to a 
weakly reducing or neutral atmosphere 
composed of CO, CO 2, and N 2 (e.g., Chang 
et al. 1984). Even if the initial state of the 
atmosphere was reducing, a neutral atmo- 
sphere would have evolved rather quickly. 
Thus, the supply of tholin compounds pro- 
duced in situ in the Earth's atmosphere 
could possibly have supported a heterotro- 
phic biosphere for a brief period after the 
origin of life, but these compounds would 
have become increasingly scarce as the at- 
mosphere became more oxidized. 

Another potential source of organic com- 
pounds needed to sustain a primitive hetero- 
trophic biosphere may have been brought in 
as a component of meteorites and comets 
that impacted Earth during the late phase 
of accretion. Recent spacecraft encounters 
with Comet Halley show that the comet has 
a dark mantle (Keller et al. 1986) which is 
presumably rich in organic material. Giotto 
experiments also found evidence for chain 
molecules enriched in carbon, hydrogen, 
and oxygen, presumably derived from or- 
ganic polymers (Mitchell et al. 1987, 
Huebner 1987). Thus, a significant fraction 
of a comet's mass may be organic carbon. 
The carbonaceous chondrite meteorites are 
about 1.5% organic carbon (Hayes 1967). 
As comets and meteorites impacted Earth, 

at least some of this organic material may 
have reached the Earth's surface unaltered 
by impact heating. The origin of life occur- 
red between 4.5 and 3.5 billion years ago. 
During this time period, the impact rate of 
material declined by several orders of mag- 
nitude (Wetherill 1977). As the accretion 
rate decreased, the supply of potential nutri- 
ents provided to a heterotrophic biosphere 
must also have decreased. Neither in situ 
production from the primitive atmosphere 
nor meteoritic/cometary deposition of thol- 
ins would have been sufficient to supply the 
needs of a heterotrophic biosphere indefi- 
nitely (Boston and Stoker 1982). 

The oldest known evidence of early life is 
fossilized stromatolite beds that date from 
3.5 billion years ago (Schopf and Walter 
1984). Modern stromatolites, which closely 
resemble their ancient counterparts, are 
formed by sophisticated photoautotrophic 
communities of microbes. Thus, the devel- 
opment of autotrophy probably occurred 
quite early. In fact, the increasing scarcity of 
tholins may have been a strong evolutionary 
driver for the early development of auto- 
trophy. 

B. IMPLICATIONS FOR PLANETARY 
CONTAMINATION 

In our experiments, we have shown that 
bacteria can metabolize a tholin synthesized 
by sparking CH4/NH3/H20 mixtures. Thol- 
ins produced in real planetary environments 
will not be identical to this tholin but, pro- 
vided net conditions are reducing, they 
should share many biologically relevant fea- 
tures. For example, amino acids and other 
biologically important compounds are found 
in tholins made under conditions that simu- 
late Titan (Khare et aL 1986) and Jupiter 
(Khare et al. 1978). The fact that bacteria 
can grow on tholins should be taken into 
account when evaluating the possibility that 
bacteria could grow in extraterrestrial envi- 
ronments. This evaluation is important for 
two reasons: first, to assess the potential for 
contaminating an extraterrestrial environ- 
ment by unsterilized spacecraft probes, and 
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second, to identify possible environments 
in which it might be fruitful to search for 
extraterrestrial life forms. A number of po- 
tential ecological niches for bacterial growth 
on tholins may exist on the outer planets 
and their satellites. Some examples are dis- 
cussed below. 

Titan 

Tholins may be a component of the thick 
haze that surrounds Titan. Titan tholin has 
been produced in laboratory simulations by 
subjecting a Titan-analog gas mixture to 
electric discharge (Khare et al. 1984). The 
optical properties of the Titan tholin can 
account for Earth-orbital ultraviolet and 
ground-based visible spectroscopy of Titan 
(Sagan et al. 1984b, 1985, McKay et al. 
1989) as well as Voyager measurements of 
the infrared continuum (Thompson and Sa- 
gan, 1984) and limb darkening in the visible 
(Squyres et al. 1984, Thompson et al. 1984). 
Based on production rates for tholin on Ti- 
tan, Sagan and Thompson (1984) estimate 
that from 100 m to several kilometers of 
tholin could have accumulated on the sur- 
face of Titan over geologic time. 

It seems likely that bacteria could metab- 
olize Titan tholin although this should be 
explicitly tested in the laboratory. Titan 
tholin is produced from a different gas com- 
position than the tholin we used in this study 
but both tholins have similar breakdown and 
hydrolysis products including amino acids 
(Khare et al. 1981, 1986). However, the sur- 
face of Titan at 95°K (Lindal et al. 1983) is 
far too cold to allow bacterial growth unless 
there are warmer areas such as geothermal 
vents. Geothermal activity on Titan is 
thought to be unlikely since there is little 
tidal heating (Reynolds et al. 1987), but the 
resurfacing of other Saturnian satellites 
such as Enceladus also has no ready tidal 
explanation. Episodic tectonic and impact 
heating of Titan also seems possible. 

It is interesting to note that, when the Sun 
enters it red giant phase, Titan will be in the 
approximate temperature regime that Earth 
is in now (Khare et al. 1986). Perhaps if 

bacterial spores are planted on Titan, either 
accidentally or purposefully, they could 
eventually give rise to a new evolutionary 
sequence of life when Titan becomes 
warmer. This assumes that terrestrial spores 
could remain viable in the current deep- 
freeze environment of Titan for billions of 
years. We can only speculate about whether 
or not this is possible. 

A t m o s p h e r e s  o f  the Outer  Plane ts  

A discussion of possible ecological niches 
in the atmosphere of Jupiter has been made 
by Sagan and Salpeter (1976). Also, con- 
straints on bacterial growth in the atmo- 
spheres of the outer planets have been dis- 
cussed by Margulis et al. (1977) and by 
Chang and MacElroy (1977). For growth, 
bacteria need liquid water, a moderate tem- 
perature, and access to nutrients and trace 
minerals. Drops of liquid water in the water 
cloud regions of the giant planets offer a 
possible niche for bacterial growth al- 
though, due to settling and atmospheric mix- 
ing, an individual cloud drop where bacteria 
could grow would evaporate in a short pe- 
riod. Nevertheless, Stoker and Boston 
(1984) argued that steady-state populations 
of organisms could be sustained in the tran- 
sient environment of Jupiter's water clouds 
if enough nutrients were available to sustain 
growth. 

Tholins may be produced in the strato- 
spheres of the giant planets by ultraviolet 
light (Khare et al. 1978), by magnetospheric 
charged particle leakage (Khare et al. 1981) 
and by lightning in the convective tropo- 
spheres (Bar-Nun et al. 1984). However, 
D .M.  Hunten (personal communication, 
1985) has considered whether tholins and 
other organics produced in the Jovian atmo- 
sphere could provide nutrients to sustain 
bacterial growth when dissolved in water 
cloud drops. He concluded that, even if the 
entire steady-state population of organics in 
the water cloud region were dissolved in the 
cloud drops, the mean amount of carbon in 
a single drop would be several orders of 
magnitude less than the amount needed to 
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produce one bacterium. In addition, a bacte- 
rium confined to a water drop cannot readily 
collect more drops to obtain more carbon. 
Thus, it seems impossible for bacteria in the 
Jovian water cloud drops to use tholins as a 
growth substrate. 

I c y  Sa te l l i t e s  

Liquid water, a prerequisite for the growth 
of terrestrial organisms, may be found in the 
interiors of some icy satellites. Tidal and ra- 
diogenic heating may maintain a liquid water 
ocean beneath a relatively thin ice crust on 
Europa (Squyres et al. 1983) and possibly on 
the Saturnian satellite Enceladus and the 
Uranian satellite Ariel (Reynolds et al. 1987). 
Photosynthetic organisms might be able to 
live beneath the ice on Europa (Reynolds et 
al. 1983) but growth would be limited by the 
transient availability of sunlight during peri- 
ods when the ice fractures. 

As an alternative to the scant sunlight 
penetrating an ice crust, tholins could pro- 
vide an energy source for bacterial growth in 
the interiors of icy satellites. Since methane, 
ammonia, and water are components of the 
outer planets, they may be components of 
their satellites as well. Organic compounds 
have been synthesized at extremely low 
temperatures in an icy mixture of water, 
ammonia, and methane at 77°K (Oro 1963). 
When ices containing CH 4 are bombarded 
by charged particles, a low-density, dark 
organic material is produced (Calcagno et 
al. 1985, Thompson et  al. 1987). Thus, thol- 
ins may be produced by cosmic ray bom- 
bardment of icy satellites. Tholins could be 
cycled into the interiors of the satellites by 
meteoritic impact and redistribution of the 
ice due to tidal stress (Cassen et al. 1979). 
Thus, the interiors of outer planetary icy 
satellites are a possible niche where bacteria 
could live on tholins. 

C o m e t s  a n d  A s t e r o i d s  

Among a wide variety of other organic 
compounds, amino acids are a known com- 
ponent of carbonaceous chondrites, consti- 
tuting --10% of the organics and ->0.1% of 

the mass (Cronin et  al. 1987). This organic 
mixture shows some similarity to tholins 
and to terrestrial kerogens and, when liquid 
water is available, may provide a growth 
medium for microorganisms in a manner 
similar to that described in the present pa- 
per. Such experiments should be attempted. 
There is now a range of more direct evidence 
(Huebner 1987, Kissel and Kruger 1987, 
Chyba and Sagan 1987) that complex or- 
ganic molecules are abundant on the sur- 
faces and interiors of comets. However, 
even though these bodies are potentially 
richly endowed with nutrients, they should 
lack even transient liquid water. This will 
preclude the growth of terrestrial microbes 
on these bodies. 

IV. SUMMARY AND CONCLUSIONS 

The key result of this study is that a wide 
variety of heterotrophic soil bacteria are 
able to metabolize tholin as a sole source of 
carbon. The tholin-using bacteria identified 
include strict aerobes, strict anaerobes, and 
facultative anaerobes. They represent 12 
distinct genera and constitute 2.4% of the 
total identifiable population of soil bacteria. 
Thus, this study unambiguously proves that 
organic compounds created in chemical syn- 
thesis experiments can support microbial 
life. 

The striking thing about the results of 
these experiments is the variety and number 
of microorganisms that can utilize tholin. 
The apparent palatability of tholin suggests 
that it could have been involved in support- 
ing the first organisms if, as many believe, 
they were heterotrophs. 

In addition, the fact that tholins can be 
metabolized by such a wide range of soil 
microbes, even under anaerobic conditions, 
indicates that the presence of these com- 
pounds should be taken into account when 
evaluating the potential for contaminating 
solar system environments with spacecraft 
probes. We have presented a brief analysis 
of the potential for microbial growth in plan- 
etary environments where tholins may be 
present. However, a detailed "environmen- 
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tal impact" study of the possible niches for 
microbial growth should be undertaken for 
candidate objects before deciding to send an 
unsterilized probe there. Finally, any plane- 
tary environment which could support ter- 
restrial bacteria is also a good candidate for 
exobiology experiments to search for in situ 
life forms. 
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